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Abstract

Air-void distribution is an important internal characteristic of asphalt mixtures, as it af-
fects compaction quality, moisture susceptibility, permeability, and long-term pavement
durability. Conventional air-void testing methods generally provide only an average vol-
umetric parameter and cannot effectively describe the spatial distribution of air voids
within cylindrical specimens. To address this limitation, this study proposes a capaci-
tance-based method for characterizing the vertical and radial air-void distribution of as-
phalt mixtures using a saturated reference field. An annular capacitive sensor was de-
signed for cylindrical asphalt mixture specimens, and its structural dimensions were op-
timized using capacitance sensitivity and sensitivity-field distribution uniformity as eval-
uation indicators. Asphalt mixture specimens with different gradations and compaction
conditions were prepared and tested under a saturated reference-field measurement
scheme. Dielectric indicators derived from capacitance measurements were used to char-
acterize the variation in air-void distribution along the specimen height and across radial
regions. Layer-wise air-void measurements were further conducted to validate the verti-
cal distribution results, while radial partition-based indicators were introduced to quan-
titatively describe the air-void distribution characteristics from the center to the edge of
the specimen. In addition, rotation-angle and saturated-condition stability tests were per-
formed to evaluate the robustness of the proposed method. The results indicate that the
saturated reference-field capacitance method can effectively reflect the spatial variation in
air voids in asphalt mixtures and provides a low-cost, rapid, and non-destructive ap-
proach for evaluating air-void distribution characteristics in laboratory-compacted speci-
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an average volumetric parameter [5]. However, asphalt mixture specimens are inherently
heterogeneous [6]. Even when two specimens have similar bulk air-void contents, their
internal void distributions may be substantially different. Localized void concentration
may accelerate water intrusion, stripping, raveling, and fatigue damage [7,8]. Therefore,
characterizing the spatial distribution of air voids, rather than only measuring the overall
air-void content, is important for evaluating mixture structure and compaction quality [9].

Conventional air-void measurements, such as the saturated surface-dry method and
the volumetric method, are widely used because of their simplicity and standardization [
10-12]. These methods provide reliable bulk air-void content for dense-graded and open-
graded mixtures. Nevertheless, they cannot describe the variation in air voids along the
specimen height or across the radial direction [13]. Layer cutting can provide limited in-
formation on vertical air-void distribution, but it is destructive and cannot be used for
repeated measurement of the same specimen [14]. X-ray computed tomography has been
used to reconstruct the three-dimensional void structure of asphalt mixtures and can pro-
vide detailed information on void morphology, connectivity, and distribution [15,16].
However, CT scanning is expensive, time-consuming, and not always convenient for rou-
tine laboratory testing or rapid compaction evaluation [17,18]. These limitations motivate
the development of a low-cost, rapid, and non-destructive method for characterizing air-
void distribution in asphalt mixtures [19,20].

Electrical and capacitive sensing methods provide a promising alternative for non-
destructive characterization of heterogeneous materials [21]. The dielectric response of
asphalt mixtures is affected by aggregates, asphalt mortar, air voids, and moisture [22,23].
When the internal void structure changes, the effective dielectric distribution also changes
[24,25]. Electrical capacitance tomography and capacitive sensing can, therefore, be used
to infer the spatial variation in material properties from boundary capacitance measure-
ments [26]. Compared with CT, capacitive sensing has simpler hardware, lower cost, and
faster data acquisition [27,28]. It is also suitable for repeated measurements at different
heights [29]. In representative ECT studies of gas-liquid flows, the higher-permittivity
liquid generally forms the continuous or background phase, while the lower-permittivity
gas occupies mobile dispersed or segregated regions. The reconstructed dielectric field,
therefore, describes a time-varying fluid-phase distribution [30,31]. A compacted asphalt
mixture has a distinctly different dielectric phase structure. Mineral aggregates and as-
phalt mortar form a rigid and spatially heterogeneous solid skeleton, whereas air voids
are fixed within this skeleton and may form connected, partially connected, or isolated
pore structures [32,33]. Their size, connectivity, and spatial distribution are governed by
aggregate gradation, compaction method, and compaction effort [34]. Consequently, the
measured capacitance reflects the coupled dielectric response of a heterogeneous solid
skeleton and a stationary pore network rather than the instantaneous distribution of two
mobile fluid phases. However, applying capacitance-based methods to asphalt mixtures
remains challenging because the dielectric contrast between dry air voids and the asphalt-
aggregate skeleton is limited. In addition, an asphalt mixture is a heterogeneous compo-
site, and its fully dense reference state cannot be directly measured. As a result, conven-
tional air-field reconstruction often requires a simulated full-field matrix, which may in-
troduce additional reconstruction errors.

To overcome these limitations, this study proposes a saturated-field capacitance
measurement method for air-void distribution characterization. The basic idea is to use
water as a high-permittivity filling medium for connected air voids. Water preferentially
enters accessible connected pores, whereas isolated or poorly connected pores may re-
main partly air-filled. After saturation, the resulting water-filled regions produce a much
stronger dielectric response than dry air voids. This increases the contrast between void-
rich and void-poor regions and improves the sensitivity of capacitance measurements to
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air-void structures. More importantly, in the saturated-field method, both the empty-field
and full-field capacitance matrices can be obtained experimentally: the empty field is
measured in air, and the full field is measured after the acrylic cylinder is filled with water.
This avoids the need to approximate the full-field matrix using a homogeneous asphalt
mixture model. Therefore, the saturated-field method provides a more physically defined
reference system for dielectric reconstruction.

