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Abstract

Ground-penetrating radar (GPR) is widely used for thickness or compaction degree detec-
tion of asphalt pavement layers, where the dielectric properties of asphalt mixtures serve as
a key parameter influencing detection accuracy. These properties are closely related to the
composition of the mixture and are susceptible to environmental factors such as water or
ice. To clarify the influence of various factors on the dielectric behavior of asphalt mixtures,
an experimental study was conducted under controlled environmental conditions. As-
phalt mixture specimens with different air void contents (5.49~10.29%) were prepared, and
variables such as void fraction, moisture, and ice presence were systematically controlled.
Air-coupled GPR was employed to measure the specimens, and the relative permittiv-
ity was calculated using both the reflection coefficient method (RCM) and the thickness
inversion algorithm (TIA). Discrepancies between the two methods were compared and
analyzed. Results indicate that the RCM is significantly influenced by surface water or
ice and is only suitable for dielectric characterization under dry pavement conditions.
In contrast, the TIA yields more reliable results across varying surface environments. A
unified model (the optimized shape factor u = —4.5 and interaction coefficient v = 5.1)
was established to describe the relationship between the dielectric properties of asphalt
mixtures and their volumetric parameters (bulk specific density, air void content, voids
in mineral aggregate, and voids filled with asphalt). This study enables quantitative anal-
ysis of the effects of water, ice, and mixture composition on the dielectric properties of
asphalt mixtures, providing a scientific basis for non-destructive and accurate GPR-based
evaluation of asphalt pavements.

Keywords: asphalt pavement; asphalt mixture; dielectric properties; ground-penetrating
radar; reflection coefficient method; thickness inversion algorithm; dielectric mixing model

1. Introduction

Ground Penetrating Radar (GPR) is a non-destructive testing technology widely
employed for the inspection and evaluation of asphalt pavement structures [1,2]. Its
operational principle is primarily based on the propagation velocity and reflection char-
acteristics of electromagnetic waves in materials with different dielectric properties [3-5].
The dielectric properties of asphalt pavement structural materials refer to their polarization
behavior under electromagnetic fields, which directly governs the propagation of electro-
magnetic waves, including reflection, transmission, scattering, energy attenuation, and
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wave speed [6,7]. These properties consequently influence the performance of GPR systems
in terms of detection depth and resolution [8,9].

Different types of asphalt pavement structural layers, such as asphalt mixture surface
courses, cement-stabilized aggregate base layers, and soil subgrades, exhibit distinct dielec-
tric characteristics [10]. These differences enable the identification of layer boundaries and
internal defects by analyzing variations in the intensity and timing of GPR reflected sig-
nals [11]. In particular, when concealed distresses such as moisture accumulation, internal
cracks, or loosening occur within the pavement structure, the dielectric properties undergo
significant changes. These anomalies cause abnormal reflection or attenuation of GPR
electromagnetic waves, resulting in distinctive signal features in the radar image [12]. For
instance, moisture infiltration increases the dielectric constant of the material, enhancing
the reflection signal intensity in the corresponding region of the GPR profile [13]. Con-
versely, internal cracks or voids form distinct low-permittivity zones, generating strong
reflection or diffraction patterns. By comparing the dielectric properties across different
structural layers and incorporating advanced target detection algorithms and models, it
becomes possible to accurately locate structural damage and assess the health condition of
the pavement [14]. Therefore, the variation in dielectric properties among asphalt pavement
structural materials leads to differences in electromagnetic wave reflection behavior, form-
ing the fundamental basis for the effective application of GPR in evaluating construction
quality and identifying concealed distress. In-depth research on these dielectric proper-
ties is of significant importance for improving the accuracy and reliability of GPR-based
pavement inspection.

Previous studies have demonstrated that the dielectric properties of asphalt pavement
layer materials are closely related to the dielectric characteristics and volume fractions
of their components, as well as other factors such as electromagnetic wave frequency,
moisture content, and environmental temperature [15-19]. Dielectric mixing models have
been established as an effective approach for characterizing these properties, providing a
theoretical bridge between the overall dielectric behavior of the mixture and the volumetric
proportions of its constituents. Such models aim to interpret and predict the dielectric
properties of asphalt pavement layers under varying environmental conditions [20-22].

Research on asphalt surface layers has shown that the relative permittivity of asphalt
mixtures exhibits a positive correlation with both air void content and moisture content.
Based on data obtained from field cores or laboratory specimens, including asphalt content,
bulk specific gravity, air voids, moisture content, and dielectric constant, several empirical
models have been developed via regression analysis. These include univariate linear [23,24],
multivariate linear [25], cubic polynomial [26], and exponential [27] relationships that link
the relative permittivity of asphalt mixture to factors such as air void content, degree of
compaction, asphalt content, or moisture content. Furthermore, advanced computational
methods such as extreme gradient boosting (XGBoost) combined with genetic algorithms
have been employed to rapidly estimate and evaluate the compaction quality of asphalt
layers using component volume fractions and their dielectric parameters as inputs [28].

Dielectric mixing formulas commonly used in composite materials and electrochem-
istry, such as the Complex Refractive Index, Rayleigh, and Bottcher models, have been
extended to describe the multi-phase discrete system of asphalt pavement layers [29]. These
classical dielectric mixing models establish a relationship between the overall dielectric
properties of asphalt mixtures and those of their constituent phases, effectively charac-
terizing the quantitative correlation between the bulk dielectric behavior and the phase
components. They have also been applied to predict volumetric properties such as the
compaction degree of asphalt pavements [30-32].
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The Complex Refractive Index Dielectric Mixing Model, derived from the L-R equa-
tion with a polarization parameter of 0.5, states that the square root of the overall dielectric
constant of the asphalt mixture equals the sum of the products of the volume fraction
and the square root of the dielectric constant of each constituent phase [33]. The Rayleigh
and Bottcher dielectric models, both rooted in electromagnetic mixing theory, treat the
asphalt mixture as a composite of a background medium and scatterers [34]. The Rayleigh
model assumes that the scatterers are spherical and much smaller than the wavelength
of the electromagnetic wave, and it neglects mutual polarization between scatterers, mak-
ing it suitable for describing small spherical particles dispersed in a uniform medium.
The Bottcher model extends the Rayleigh approach by incorporating a fixed polarization
interaction term among scatterers.