A movable annular capacitive sensor was designed in this study to enable depth-
wise scanning of cylindrical asphalt mixture specimens. The sensor consists of an open-
top acrylic cylinder, a flexible substrate, and twelve measuring electrodes. Unlike fixed
multi-layer electrode systems, the movable annular structure can collect capacitance data
at different height positions while reducing the structural complexity and potential inter-
layer coupling. Finite-element simulation was used to optimize the sensor configuration
by considering capacitance sensitivity and sensitivity-field distribution. The optimized
sensor was then used to characterize asphalt mixtures with different gradations and com-
paction states. The combination of the movable electrode layer and the saturated reference
field enables the dielectric response to be examined at multiple cross-sections and related
to compaction-induced variations in both the vertical and radial directions.

The main objectives of this study are as follows:

(1) To develop a movable annular capacitive sensor and optimize its structural pa-
rameters using a finite-element simulation;

(2) To establish a saturated-field capacitance measurement procedure for asphalt
mixture specimens;

(3) To characterize the vertical air-void distribution using the capacitance sum and
mean meso-scale dielectric constant;

(4) To quantify radial air-void distribution using the edge-to-center ratio and radial
dielectric gradient;

(5) To validate the proposed method using layer-wise air-void measurements and
repeatability tests.

2. Materials and Methods

2.1. Specimen Preparation
2.1.1. Materials and Gradation Design

Basalt aggregates were supplied by Jiangsu Judeng Construction Engineering Co.,
Ltd. (Zhenjiang, Jiangsu, China), and limestone mineral filler was obtained from Nanjing
China United Cement Co., Ltd. (Nanjing, Jiangsu, China). Two asphalt binders were se-
lected according to the mixture type. SBS-modified asphalt supplied by Shandong Cham-
broad Petrochemicals Co., Ltd. (Binzhou, Shandong, China) was used for AC-13 and
SMA-13, whereas high-viscosity asphalt from the same manufacturer was used for PAC-
13 and PAC-20. The basic properties of the two binders are listed in Table 1.

Table 1. Basic properties of the asphalt binders.

Performance SBS-Modified Asphalt Binder High-Viscosity Asphalt Binder
Penetration (25 °C, 100 g, 5 s, 0.1 mm) 84 53
Softening point (°C) 83 78
Ductility (5 cm/min, 5 °C, cm) 42 28
Viscosity (135 °C, Pa-s) 2.0 2.2

Four mixtures were designed, as follows: AC-13, SMA-13, PAC-13, and PAC-20. AC-
13 was used as a dense-graded reference mixture. SMA-13 represented a stone mastic as-
phalt mixture with a skeleton-dense structure. PAC-13 and PAC-20 were selected to
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provide porous mixtures with higher and more connected air-void contents. The grada-
tion curves are shown in Figure 1. The selected gradations cover dense-graded, skeleton-
dense, and open-graded structures, providing specimens with different void contents and
void connectivity for capacitance-based characterization.
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Figure 1. Gradation curves of AC-13, SMA-13, PAC-13, and PAC-20 asphalt mixtures.

2.1.2. Compaction Methods and Specimen Groups

Two specimen series were prepared. The first series included AC-13, SMA-13, and
PAC-13 specimens compacted by the Marshall compaction method. This series was used
to compare air-void distribution characteristics among mixtures with different gradations.
The second series consisted of PAC-20 specimens prepared by gyratory compaction.
Three compaction levels were adopted, with 40, 60, and 80 gyrations. This series was used
to examine the influence of compaction level on air-void distribution.

Three independently prepared specimens were tested for each mixture type or com-
paction level. For the Marshall-compacted series, three AC-13, three SMA-13, and three
PAC-13 specimens were prepared. For the gyratory-compacted PAC-20 series, three spec-
imens were prepared at each of the 40-, 60-, and 80-gyration levels. Therefore, a total of 18
specimens were included in the capacitance measurements. Each specimen was tested us-
ing both the air-field and saturated-field methods. Capacitance data were collected at six
cross-sections located at 5, 15, 25, 35, 45, and 55 mm above the specimen bottom. The re-
sults for each mixture type or compaction level were obtained by averaging the corre-
sponding measurements from the three independently prepared specimens. After com-
paction and cooling, the height of each cylindrical specimen were measured at multiple
positions using a vernier caliper. The average values were recorded as the specimen di-
mensions. The detailed specimen information is summarized in Table 2.

Table 2. Specimen information.

Mixture Type Compaction Method Compaction Level Measured Height/mm

AC-13 Marshall compaction Standard 63.6+0.4
SMA-13 Marshall compaction Standard 63.4+0.5
PAC-13 Marshall compaction Standard 63.8+0.6
PAC-20 Gyratory compaction 40 gyrations 66.5 0.7
PAC-20 Gyratory compaction 60 gyrations 64.2+0.5
PAC-20 Gyratory compaction 80 gyrations 62.3 0.5

https://doi.org/10.3390/s26154961



Sensors 2026, 26, 4961

5 of 23

2.2. Measurement System and Principle
2.2.1. Annular Capacitive Sensor

Air-void distribution in asphalt mixture specimens can vary along the height direc-
tion. Therefore, the sensor should be able to cover the specimen depth during measure-
ment. Instead of using a multi-layer electrode configuration, which may increase inter-
layer coupling, a movable annular capacitive sensor was designed for air-void character-
ization.