In reality, the scatterers in asphalt mixtures are not spherical. To account for variations
in scatterer shape, the CP [35] and ALL [33] dielectric mixing models were developed by
introducing optimized shape parameters into the original Rayleigh or Bottcher frameworks.
Since asphalt pavement layers are relatively dense and the scatterers are interlocked in a
complex manner, the polarization interaction coefficient is likely to vary across different
structural layers. Accordingly, further refinements to the Bottcher model have been made
by optimizing the polarization coefficient for scatterers [36].

A variety of methods are available for measuring the dielectric properties of asphalt
pavements, including the capacitance method and GPR electromagnetic wave technique,
each with distinct testing conditions and characteristics constrained by laboratory or field
environments. While statistical regression models linking dielectric properties to volumetric
indicators have been proposed, they are typically based on limited and specific sample data,
resulting in non-generalizable and highly variable functional forms. In contrast, dielectric
mixing theoretical models incorporate both the dielectric and volumetric parameters of
each component into explicit mathematical expressions, offering stronger applicability.
Nevertheless, the assumptions regarding scatterer properties in these theoretical models still
deviate significantly from the actual conditions in compacted asphalt mixtures. Moreover, a
systematic integration of environmental and compositional factors into a unified predictive
framework is still lacking.

To address these gaps, this paper aims to systematically investigate the environmental
impacts and compositional elements affecting dielectric characteristics of asphalt mixtures.
The primary objectives are to critically analyze the key determinants of dielectric behavior,
develop a more robust characterization framework that integrates both environmental and
compositional factors, and bridge the gap between theoretical predictions and practical
measurements. The following sections detail the materials and methods employed in this
study, present the results of the dielectric measurements under different scenarios, and
discuss the implications of the findings for pavement evaluation using GPR technology.

2. Testing Equipment for the Dielectric Property of Asphalt Mixture

The GSSI air-coupled ground penetrating radar (GPR) system consists of data acquisi-
tion software on a laptop, an SIR-20 control unit, and a 2 GHz center frequency air-coupled
antenna, as shown in Figure 1a. The acquisition parameters are set to an 8 ns time win-
dow, a scanning rate of 100 scans per second, 512 samples per scan, a pulse repetition
frequency of 400 KHz, and a continuous measurement mode triggered by time. Gain
adjustments are uniformly made to ensure that the single-channel reflected waveform does
not experience clipping.
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Air-coupled
GPR antenna

Figure 1. (a) Air-coupled GPR scanning of asphalt mixture slab specimen, (b) GPR antenna directly
facing a metal plate.

The dimensions of the laboratory-fabricated slab specimens (300 x 300 x 50 mm)
were determined to be sufficient for reliable GPR measurements using the 2 GHz center-
frequency air-coupled antenna. The planar extent exceeds the antenna footprint and near-
field influence zone, while the thickness provides adequate wave propagation distance for
stable dielectric constant determination without significant boundary effects.

The GPR antenna is rigidly mounted at a fixed height of 20 cm above the asphalt
mixture (AC-13) slab specimen, with the test specimen positioned on a metal plate. The
metal plate enhances the amplitude of the reflection signal from the bottom of the specimen,
making it easier to accurately determine the two-way travel time of the bottom reflections,
as shown in Figure 2. In the GPR grayscale image of the asphalt mixture slab specimen (as
illustrated in the rightmost subplot of Figure 3), distinct horizontal high-amplitude coherent
axes are observed, corresponding to: (1) the direct wave between transmitting /receiving
antennas, (2) reflections from the specimen’s top and bottom surfaces, and (3) multiples
generated by the metal plate. From these, the two-way travel times corresponding to
the reflection waves from the specimen’s top and bottom surfaces, denoted as ty and
t; respectively, as well as the amplitude value at the top surface of the specimen, are
systematically extracted for the following analysis.

Incident wave
Ampli
4, mplitude
Reflected wave
<z Ay
1
- 4,
[ Metal plate | iR
Two-way travel time
(a) Geometric model (b) A-scan (c) GPR image

Figure 2. Schematic diagram of air-coupled GPR scanning principle for asphalt mixture slab specimen.
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Figure 3. Aggregate gradation curve of asphalt mixture (AC-13).

The relative permittivity (eac) of the asphalt mixture specimen is determined through
both approaches: (i) the reflection coefficient method (RCM, Equation (1)) based on ampli-
tude analysis of electromagnetic wave reflections at the air-specimen interface, and (ii) the
thickness inversion algorithm (TIA, Equation (2)) derived from precise two-way travel
time measurements between the top (air-specimen) and bottom (specimen-metal plate)
interfaces in the GPR trace.

2
exc = (GE20) <1>
. 2
eac = (2) = (8 @

where e5c represents the relative permittivity of the asphalt mixture (dimensionless). Ap is
the incident wave amplitude under total reflection (V/m), obtained by directing the GPR
antenna toward a metal plate in free space, as shown in Figure 2b. Ay denotes the reflected
wave amplitude from the top surface of the asphalt mixture slab specimen (V/m). v and ¢
are the propagation velocities of the electromagnetic wave in the asphalt mixture specimen
and vacuum (m/ns), respectively, with ¢y taken as 0.3 (m/ns). At is the two-way travel
time difference (t; —t() of the electromagnetic wave traveling through the specimen (ns). d
is the thickness of asphalt mixture slab specimen (m).