The sensor consisted of an open-top acrylic cylinder, twelve measuring electrodes,
and a flexible nylon substrate. The acrylic cylinder served as the internal support and wa-
ter-containing chamber for the saturated reference-field measurement. The measuring
electrodes were attached to the flexible nylon substrate using conductive adhesive. During
testing, the flexible electrode layer moved along the outer surface of the acrylic cylinder,
allowing capacitance data to be collected at different height positions. This design enabled
depth-wise scanning while reducing the structural complexity associated with fixed
multi-layer electrodes. The schematic diagram and a photograph of the sensor are shown
in Figure 2.

The diameters of both the Marshall-compacted and gyratory-compacted specimens
were approximately 100 mm. Because the inner diameter of the acrylic cylinder was
slightly larger than the specimen’s diameter, a small annular gap between the specimen
and the cylinder wall was unavoidable. The same cylinder was used throughout the ex-
periments. After specimen placement, the radial clearances were measured at four cir-
cumferential positions separated by approximately 90° using a tapered gap gauge. The
specimen position was adjusted until the four measured clearances were approximately
equal, thereby maintaining a nearly concentric configuration.

____—» Measuring electrode

—— Acrylic cylinder

" Nylon substrate

~ > Filled medium
(air or water)

~—» Specimen

(@) (b)

Figure 2. Movable annular capacitive sensor: (a) schematic diagram; (b) photograph.

2.2.2. Measurement Principle and Finite-Element Simulation

The capacitance-based characterization process can be described as a forward and
inverse problem, as shown in Figure 3. In the forward problem, the sensor structure, ma-
terial distribution, and electrode excitation scheme are defined to calculate the electric
field, potential distribution, capacitance matrix, and sensitivity field. In the inverse prob-
lem, the measured capacitance data are combined with the sensitivity field to estimate the
dielectric distribution inside the sensing domain. Since the dielectric distribution is af-
fected by aggregates, asphalt mortar, air voids, and water-filled voids under saturated
conditions, the reconstructed dielectric response can be used to characterize the air-void
distribution of asphalt mixtures.

For a given electrode pair, the capacitance is determined by the permittivity distribu-
tion and potential field in the sensing domain, as follows:
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1
Cij= % - Vﬂre(x, YIVO(x,y)dl' 1)

where C;; is the capacitance between electrodes i and j, @ is the induced charge, V is
the potential difference between the electrode pair, €(x,y) is the permittivity distribution,
®(x,y) is the potential distribution, and I denotes the electrode surface.

Forward problem

e(x,y) = G

11 IN B 3

% \
/ / \
i e(x,y) Z_ Cij \
10 i Permittivity ] 10 S Capacitance ~—_— 4
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Inverse problem

Cij—e(x,y)

Figure 3. Schematic diagram of the forward and inverse problems.

The measured capacitance can be further expressed as an integral form related to the
sensitivity field, as follows:

- ﬂ £(x,9) - S(x,y,£(x,y))dxdy @

where S (x, v, &(x, y)) is the sensitivity field. The sensitivity field reflects the contribution
of local dielectric variation to the measured capacitance. Regions with higher sensitivity
have a stronger influence on the capacitance response when their permittivity changes.

In this study, the sensitivity field was obtained using finite-element simulation. For
electrode pair i — j, the sensitivity field can be calculated from the electric field distribu-
tions generated by the following two electrodes:

Ei(x,y) E;j(x,y)
Si‘j(x, y) = _f L 7 . ]T
p(xy) U

j
where §; ;(x,y) is the sensitivity value at position (x,y), E;(x,y) and E;(x,y) are the
electric field intensities when electrodes i and j are excited, respectively, and V; and V;

dxdy 3)

are the corresponding excitation voltages. This formulation links the capacitance response
to the local electric field distribution and provides a basis for evaluating sensor perfor-
mance.

A finite-element electrostatic model was therefore established using COMSOL Mul-
tiphysics® version 6.4 to calculate the capacitance response and sensitivity-field distribu-
tion of the annular capacitive sensor. The model included the asphalt mixture specimen,
open-top acrylic cylinder, flexible substrate, and measuring electrodes. One electrode was
excited in each calculation, while the remaining electrodes were grounded. The excitation
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electrode was sequentially switched to obtain the capacitance matrix and sensitivity-field
distribution of different electrode pairs.

The following two indicators were used to evaluate the sensor structure: capacitance
sensitivity and sensitivity-field distribution uniformity. Capacitance sensitivity was used
to quantify the response of the sensor to dielectric variation and was calculated as follows:

|Ch — G
=7 (4)
where S; is the capacitance sensitivity, C), is the capacitance under the high-permittivity
reference state, and C; is the capacitance under the low-permittivity reference state.

Sc

Sensitivity-field distribution uniformity was used to evaluate the spatial balance of
the sensing field in the measured cross-section. It was defined as follows:

n
1
S;’l};g = EZ Sl:J(k)
e=1

L& 1/2
2
=2 ZZ st
| 2l
where Sg ]?g is the average sensitivity; S{?f” is the standard deviation of n micro-ele-

ments in the measured area; D; is defined as the sensitivity distribution coefficient; and
P is the number of the electrode plates. A smaller value of D; indicates a more uniform
distribution of sensitivity.