3. Basic Properties of Raw Materials for Asphalt Mixture

The aggregates and filler used in the asphalt mixtures were derived from limestone,
with fundamental properties of coarse aggregate, fine aggregate, and mineral filler detailed
in Tables 1-3. All tested parameters strictly complied with specification requirements: the
coarse aggregate exhibited excellent mechanical properties with crushing value (18.3%), Los
Angeles abrasion loss (16.5%), and flakiness and elongation index (8.2%) all below specifica-
tion limits, ensuring enhanced particle interlocking and long-term resistance to mechanical
degradation. The fine aggregate demonstrated superior surface characteristics with sand
equivalent (63.8%) and angularity (34 s) exceeding minimum requirements, indicating low
clay content and favorable internal friction properties. The mineral filler showed optimal
physicochemical performance with water content (0.11%) and hydrophilic coefficient (0.72)
below threshold values, preventing moisture damage and ensuring compatibility with
asphalt binder.
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Table 1. Physical properties of coarse aggregates.

Sieve size (mm) 26.5 19 16 13.2 9.5 4.75 2.36 SR
Bulk specific gravity 2.755 2.753 2.759 2.752 2.747 2.748 2.718 -
Apparent specific gravity 2.762 2.766 2.773 2.769 2.765 2.776 2.754 >2.6
Water absorption (%) 0.09 0.17 0.18 0.22 0.24 0.37 0.48 -
Flakiness and elongation
index 53 7.2 6.8 7.4 8.9 9.3 - <12
(%)
Crushégg; value ) ) ) ) 14.8 ) ) <26
Los Angeles abrasion loss (%) 19.7 18.1 18.1 17.9 17.9 17.9 17.3 <28

Note: “SR” denotes Specification Requirements, referring to the mandatory technical provisions defined in
construction/material standards.

Table 2. Physical properties of fine aggregates.

Sieve size (mm) 1.18 0.6 0.3 0.15 0.075 SR
Bulk specific gravity 2.725 2.723 2.732 2.730 2.745 -
Apparent specific 2768 2781 2789 2791 2817  >250
gravity
Water absorption (%) 0.57 0.77 0.75 0.80 0.93 -
Sand equivalent (%) 63.8 >60
Angularity (flow time, s) 34 >30

Table 3. Physical properties of mineral powder.

Test Item Test Result SR

Appearance Agglomeration-Free ~ Agglomeration-Free
Apparent specific gravity 2.760 >2.50

Moisture content (%) 0.11 <1

Hydrophilic coefficient 0.72 <1

Particle size <0.6 mm 100 100
range (%) <0.15 mm 100 90~100
<0.075 mm 99.8 75~100

The 90# base asphalt was used throughout the study, with key performance indica-
tors summarized in Table 4. The binder met all specification requirements, exhibiting a
penetration of 87 dmm at 25 °C, softening point of 46.0 °C, ductility greater than 100 cm
at 15 °C, and relative density of 1.011. These properties collectively ensure appropriate
stiffness-temperature susceptibility, high-temperature stability, flexibility under stress, and
material consistency. The conformity of all material parameters guarantees structural
integrity, moisture resistance, workability during compaction, and long-term durability
under thermal and traffic loading conditions.

Table 4. Physical properties of asphalt binder.

Test Item Test Result SR
Penetration, 25 °C, 55, 11 g (dmm) 87 80~100
Softening point (°C) 46.0 >44
Ductility, 5 cm/min, 15 °C (cm) >100 >100
Specific gravity, 25 °C 1.011 -

The aggregate gradation for the asphalt mixture was designed in accordance with the
median values of the AC-13 grading range specified in the applicable technical specifica-
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tions. The resulting gradation curve is presented in Figure 3. Through Marshall mix design
methodology, the optimum asphalt content was determined to be 4.49%.

The selection of the median AC-13 gradation plays a critical role in achieving a dense
and well-interlocked aggregate skeleton, which enhances the mixture’s resistance to per-
manent deformation and improves overall stability. Meanwhile, the optimum asphalt
content ensures adequate coating of aggregates while providing sufficient bonding strength
and durability. This carefully calibrated combination of gradation and asphalt content
guarantees optimal performance characteristics, including balanced stiffness-flexibility
properties, improved fatigue resistance, and enhanced moisture damage resistance, ulti-
mately contributing to the long-term service life of the asphalt pavement under varying
traffic and environmental conditions.

4. Environmental Factors on the Dielectric Property of Asphalt Mixture
4.1. Dry Asphalt Mixture

AC-13 asphalt mixture slab specimens (mold inner dimensions: 300 x 300 x 50 mm)
were fabricated using a roller compaction method. Five distinct compaction levels were
achieved by varying the number of roller passes. For each compaction level, three parallel
specimens were prepared. Table 5 summarizes the volumetric parameters (bulk specific
gravity, air void content) and GPR measured parameters (two-way travel time, reflection
amplitude) for each group. To enhance data reliability, the average value of the three
specimens under the same compaction effort (number of roller passes) was adopted as the
final representative value for that compaction level.

Table 5. The volume and GPR measured parameters of asphalt mixture (AC-13) slabs.

Reflection Coefficient

‘ Volume Parameters Thickness Inversion Algorithm Method
Rolling (AC-13 Slab) (TIA) (RCM)
Passes o _ o A, Ap
o _ — _ S
Gmp Va (%) d (mm) to (ns) t1 (ns) At (ns) EAC (V/m) (V/m) EAC
4 2.229 10.29 54.32 227506  3.11422  0.83916 5.37 10,9171 5.32
8 2.304 7.30 53.67 232168 3.16084  0.83916 5.50 11,024.7 5.42
12 2.313 6.92 53.84 230303  3.15152  0.84849 5.59 11,0747 27,621 5.47
16 2.331 6.21 52.43 23310  3.16084  0.82984 5.64 11,158.4 5.55
20 2.349 5.49 52.65 23310 317949  0.84849 5.84 11,350.5 5.74

Note: Gy, Va, and d represent the bulk specific gravity, air void content, and thickness of the asphalt mixture
slab, respectively. The measured theoretical maximum specific gravity of the asphalt mixture is 2.485. Ap denotes
the average amplitude of multiple reflected waves (Ap) from the metal plate acquired by GPR.

As shown in Figure 4, the relative permittivity of the dry asphalt mixture exhibits a
significant negative correlation with air void content. Compared to the thickness inversion
algorithm (TIA), the reflection coefficient method (RCM) yields slightly lower relative
permittivity values. However, the mean absolute error (MAE = 0.088) is less than 0.1,
indicating that the reflection coefficient method can still accurately determine the relative
permittivity of dry asphalt mixtures. Furthermore, a positive correlation is observed
between the relative permittivity of the AC-13 slab specimens and the reflection amplitude
(Ap) at the slab surface; higher permittivity corresponds to greater reflected wave energy at
the material interface.
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Figure 4. Relationship between the air void content and relative permittivity of asphalt mixture.

The experimental data demonstrate a clear positive correlation between the relative
permittivity of AC-13 asphalt mixture and its bulk specific gravity. This relationship can be
attributed to the increased density of the aggregate-asphalt interface and reduced porosity
with higher compaction, which enhances the polarization capability of the mixture. This
coupling between dielectric and volumetric parameters provides a theoretical basis for
non-destructive compaction assessment using GPR. Subsequent analysis will focus on
quantifying the functional relationship between relative permittivity and air void content.

To ensure comparability, all subsequent tests were conducted on asphalt concrete slabs
compacted with a fixed number of roller passes (16), thereby eliminating variability in
fabrication technology affecting the dielectric test results.

4.2. Asphalt Mixture with Surface Water and Ice

Uniform water volumes of 50, 100, 150, and 200 mL were sprayed onto the surface
of the asphalt mixture slab, as illustrated in Figure 5a. This process progressively trans-
formed the surface condition from moist to ponded, with corresponding average water
film thicknesses of 0.56, 1.11, 1.67, and 2.22 mm. It should be noted that at higher spray
volumes, non-uniform water film distribution was observed. This experimental setup
approximates field conditions during roller compaction of loose asphalt mixtures, where
water sprayed onto roller wheels can lead to varying surface wetness or localized ponding

on the pavement.

Air-coupled | )
GPR antenna|

(a) ()

Figure 5. AC-13 slab with different surface states detected by GPR: (a) water, (b) ice.
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Figure 6 illustrates the relationship between the relative permittivity of the asphalt
mixture, calculated using both the reflection coefficient method (RCM) and thickness
inversion algorithm (TIA), and the average water film thickness. Both methods show
an increase in relative permittivity with increasing water film thickness, with the RCM
exhibiting a more pronounced response. This behavior is attributed to the high relative
permittivity of water (¢ ~ 81 at 20 °C), which significantly exceeds that of dry asphalt
mixtures. The presence of a surface water film amplifies the dielectric contrast at the
air-slab interface, thereby enhancing the reflected wave amplitude (Ag).

45 o RCM T 7.5
40 -+ TIA / .
_____ i i O B =
g 35 | Exponential curve ﬁttmgI g
= P e P =
= 30 1 )/ | 65 =
825 , <%
/// ,I o
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555..--m
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Average thickness of water film (mm)

Figure 6. Relationship between relative permittivity and average water film thickness of
asphalt mixture.

Despite the increasing water film thickness, the maximum average thickness remained
below 2.3 mm, resulting in a negligible increase in the overall slab thickness (including the
water film). However, the high-permittivity water film considerably prolongs the wave
propagation time from the water film surface to the slab bottom compared to the low-
permittivity asphalt mixture. Consequently, the TIA-derived relative permittivity increases
only gradually with spray volume, as this method primarily relies on travel time differences
and is less sensitive to surface dielectric changes than the amplitude-based RCM.

In Figure 6, an exponential curve fit was applied to the relationship between the
relative permittivity () of asphalt mixture measured by the RCM and the water film
thickness (x). The resulting exponential relationship is expressed as: y = 5.1988 e%9526%,
with a coefficient of determination R? = 0.9993. When extrapolating to zero water film
thickness (x = 0), the fitted model predicts a dry-state relative permittivity of 5.1988, which
deviates from the measured dry-state value of 5.55 by 0.3512. Thus, this exponential
relationship can be preliminarily used to estimate the true relative permittivity of dry
asphalt pavement, or conversely, to infer the thickness of the surface water film based on
the measured permittivity.

Surface water conditions significantly influence dielectric measurements, particu-
larly for methods based on interface reflection amplitudes. These findings highlight the
importance of accounting for surface moisture conditions in non-destructive pavement
evaluation using GPR, especially when applying amplitude-dependent analysis methods.
The experimental results provide critical insights for distinguishing moisture effects from
material properties in field GPR data interpretation.

Controlled volumes of water (50, 100, 150, and 200 mL) were uniformly sprayed
onto the asphalt mixture slab surface and rapidly frozen to form ice films, as shown in
Figure 5b. The resulting average ice film thicknesses were 0.56, 1.11, 1.67, and 2.22 mm,
respectively. At higher spray volumes, uneven ice film formation was observed, realistically
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simulating the inhomogeneous ice layer formation on pavement surfaces under winter
weather conditions.

Figure 7 presents the relationship between the relative permittivity of the asphalt mix-
ture, determined by both the reflection coefficient method (RCM) and thickness inversion
algorithm (TIA), and the average ice film thickness. The RCM-derived relative permittivity
initially increases then decreases with increasing ice film thickness. This nonlinear behavior
can be attributed to two competing mechanisms: initial wave superposition between reflec-
tions from the ice surface and slab surface enhances the composite reflection amplitude,
while subsequently, the low permittivity of ice (¢ ~ 2~3) reduces the dielectric contrast at
the air-ice interface, thereby diminishing reflection amplitude.

6
58

2

Z 5.6

E 54

&

.QE) 5.2

s s

[
48
46 1 1 1 1 1

0 0.4 0.8 1.2 1.6 2 2.4
Average thickness of ice film (mm)

Figure 7. Relationship between relative permittivity and average ice film thickness of asphalt mixture.

The TIA-calculated relative permittivity remains essentially constant across all ice
film thicknesses. This stability results from multiple factors: the limited ice film thick-
ness (<2.3 mm) causes negligible change in overall slab thickness, while the similar elec-
tromagnetic wave velocities in ice and air minimize alterations in two-way travel time
(variations < 107> ns). Furthermore, the time resolution of the 2 GHz center-frequency
GPR system is insufficient to detect such minute travel time differences.