Based on the finite-element model, structural parameters of the annular capacitive
sensor, including electrode thickness, substrate thickness, and electrode width, were var-
ied to analyze their effects on capacitance sensitivity and sensitivity-field uniformity.

2.2.3. Capacitance Acquisition System

Capacitance measurements were performed using an LCR meter (VICTOR 4090A,
henzhen Victor Hi-Tech Co., Ltd., Shenzhen, China). For the twelve-electrode sensor, 66
independent electrode-pair capacitances were measured sequentially to form one capaci-
tance dataset at each height position. The test frequency and excitation voltage were set
as 100 kHz and 2 V, respectively. The schematic diagram of the capacitance measurement
system is shown in Figure 4.

LCR meter
] [ 4]
| o pEm
o @Ec;

Capacitance =
=)

Tooeos

Auto Local

Figure 4. Schematic diagram of the capacitance measurement system.

Before testing, the LCR meter was calibrated to reduce the influence of stray capaci-
tance from cables and connectors. Each capacitance value was measured repeatedly, and
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Air-field
method

the average value was used for subsequent analysis. All measurements were conducted
using the same LCR meter, cables, excitation frequency, and excitation voltage under con-
sistent laboratory conditions. The electrode layer was fixed at each prescribed height be-
fore capacitance acquisition to reduce variations associated with electrode positioning.

2.3. Saturated Measurement and Evaluation Procedure
2.3.1. Saturated Reference-Field Measurement

The following two measurement methods were compared in this study: the air-field
method and the saturated-field method. The measurement configurations for the air-field
and saturated-field methods are shown in Figure 5. In the air-field method, the empty
field was defined as the air-filled sensing region without a specimen, and its capacitance
matrix was measured experimentally. The measured field was obtained after placing the
asphalt mixture specimen inside the sensor. However, the full-field matrix of the air-field
method could not be directly measured, because an asphalt mixture is a heterogeneous
composite and its internal air voids cannot be completely removed. Therefore, the full
field was approximated by numerical simulation. In the simulation, the sensing region
was assumed to be homogeneous, with a relative permittivity of 9. This value was selected
according to the measured permittivity range of asphalt mixtures, generally between 5
and 9. This approximation may introduce reconstruction errors.

Empty field Full field Measured field

Homogeneous field Asphalt specimen
simulated measured

Air measured Water measured Saturated specimen
+ water measured

Figure 5. Capacitance measurement configurations for the air-field and saturated-field methods.

Previous studies have shown that capacitive sensors are sensitive to moisture varia-
tion. Based on this characteristic, a saturated-field method was proposed for air-void char-
acterization. In this method, the empty-field matrix was measured when the sensing re-
gion was filled with air and no specimen was placed inside the sensor. The full-field ma-
trix was measured after the acrylic cylinder was filled with water to its upper surface. For
the measured field, the asphalt mixture specimens were first fully immersed in water for
24 h to facilitate water penetration into the accessible connected voids. During the final
stage of immersion, each specimen was periodically removed from the water, gently

https://doi.org/10.3390/s26154961
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wiped with a damp cloth to remove visible surface water, and weighed. Saturation was
considered to have been achieved when the mass change between two consecutive meas-
urements was less than 0.1%. The saturated specimen was then immediately transferred
into the acrylic cylinder, and water was added until it reached the upper surface of the
cylinder. After standing for 3-5 min, the capacitance matrix of the saturated specimen
with surrounding water was recorded. Visible air bubbles trapped between the specimen
surface and the cylinder wall were removed before data acquisition. The concentric posi-
tion of the specimen was maintained throughout the height-wise scanning procedure. Be-
cause water penetration depends on pore accessibility and connectivity, the saturated-
field response primarily enhances the contribution of water-accessible connected voids,
while isolated or poorly connected voids may remain partly air-filled.

For both methods, the movable annular electrode layer was positioned at selected
height locations along the specimen. At each height, all independent electrode-pair capac-
itances were collected to form one capacitance matrix. The electrode layer was then moved
along the height direction to obtain capacitance responses at different depths. The same
scanning procedure was used for the air-field and saturated-field methods to ensure com-
parability.

2.3.2. Indicators for Air-Void Distribution Characterization

The measured capacitance matrix was first converted into a dimensionless form us-
ing Maxwell normalization. This treatment reduces the influence of sensor geometry,
boundary conditions, and reference-field differences. For electrode pair i — j, the Max-
well-normalized capacitance was calculated as follows:

cr - cf cf +2c

C i = (6)
M,ij Cé -cg Clt+2C5

where Cy;; is the Maxwell-normalized capacitance measurement. (7, C; and Ci}; are

the measured-field, empty-field, and full-field capacitance measurements, respectively.
For the vertical air-void characterization, the following two indicators were used: the

capacitance sum, Cs, and the mean meso-scale dielectric constant, &,,. At a given height,

z, Cs was calculated from all independent electrode pairs, as follows:

C@) = ) Cuy@) )
i<j
where Cy;;(z) is the Maxwell-normalized capacitance at height z. The capacitance sum
represents the overall dielectric response of the measured cross-section.
The mean meso-scale dielectric constant was calculated from the reconstructed die-
lectric field, as follows:
N