The distinct responses of the two methods underscore fundamental differences in their
underlying physical principles. The amplitude-based RCM proves sensitive to interfacial
dielectric variations caused by ice films, whereas the travel-time-based TIA remains ineffec-
tive for detecting thin ice layers due to equipment resolution constraints. These findings
highlight the critical importance of selecting appropriate GPR analysis methods for winter
pavement condition assessment.

4.3. Asphalt Mixture Saturated with Water and Ice

The asphalt mixture slab (with an air void content of 6.21%) was immersed in water for
24 h to achieve full saturation. GPR measurements were first performed on the saturated
surface-dry specimen to determine its relative permittivity. The saturated slab was then
rapidly frozen, and measurements were repeated after complete ice formation. The results
are summarized in Figure 8, which compares the relative permittivity values obtained by
the reflection coefficient method (RCM) and thickness inversion algorithm (TIA) for three
physical states: dry, water-saturated, and ice-saturated.
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Figure 8. Relative permittivity of asphalt mixture slabs in different physical states.

Compared to the dry condition, the relative permittivity of the water-saturated slab
increased by 0.43 (RCM) and 0.66 (TIA). This rise is attributed to the replacement of air
voids (e ~ 1) with water (e ~ 81 at 20 °C), which enhances the overall polarization capability
of the mixture. Although the saturated surface-dry specimen exhibited a thin water film
on its surface, the average film thickness was less than 0.56 mm (the thickness achieved
by spraying 50 mL of water). Consequently, the increase in reflected wave amplitude,
and thus the RCM-derived permittivity, was smaller than that observed under the 50 mL
spray condition.

For the ice-saturated slab, both TIA and RCM yielded permittivity values slightly
higher than those in the dry state, with increases of 0.15 and 0.13, respectively. Since ice
(e = 2~3) partially replaces air in the voids, the overall permittivity rises modestly, signifi-
cantly lower than under water saturation but slightly above dry conditions. Additionally,
the average ice film thickness on the surface of the ice-saturated slab was less than 0.56 mm
(the thickness from spraying 50 mL water followed by freezing). Thus, the RCM-derived
permittivity was lower than that measured under the 50 mL spray-and-freeze condition.

The dielectric responses under different saturation states reflect the composite effect
of pore-filling media (air, water, or ice) and surface films. Water saturation causes the most
significant permittivity increase due to its high polarizability, while ice saturation leads to a
moderate rise. The thinner surface films in saturation-based experiments result in smaller
interface effects compared to external spray conditions. These findings highlight the distinct
detection sensitivities of RCM and TIA to internal versus surface moisture conditions.

4.4. Dielectric Behavior of Asphalt Mixture Under Various Conditions

Based on the foregoing analysis, the relative permittivity values of dry asphalt mixtures
obtained by the GPR reflection coefficient method (RCM) and thickness inversion algorithm
(TIA) are in close agreement, with a deviation of less than 0.1. The dielectric properties of
asphalt mixtures exhibit a strong correlation with air void content, while environmental
factors such as water or ice significantly influence the measured dielectric responses.

The presence of surface water films markedly increases the RCM-derived relative
permittivity. Consequently, when using air-coupled GPR to monitor the compaction status
of asphalt layers during pavement construction, it is essential to correct for the effect of
water films, resulting from roller spray, on the surface reflection amplitude (Ap). Without
such corrections, the inferred compaction degree may be overestimated.

While the systematic overestimation of permittivity by RCM under surface water
conditions is clearly demonstrated in Figure 6, the current dataset with five discrete water
film thickness levels (0, 0.56, 1.11, 1.67, and 2.22 mm) provides insufficient data points for
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developing a statistically reliable empirical correction formula. Future research should
incorporate a more granular variation in water film thickness (e.g., 0.1 mm intervals) across
multiple mixture types to establish robust correction equations with validated coefficients.
Such correction models would significantly enhance the field applicability of RCM for
quality control during pavement construction where surface water is present.

For large-scale pavement thickness surveys based on TIA, it is advisable to conduct
GPR measurements during continuous dry weather when the pavement surface is thor-
oughly dry. However, if the RCM is employed, surveys can also be performed under
specific conditions, such as after brief rainfall, provided the surface shows no obvious
ponding or excessive moisture.

Surface ice or ice-filled mixtures have a minimal effect on TIA-calculated permittivity
values. Therefore, GPR thickness detection remains feasible in cold regions during winter,
even when thin snow or ice covers the pavement surface, since the travel-time-based
algorithm is less sensitive to icy surface layers.

The dielectric properties of asphalt mixtures are primarily governed by air void
content but are susceptible to modification by external moisture. The selection of an
appropriate GPR analysis method, RCM or TIA, should consider prevailing environmental
conditions. For accurate compaction assessment, water film effects must be accounted for,
while thickness evaluation can be performed under a wider range of conditions, provided
method-specific limitations are respected.

5. Compositional Elements Affecting the Dielectric Property of
Asphalt Mixture

5.1. Dielectric Mixing Model for Asphalt Mixture

The electromagnetic mixing model, grounded in the self-consistent theory of effective
permittivity for scatterer-containing composites, establishes a theoretical relationship be-
tween the macroscopic physical quantity (effective permittivity) and microscopic physical
quantities, such as the number of scatterers per unit volume and their polarizability. This re-
lationship is explicitly formulated as the Maxwell-Garnett mixing rule [37] in Equation (3).

N
Eeff — €k & — & 3)

= Z V;
Eoff + Uk + V(ecfr — &) = &+ ueg + U(eer — &)

where e, denotes the effective permittivity of the multiphase composite material, N
represents the number of material phases, while V; and ¢; correspond to the volume fraction
and permittivity of the i-th phase. Within this formulation, phase k (where 1 <k < N)
serves as the host medium, with other phases uniformly distributed as scatterers within
it. The shape factor u characterizes the geometry of the scatterers, while the interaction
coefficient v quantifies the electromagnetic coupling between adjacent scatterers. These
parameters depend on the geometric arrangement and packing state of the components
and are determined from statistical analysis of the dielectric test results, where v can be any
non-negative real number.

Dry, compacted asphalt mixture consists of three primary components: asphalt binder,
mineral aggregates, and air voids. The mass and volumetric composition of these con-
stituents are detailed in Figures 9 and 10, respectively. Based on the Maxwell-Garnett
mixing rule given in Equation (3), a dielectric mixing model for the dry asphalt mixture
is established by treating the continuous asphalt phase as the host medium, with discrete
scatterers (mineral aggregates and air voids) uniformly distributed within it. This leads to
the theoretical model expressed in Equation (4).

EAC — & / €a — &p / €& —&p (4)

=V + V.
eac + uep + v(eac — €p) Yea + uep +v(eac — €p) es + uep + v(eac — €p)
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Asphalt
binder

G, = Bulk specific gravity of asphalt mixture
G, = Theoretical maximum specific gravity
of asphalt mixture

G, = Specific gravity of asphalt binder

G,, = Effective specific gravity of aggregate
G, = Bulk specific gravity of combined aggregates
M =Mass of asphalt mixture

M, =Mass of asphalt binder

M = Mass of aggregate

V.. = Volume of asphalt mixture

V, = Volume of air

V,, = Volume of asphalt binder

V.. = Volume of aggregate

£,c = Relative permittivity of asphalt mixture
£, = Relative permittivity of air =1

£, = Relative permittivity of asphalt binder

£, = Relative permittivity of aggregate

P, = Asphalt binder content

Figure 10. Gravimetric and volumetric constituents of dry-densified asphalt mixture.

The volume fractions of air voids, asphalt binder, and mineral aggregates, represented
by Equations (5), (6), and (7), respectively, are illustrated in Figure 11. Given that the
relative permittivity of air is generally taken as 1, substituting Equations (5) and (7) into

Equation (4) yields Equation (8).

V,:E: Vr—Vse =W —1_ Vse + W —1_ Gmm —1_ Gmb
o Vr Vr GM_Tb Gmm
v — My _ MrB, _ GubVrlh _ GmbBp
PTGV GV Gp V1 Gp
v Ve o Ms  GupVi(1-B) Gmp (1 — Py)

s VT Gse VT Gse VT Gse
EAC—Ep _ (1 N ﬂ) 1—¢p
eactue,+to(eac—ep) Gmm / 14uep+v(eac—ep)
Gmb (1—Py £5—€p

Gse €5+u€b+U(SAc—€b)

©)

(6)

@)

®)
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Sensitivity coefficient: Swing (%)
o 1 2 3 4 5 6 7 8 9 10

| T T T T T T T T T
e of aggregate | ] 833
Air void content | 3.68
€ of asphalt = 2.91

Asphalt content ; 1.78

Figure 11. Sensitivity analysis of influencing factors on the dielectric property of asphalt mixture.

Influencing factors

In previous research [38], the authors utilized experimental dielectric data from various
types of asphalt mixtures and applied the Levenberg-Marquardt method combined with
a universal global optimization algorithm to determine key parameters. The optimized
scatterer shape factor was found to be u = 4.5, and the inter-scatterer influence coefficient
was v = 5.1. This leads to the ISO (Influence coefficient and Shape factor Optimization)
dielectric mixing model for asphalt mixtures, formulated as Equation (9). Correspondingly,
the ISO model for predicting the bulk specific gravity is given by Equation (10).

EACTE _(q_ Grmb 1—& Gmb(1 - Bp) & — &y ©)
6.1epac — 9.6¢, Gmm'1— 9.6¢1, + 5.1eac Gse g5 —9.6ep +5.1epc
EAC—Ep _ 17€b
o 6.1€AC 79.68}3 179.6€b+5.1€AC
Gmb - €5 —Ep 1-P, 1—¢y 1 (10)

es—9.6ep+5.1eaCc Gse  1-9.6e,+5.1eaAC Gmm

5.2. Unified Model of Dielectric Property and Volumetric Parameter for Asphalt Mixture

Key volumetric parameters in asphalt mixture design include the bulk specific gravity
of the specimen (Gyp,), air void content (V}), voids in mineral aggregate (V},,), and voids
filled with asphalt (V[,). These parameters directly determine the optimum asphalt content
and significantly influence the pavement performance of the asphalt mixture. Based on the
ISO model for asphalt mixture density prediction given in Equation (10), predictive models
for V;, Via, and V{, are derived as Equations (11)-(13), respectively.

From the above, the theoretical relationship between any volumetric parameter V;
and the dielectric properties of the asphalt mixture can be expressed by the unified model
in Equation (14). In this model, the volumetric parameters, asphalt content (Py,), theoretical
maximum specific gravity (Gmm), effective specific gravity of aggregate (G.), bulk specific
gravity of aggregate (Gg,), and asphalt specific gravity (Gy), can be obtained from mixture
design records and remain relatively constant. The dielectric parameter of the aggregate (&s)
is related to its mineral composition, while the dielectric parameter of asphalt (g,) exhibits
minimal variation, typically around a value of 3.

G Teas o5 ~ 1 96178%1
R el m
£5—9.6e,+5.1eac  Gse 1-9.6e,+5.1epc
G EAC—Ep 1—¢p
R

€5—9.6¢,+5.1epoC Gse - 1-9.6ep,+5.1eac Gmm (1—Dp)
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V/ o V - Va Gmm(l—Pb) (13)
fa — Vl - £s—¢p [ 1—¢ Ggp
ma e5—9.6ep, +5.1eAC Gse  1—9.68p,T5.1EAC Gmm (1-P,) 1
EACTE 1-¢,
GTeac 068, ~ T-06e, T51eaC
!/
Vx = fss,szpb,Gmm,Gse/Gsb,Gb (EAC) (14)

5.3. Sensitivity Analysis of Compositional Factors on Dielectric Property of Asphalt Mixture

The dielectric mixing model for dry asphalt mixtures, as given in Equation (4), is
transformed into a standard cubic equation (Equation (15)) with respect to the relative
permittivity of the mixture. The corresponding coefficients 4, b, ¢, and d in this equa-
tion are defined by Equations (16)—-(19), respectively. Applying the Cardano formula
method [39], a positive real root of the equation can be derived, which is expressed as
Equation (20). As a result, the overall relative permittivity of the asphalt mixture is repre-
sented as an explicit function of the volumetric and dielectric property parameters of its
constituent components.