(=7 52 ®)

p=1
For radial characterization, the reconstructed dielectric field was divided into four
radial regions, as shown in Figure 6. The representative radii were 15, 30, 40, and 50 mm.
For the central region, the average value of all pixels within the radius of 15 mm was used,

as follows:
1
%=EZ% )

PERy
where ¢, is the characteristic dielectric constant of the central region, R; is the central
region, and N; is the number of pixels in this region.
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For the other three regions, four representative pixels were selected along the upper,
lower, left, and right directions. Their average value was used as the characteristic dielec-
tric constant of each radial region, as follows:

1 .
ek =7 (& +elown + sifft + szl‘qht), k=234 (10)

where ¢, is the characteristic dielectric constant of the k-th radial region. The radial se-
quence &1, &, &3 and g, was used to describe the air-void distribution from the
center to the edge of the specimen.

To further quantify the radial variation, the edge-to-center ratio and radial dielectric
gradient were defined. The edge-to-center ratio and the radial dielectric gradient were
calculated as follows:

&
Repe === (11)
€r1
€r4 — &1
G. == T
r T'4 - Tl (12)

where R, is the edge-to-center ratio, G, is the radial dielectric gradient, and r; and 7,
are the representative radii of the central and edge regions, respectively. R,,. describes
the relative dielectric level between the specimen edge and center. A larger absolute value
of G, indicates a stronger radial variation in the reconstructed dielectric field. These two
indicators were used to compare the radial air-void distribution characteristics among
different specimens.

( \
©

@ ©)
15mm 30mm 40mm 50mm

Figure 6. Radial partitioning of the reconstructed dielectric field.

2.3.3. Validation and Repeatability Tests

To validate the vertical characterization results at the layer scale, the same specimens
were first measured using the capacitance-based method and were subsequently cut into
lower, middle, and upper layers. The air-void content of each layer was then measured
and compared with the capacitance-based indicators obtained from the corresponding
height range. This one-to-one correspondence between the capacitance measurements
and the destructive reference measurements avoided the uncertainty caused by specimen-
to-specimen variability. For the AC-13 and SMA-13 mixtures, the layer-wise air-void con-
tents were determined using the saturated surface-dry method. For the PAC-13 and PAC-
20 mixtures, the volumetric method was used because of their open-graded structures and
high connected air-void contents.

https://doi.org/10.3390/s26154961
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Repeatability tests were conducted to evaluate the stability of the capacitance meas-
urement. The following two factors were considered: specimen rotation angle and satu-
rated condition.

For the rotation-angle test, the same saturated specimen was placed in the annular
capacitive sensor at a fixed height. The specimen was then rotated to 0°, 90°, 180°, and
270°. At each angle, a complete capacitance matrix was recorded. This test was used to
examine the influence of specimen orientation on the measured capacitance response.

For the saturated-condition test, the saturated specimen was placed inside the acrylic
cylinder, and water was added to the upper surface of the cylinder. After a short standing
period, repeated measurements were performed at the same height. The test was used to
assess the stability of the saturated reference field and the influence of water redistribution
during measurement.

The repeatability was evaluated using the coefficient of variation and relative devia-
tion. For a given indicator, X, suchas C, €, Re/c, Or G, the coefficient of variation was
calculated as follows:

Ox
CV = 5 X 100% (13)

where X is the mean value of repeated measurements, and oy is the corresponding
standard deviation.
The relative deviation of each measurement was calculated as follows:

X, — X
RD, = l;Tl % 100% (14)

where X; is the value obtained from the i-th measurement. Lower values of CV and RD;
indicate better measurement repeatability.

3. Results and Discussion
3.1. Optimization of Sensor Structure Based on Finite-Element Simulation
3.1.1. Influence of Structural Parameters on Sensor Performance

The effects of electrode width, substrate thickness, and electrode thickness on sensor
performance were evaluated using finite-element simulation. The following two indica-
tors were used: capacitance sensitivity, S, and sensitivity distribution coefficient, D;. A
higher S, indicates a stronger capacitance response to dielectric variation, whereas a
lower Dy indicates a more uniform sensitivity-field distribution in the sensing region.

The ranges of the structural parameters were determined according to the practical
fabrication and installation constraints of the sensor. The upper limit of the electrode
width was constrained by the spacing between adjacent electrodes and the available bond-
ing area. The lower limits of the substrate thickness and electrode thickness were deter-
mined by the material strength, fabrication accuracy, and bonding stability. Within the
allowable range of each parameter, several evenly spaced levels were selected for the sin-
gle-factor analysis. In each simulation set, only one structural parameter was varied, while
the other parameters were fixed at the middle levels of their corresponding ranges. This
setting was used to reduce parameter coupling and clarify the independent effect of each
structural parameter on the sensor performance.