Furthermore, by substituting the specific values v = 5.1 and u = —4.5 into Equation (4),
the general model reduces to the ISO dielectric mixing model for asphalt mixtures, pre-
sented as Equation (9). This specialized form provides a calibrated relationship tailored
to the electromagnetic characteristics of typical asphalt-aggregate systems, enhancing its
applicability for practical pavement evaluation.

aghc + bede +ceac +d =0 (15)
a=v (16)
b=0v(l+es + (2u —30)ep, — (14+0) (VI(1 — &) + Vie(es — €p))) (17)

¢ = g5+ (u—20)(1+e)ep + (u —30) (u—v)ed — V{(1 —ep) (14 0)es
' (18)

—VI(1—ep)(1+420)(u—v)ep, — Vie(es —ep) (1 4+ 0+ (1 +20)(u — v)ey,)

d = —esep, — (1+es)(u—v)ed — (u— v)zs?3 —VI(1—ep)(u—v)esep 19
—VI(1—ep)(u— v)zs% — Vi(es — &p) ((u —v)ep + (1 — 0)28%) 19)

2 3
eac = — 3% 4 i/ _ 27a2d—522§7c+2b3 + \/ (27112‘71—522;%—&—21)3) + (3aga—2b2> o

+3 _ 27a%2d—9abc+2b% 27a2d—9abc+2b3 2+ 3ac—12\ >
5443 54a3 9a?

The relative permittivity of 12 sets of AC-13 asphalt mixture Marshall specimens
and their components (asphalt binder and mineral aggregates) was measured using a
Percometer dielectric constant instrument [38]. The exc of asphalt mixture, along with
Gmm, Ggp, Gse, as well as the ¢; of aggregate and Py, ¢, G}, of asphalt binder can be obtained
through actual measurements or design data. These parameters should then be substituted
into calculation Equations (11)—(13) to determine the air void content (V), voids in mineral
aggregate (V,,), and voids filled with asphalt (Vf’a) in Table 6. The measured volumetric
and dielectric parameters of the AC-13 asphalt mixture specimens are summarized in
Table 6. The measured relative permittivity values of the mineral aggregates and asphalt
binder were & = 7.7 and g, = 2.7, respectively, while the relative permittivity of air was
taken as e, = 1, and the specific gravity of asphalt was G, = 1.011.
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Table 6. Measured volume and dielectric parameters of AC-13 asphalt mixture Marshall specimens.

SPT\CI?en Py, (%) Gmb ff;()? Gmm Gsp  Gse  V,(%) V(%) (Vo/f)e) K‘/ﬂ)ﬁ Vi, (%)
1 2323 57 915 1032 8053 1896 5175
2 233 59 864 1037 8098 1851 5331
3 2345 58 829 1041 8129 1820 5444
4 2366 6.1 747 1051 8202 1746  57.23
5 2394 62 637 1063 8299 1649  61.34
6 2435 64 477 1081 8441 1506  68.31
7 449 45 65 20 2738 27 5499 4000 8511 1436 7222
8 2470 65 340 1097 8563 1384 7541
9 2475 67 321 1099 8580  13.66 7653
10 2.481 6.6 297 1102 8601 1345 7791
11 2497 68 235 1109 8656 1290  81.80
12 2499 68 227 1110 8663 1283 8231

Taking Specimen #6 from Table 6 as an example, the following volumetric and di-
electric parameters of Specimen #6 were measured: G, = 2.435, eac = 6.4, Py, = 4.49%,
Gmm =2.557, Ggp = 2.738, Gse =2.755, 65 = 7.7, &, = 2.7, and G, = 1.011. Step 1: Substituting
the above parameters into Equation (11) yields the calculated air void content of Specimen
#6 (V. = 4.77%). Step 2: Substituting the same set of parameters into Equation (12) gives
the calculated voids in mineral aggregate (V},, = 15.06%). Step 3: Substituting the same pa-
rameters into Equation (13) results in the calculated voids filled with asphalt (Vf’a = 68.31%).
The calculated values are consistent with those reported for Specimen #6 in Table 6. The
volumetric parameters for the other specimens in Table 6 can be obtained following the
same procedure, ensuring the reproducibility and reliability of the unified model.

When the voids filled with asphalt (V{,) is held constant, a smaller voids in mineral
aggregate (V/,,) value indicates a higher volume fraction of aggregates in the asphalt
mixture and a lower air void content (V), which leads to a significantly higher relative
permittivity of the asphalt mixture. Conversely, when Vr’na is held constant, a higher Vf'a
value implies a greater proportion of asphalt and a smaller proportion of air within the
void spaces, resulting in a slight increase in the relative permittivity of the asphalt mixture.

A tornado diagram was employed to analyze the influence of key parameters in the
ISO dielectric mixing model for asphalt mixtures on the overall dielectric properties. The
key parameters selected for sensitivity analysis included the relative permittivity of mineral
aggregates (¢s), the relative permittivity of asphalt binder (e},), asphalt content (P},), and air
void content (V).

Reasonable variation ranges were assigned to each parameter: relative permittivity
of aggregates &5 = 7.7 & 0.3, relative permittivity of asphalt binder ¢, = 2.7 £ 0.2, asphalt
content Py, = 4.49% =£ 0.3% (based on allowable deviation from design value), air void
content V/ = 4% + 1% (covering the design range of 3-5% for AC-13 mixtures).

Using the controlled variable method, each parameter was individually set to its
maximum, minimum, and mean values while keeping other parameters constant at their
mean values. The corresponding results for the relative permittivity of the asphalt mixture
(eac) were recorded as max, min, and mean, respectively. The sensitivity coefficient, Swing,
was then calculated using Equation (21). A larger Swing value indicates a greater influence
of the parameter on the result.

Swing = % % 100 (21)

The results of the parameter sensitivity analysis for the ISO dielectric mixing model
of asphalt mixtures are presented in Table 7 and Figure 11. The ranking of parame-



Appl. Sci. 2025, 15, 12852

17 of 20

ter influence on the dielectric properties of the asphalt mixture is as follows: relative
permittivity of aggregates (gs) > air void content (V) > relative permittivity of asphalt
binder (e},) > asphalt content (P},).

Table 7. Values of e5c and Swing under different parameters.

Parameters Ass‘i,;::lien t EAC | Max—Min | Swing (%)
e of aggregate 74 6.2251
) 7.7 6.5004 0.5418 8.33
s 8 6.7669
24 6.3461
¢ of ?;P)ha“ 27 6.5004 0.1894 291
3 6.5355
Asphalt 4.19% 6.5578
content 4.49% 6.5004 0.1159 1.78
(Py) 4.79% 6.4419
Air void 5% 6.3744
content 4% 6.5004 0.2395 3.68
(Va) 3% 6.6139

Noting: € denotes relative permittivity.

The relative permittivity of aggregates exhibits the most significant influence on the
dielectric behavior of the asphalt mixture, underscoring the importance of accurate mea-
surement of the dielectric properties of mineral aggregates. The second most influential
parameter is air void content, indicating a strong correlation between the dielectric proper-
ties of the asphalt mixture and its void structure. This implies that the overall dielectric
characteristics can effectively reflect the compactness of the asphalt mixture. In contrast,
asphalt content has the lowest sensitivity coefficient, at only 1.78%, suggesting that minor
variations in asphalt content are unlikely to be discernible in the dielectric response of the
asphalt mixture.

6. Conclusions

Through comparative analysis of different methods for measuring dielectric properties
of asphalt mixtures, systematic investigation of the influences of water, ice, and air voids
on these properties has been conducted. Testing methodologies have been established
for both laboratory and field conditions, accounting for varying environmental factors.
A unified functional relationship has been developed between the dielectric properties
of asphalt mixtures and the dielectric-volumetric parameters of their constituents. The
principal findings are summarized as follows:

For dry asphalt mixtures, close agreement has been observed between dielectric
constant values obtained through the GPR-based reflection coefficient method (RCM)
and thickness inversion algorithm (TIA), with deviations remaining below 0.1. A strong
correlation has been identified between the dielectric properties and air void content of
asphalt mixtures.

Surface water films have been found to significantly increase the relative permittivity
calculated by the RCM. Consequently, when air-coupled GPR is employed to monitor
compaction during asphalt pavement construction, correction for the influence of water
films resulting from roller spray on the surface reflection amplitude (Ap) is essential.

Minimal impact on TIA-calculated relative permittivity has been observed from surface
ice and ice-filled voids. Therefore, GPR thickness detection remains applicable in cold
regions during winter, even with thin snow or ice layers present on the pavement surface.



Appl. Sci. 2025, 15, 12852

18 of 20

Water-saturated asphalt mixtures exhibit higher relative permittivity compared to dry
conditions. For extensive pavement thickness surveys utilizing TIA, measurements are
recommended under continuous dry conditions. Alternatively, the RCM may be applied
following brief rainfall events provided no significant surface water accumulation exists.

A unified functional relationship between the dielectric property and volumetric
parameter for dry asphalt mixtures has been established. This formulation demon-
strates a strong correlation between key volumetric parameters including bulk specific
gravity, air void content, voids in mineral aggregate, voids filled with asphalt, and
dielectric characteristics.

Sensitivity analysis of the ISO dielectric mixing model for dry asphalt mixtures reveals
the following parameter influence hierarchy: relative permittivity of aggregates > air void
content > relative permittivity of asphalt binder > asphalt content. These results emphasize
the critical importance of accurate determination of aggregate dielectric properties.

Future Work and Limitations

Although the current study employed a 2 GHz center-frequency antenna, consistent
with common practice in asphalt pavement assessment, both the Reflection Coefficient
Method (RCM) and Thickness Inversion Algorithm (TIA) are fundamentally based on
electromagnetic wave theory applicable across a broad frequency range. The RCM relies
on amplitude ratios at material interfaces, which remain frequency-independent when
properly calibrated, while the TIA depends primarily on wave propagation velocity, a
material property invariant with frequency under lossless conditions. Future work will
systematically investigate the sensitivity of these methods to antenna frequency, particularly
in the 1-2.5 GHz range typically used for pavement evaluation.

Despite efforts to systematically model the environmental impacts and compositional
elements affecting dielectric characteristics of asphalt mixtures, several limitations remain
and warrant further investigation. The current framework does not fully capture the
nonlinear interactions between multiple environmental factors, such as cyclic freeze-thaw
actions coupled with varying moisture saturation levels, nor does it adequately address
the dielectric behavior of mixtures incorporating non-traditional or recycled materials
with inherently variable compositions. Future research should focus on developing more
sophisticated multi-physical models that can account for these synergistic effects under
realistic, transient environmental conditions. Additionally, there is a need to establish a
comprehensive database of dielectric properties for a broader range of mixture designs
and material types, which would support the creation of more generalized and reliable
predictive models for industry-wide application.

Although temperature variations are known to influence the dielectric properties of
asphalt mixtures and consequently affect GPR measurement accuracy, this study primarily
investigated the effects of moisture, ice, and material composition. Future research should
systematically examine temperature-dependent dielectric behavior across different mixture
types and establish corresponding correction methodologies for field applications.

Future research should systematically evaluate the impacts of alternative time-picking
methods, antenna frequency selection, and surface conditions (including oscillation ampli-
tude and roughness) on the accuracy of dielectric property assessment under real-world sur-
veying conditions to validate the practical implementation of the proposed methodology.
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