As shown in Figure 7a, S, increased with the electrode width. When the electrode
width increased from 10 mm to 26 mm, S, increased from 2.74 to 5.16. This indicates that
a larger electrode width enhanced the electric-field coupling between the electrodes and
the sensing region. However, Dy first decreased and then increased. The minimum D;
appeared at an electrode width of 18 mm. When the electrode width further increased to
26 mm, Dy increased to 14.48. This suggests that an excessively large electrode width
caused the sensitivity field to become more concentrated near the electrodes. Therefore,

https://doi.org/10.3390/s26154961
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electrode width should not be selected only by maximizing S.. Figure 7b shows the influ-
ence of substrate thickness. With an increasing substrate thickness, S, decreased from
5.29 to 2.95. This is because a thicker substrate increased the distance between the elec-
trodes and the sensing region, thereby weakening electric-field coupling. In contrast, D
decreased from 14.41 to 11.76, indicating that a thicker substrate produced a more uniform
sensitivity-field distribution. However, this improvement in field uniformity was
achieved at the cost of reduced capacitance sensitivity. Thus, substrate thickness should
be determined by balancing signal response and field uniformity. As shown in Figure 7c,
electrode thickness had a limited influence on sensor performance. S, changed only
slightly within the tested range, and D; also showed minor fluctuations. This indicates
that once sufficient electrical conductivity was ensured, further increasing electrode thick-
ness did not substantially improve the capacitance response or the sensitivity-field distri-
bution. Therefore, electrode thickness was mainly governed by fabrication feasibility, flex-
ibility, and bonding stability.
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Figure 7. Effects of structural parameters on capacitance sensitivity and sensitivity distribution co-
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Sensitivity distribution coefficient, Dg
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efficient: (a) electrode width; (b) substrate thickness; (c) electrode thickness.

Overall, the three structural parameters affected the sensor performance in different
ways. Electrode width mainly controlled capacitance response and local field concentra-
tion. Substrate thickness mainly affected the coupling distance between the electrodes and
the sensing region. Electrode thickness had a relatively weak effect. Since a higher S, may
be accompanied by a higher D;, the optimized configuration cannot be determined from

a single indicator.
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3.1.2. Determination of the Optimized Sensor Configuration

To determine the optimized sensor configuration, the original indicators were con-
verted into normalized scores. Capacitance sensitivity, S., was treated as a positive indi-
cator, while sensitivity-field non-uniformity, Dy, was treated as a negative indicator.
Therefore, S, was normalized in the forward direction, and Dy was normalized in the
reverse direction, as follows:

SC - SC min
Se =—"—FL— 15
¢ SC,max - SC,min ( )
D - D
D; — S,max S (16)

DS,max - DS,min

where S is the normalized capacitance sensitivity score, and Ds is the normalized sen-
sitivity-field uniformity score. After normalization, both indicators were converted into
benefit-type indices, with larger values indicating better performance.

Capacitance sensitivity and sensitivity-field uniformity represent two complemen-
tary aspects of sensor performance. The former reflects the magnitude of the capacitance
response to dielectric variation, whereas the latter reflects the spatial balance of the sens-
ing field within the measured cross-section. An excessive emphasis on capacitance sensi-
tivity may result in a highly concentrated sensitivity field, while an excessive emphasis on
uniformity may weaken the overall capacitance response. Because no established theoret-
ical or application-specific basis was available for prioritizing either indicator, equal
weights were adopted as a neutral weighting scheme in the primary evaluation. The com-
prehensive evaluation score B was calculated as follows:

B = wS¢ + wyDs (17)

where w; and w, are the weights assigned to the normalized capacitance sensitivity and
sensitivity-field uniformity, respectively, and w; +w, = 1. In the primary evaluation,
ws = wy, = 0.5. Alarger B indicates a better balance between capacitance sensitivity and
sensitivity-field uniformity. The normalized comprehensive scores for the three structural
parameters are shown in Figure 8.
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A——A/\‘/‘

I
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Figure 8. Normalized comprehensive scores of different structural parameters.

As shown in Figure 8, the comprehensive score varied with different structural pa-
rameters. For electrode width, the score increased first and then decreased, with the

https://doi.org/10.3390/s26154961
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highest value at 18 mm. Although a wider electrode enhanced capacitance sensitivity, ex-
cessive electrode coverage increased sensitivity-field non-uniformity. For substrate thick-
ness, the maximum score was obtained at 2.0 mm, indicating a suitable balance between
electric-field coupling and field uniformity. In contrast, electrode thickness had a limited
effect on the comprehensive score, and the highest value appeared at 1.4 mm.

Based on the normalized comprehensive evaluation, the optimized sensor configu-
ration was determined as an electrode width of 18 mm, a substrate thickness of 2.0 mm,
and an electrode thickness of 1.4 mm. This configuration was used for the subsequent
capacitance measurements.

3.2. Vertical Air-Void Distribution Characterization
3.2.1. Effect of Mixture Gradation on Vertical Air-Void Distribution

The vertical air-void distributions of the Marshall-compacted AC-13, SMA-13, and
PAC-13 specimens were evaluated using the capacitance sum, C; the mean meso-scale
dielectric constant, €,,; and layer-wise air-void validation. The first two mixtures were
compacted dense or skeleton-dense mixtures, whereas PAC-13 represented an open-
graded mixture with a higher connected air-void content. The results are shown in Figure
9. Capacitance measurements were conducted at six discrete cross-sections located at 5,
15, 25, 35, 45, and 55 mm above the specimen bottom. After capacitance testing, the repre-
sentative specimens were divided into lower, middle, and upper layers for air-void vali-
dation.

Accordingly, the agreement discussed below refers to the vertical distribution pat-
tern represented by the capacitance indicators and the three validation layers. For the ca-
pacitance sum, C;, the saturated-field method produced much larger responses than the
air-field method. This difference was mainly caused by the high permittivity of water
filled in the connected voids. The variation in C; along the specimen height also showed
similar characteristics to the layer-wise air-void validation results. Sections with a higher
air-void content generally corresponded to stronger capacitance responses, indicating that
Cs can reflect the overall dielectric change caused by vertical air-void variation.
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Figure 9. Vertical air-void characterization of Marshall-compacted mixtures with different grada-
tions: (a) AC-13; (b) SMA-13; (c) PAC-13.

The mean meso-scale dielectric constant, ¢, provided a clearer indicator for evalu-
ating the accuracy of the reconstructed dielectric field. Under the air-field method, &,
varied only slightly along the height direction. The differences among the top, middle,
and bottom sections were not obvious, indicating that the air-field method had limited
sensitivity to the internal void structure. In contrast, the saturated-field method showed
more pronounced fluctuations in &,,. This enhanced variation arises because water enter-
ing accessible connected voids introduces a much greater dielectric contrast than that pro-
vided by air, thereby amplifying the capacitance response of locally void-rich regions.
This result indicates that the saturated field improved the dielectric contrast between
void-rich and void-poor regions, thereby enhancing the ability to identify vertical hetero-
geneity.

For the three Marshall-compacted specimens, the &, curves obtained from the satu-
rated-field method generally showed a basin-shaped distribution, with higher values near
the top and bottom and lower values near the middle. This trend was most evident for
PAC-13. This result suggests that the middle region of the Marshall specimen was more
compacted, while the upper and lower regions retained relatively higher void contents.
During Marshall compaction, repeated impact loading produces non-uniform stress
transfer and aggregate rearrangement along the specimen height. The internal region
tends to form a relatively stable aggregate skeleton, whereas the upper and lower regions
are more strongly affected by loading-surface disturbance, rebound, mold friction, and
boundary effects. This vertical pattern is consistent with the layer-wise air-void validation
results.
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3.2.2. Effect of Air-Void Content on Vertical Distribution in PAC-20 Mixtures

The vertical dielectric response of gyratory-compacted PAC-20 specimens was fur-
ther analyzed. The following three compaction levels were considered: 40, 60, and 80 gy-
rations; the corresponding air-void contents, measured by the volumetric method, were
25.2%, 21.4%, and 19.9%, respectively. The dielectric response was measured at the same
six cross-sections located 5-55 mm above the specimen bottom. Each plotted point in Fig-
ure 10 represents the &, value obtained at one discrete cross-section, and the connecting
lines are included only to indicate the vertical variation.

As shown in Figure 10, the six discrete &, measurements formed relatively stable
vertical profiles under both measurement methods. This indicates that gyratory compac-
tion produced a comparatively uniform internal structure. The combined action of axial
pressure and shear deformation promotes continuous aggregate rotation, translation, and
rearrangement, thereby reducing unstable voids and local structural differences along the
specimen height. During gyratory compaction, the mixture is subjected to both vertical
pressure and shear action, which promotes aggregate rearrangement and the formation
of a stable skeleton. As a result, the air-void distribution becomes more uniform along the
specimen height.
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Figure 10. Vertical variation in ¢, for gyratory-compacted PAC-20 specimens with different air-
void contents: (a) saturated-field method; (b) air-field method.

Under the air-field method, the ¢, curves showed only slight variations at different
heights. The differences among the top, middle, and bottom sections were small, suggest-
ing that the air-field method had limited sensitivity to small changes in the void structure.
Under the saturated-field method, the overall profiles were also stable, but local fluctua-
tions were more evident. This is because the saturated field provides a higher dielectric
contrast after water fills the connected voids. Therefore, the saturated-field method is
more sensitive to local variations in the internal void structure.

With an increasing gyration number, the fluctuation amplitude of ¢, under the sat-
urated-field method gradually decreased. This further confirms that higher gyratory com-
paction improved the structural uniformity of PAC-20 specimens. The 40-gyration speci-
men, with the highest air-void content, showed larger local variation, whereas the speci-
mens compacted with higher gyration numbers exhibited smoother vertical profiles.

To further examine the variation in dielectric response among the three air-void lev-
els, the mean ¢, value averaged over the six measured cross-sections was calculated for
each specimen and plotted against the corresponding overall air-void content, as shown
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in Figure 11. Linear fitting was performed to provide a preliminary quantitative descrip-
tion of the observed variation.

As shown in Figure 11, the mean ¢, obtained using the saturated-field method ex-
hibited an approximately increasing trend with air-void content within the tested range.
The linear fitting yielded an R? value of 0.94. This trend can be attributed to the greater
volume of water-accessible connected voids at higher air-void contents, which increased
the saturated dielectric response. In comparison, the air-field results showed a weaker
decreasing trend, with an R? value of 0.78. These results preliminarily indicate that the
saturated-field response is more sensitive to changes in the air-void structure. Further
tests involving additional specimens and air-void levels are needed to confirm the stabil-
ity of the observed trends.

0.8
®  Air field method
0.7 em = —0.007VV +0.727 o  gaturated field method
R?=0.78 -
0.6 | -
0.5 [ ]
g
W 04+
e — "
@
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Figure 11. Relationship between average ¢, and measured air-void contents for gyratory-com-
pacted PAC-20 specimens.

3.3. Radial Air-Void Distribution Characterization

3.3.1. Radial Distribution Characteristics Under Different Mixture Types and
Compaction States

The radial air-void distribution was characterized based on the reconstructed meso-
scale dielectric field. The measured cross-section was divided into four radial regions from
the center to the edge, denoted as Region 1, Region 2, Region 3, and Region 4. Region 1
represents the central area, while Region 4 represents the region near the specimen edge.
The characteristic dielectric constant of each region was extracted to describe the radial
variation in air-void distribution.

Figure 12 shows the radial dielectric distributions of Marshall-compacted AC-13,
SMA-13, and PAC-13 specimens. Under the air-field method, the characteristic dielectric
constants generally decreased from the inner region to the outer region. This trend was
more evident for PAC-13. The result indicates that the air-void structure near the mold
wall differed from that in the inner region. The outer region was less effectively com-
pacted, while the inner region showed a denser structure.
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Figure 12. Radial characteristic dielectric constants of Marshall-compacted mixtures with different
gradations: (a) air-field method; (b) saturated-field method.

Under the saturated-field method, the differences among the four radial regions be-
came more pronounced. This indicates that the saturated field enhanced the dielectric
contrast related to air-void distribution. For PAC-13, the radial difference was the most
significant because of its open-graded structure and higher connected air-void content. Its
developed connected pore network allowed for greater regional differences in water fill-
ing, thereby amplifying the dielectric contrast between the inner and outer regions. After
saturation, water filled the connected voids and amplified the dielectric response in void-
rich regions. Therefore, the saturated-field method showed higher sensitivity to radial air-
void variation than the air-field method.

Figure 13 presents the radial dielectric distributions of the gyratory-compacted PAC-
20 specimens. Different from the Marshall-compacted specimens, the characteristic die-
lectric constants of the PAC-20 specimens were more stable among the four radial regions.
No clear monotonic increase or decrease was observed under either measurement
method. This suggests that gyratory compaction produced a more uniform radial air-void
distribution.
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Figure 13. Radial characteristic dielectric constants of gyratory-compacted PAC-20 specimens with

different gyration numbers: (a) air-field method; (b) saturated-field method.

The more uniform radial response of the PAC-20 specimens can be attributed to the
compaction mechanism. During gyratory compaction, the mixture is subjected to vertical
pressure and shear action. This promotes aggregate rearrangement and the formation of
a stable skeleton structure. As the gyration number increased, the radial fluctuation of the
characteristic dielectric constant decreased, indicating improved structural uniformity.
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3.3.2. Quantitative Evaluation of Radial Air-Void Distribution

To further quantify the radial variation in air-void distribution, the edge-to-center
ratio, R/, and radial dielectric gradient, G,, were calculated from the characteristic die-
lectric constants of Region 1 and Region 4. R, describes the relative dielectric response
of the edge region compared with the central region, while G, reflects the dielectric
change rate from the center to the edge. A value of R, closetolanda G, value close to
0 indicate a more uniform radial distribution.

As shown in Table 3, the Marshall-compacted specimens exhibited more pronounced
radial differences than the gyratory-compacted PAC-20 specimens. Under the saturated-
field method, the edge regions generally showed stronger dielectric responses than the
central regions, especially for PAC-13. This is mainly related to its open-graded structure
and higher connected air-void content.

For the gyratory-compacted PAC-20 specimens, the radial indicators remained close
to the uniform-state values under both measurement methods. This indicates that gyra-
tory compaction produced a more uniform radial air-void distribution. Overall, the quan-
titative results confirm that the saturated-field method is more sensitive to radial air-void
variation, particularly in mixtures with more developed connected voids.

Table 3. Quantitative indicators of radial air-void distribution.

Specimen Compaction Method Measurement Method &1 &4 R G, (mm™)
AC-13 Marshall Air field 0.74 0.67 091 -0.0020
AC-13 Marshall Saturated field 0.105 0.184 1.75 0.0023

SMA-13 Marshall Air field 0.81 0.73 0.90 -0.0023
SMA-13 Marshall Saturated field 0.097 0.159 1.64 0.0018
PAC-13 Marshall Air field 0.63 0.52 0.83 -0.0031
PAC-13 Marshall Saturated field 0.182 0.365 2.01 0.0052

PAC-20-40 Gyratory Air field 0.53 0.52 0.98 -0.0003

PAC-20-40 Gyratory Saturated field 0.42 0.37 0.88 -0.0014

PAC-20-60 Gyratory Air field 0.58 0.57 0.98 -0.0003

PAC-20-60 Gyratory Saturated field 0.38 0.35 0.92 -0.0009

PAC-20-80 Gyratory Air field 0.59 0.60 1.02 0.0003

PAC-20-80 Gyratory Saturated field 0.36 0.36 1.00 0.0000

3.4. Repeatability of the Saturated-Field Measurement

To evaluate the repeatability of the saturated-field measurement, the following two
tests were conducted: a rotation-angle test and a standing-time stability test. The capaci-
tance sum, C,;, mean meso-scale dielectric constant, &, edge-to-center ratio, R, and ra-
dial dielectric gradient, G,, were used as evaluation indicators. The coefficient of varia-
tion, CV, and maximum relative deviation, Max RD, were calculated to quantify meas-
urement stability.

As shown in Table 4, the four indicators changed only slightly with specimen rota-
tion. The CV values of C; and &, were 0.60% and 1.03%, respectively, indicating stable
overall capacitance and dielectric responses. The CV values of R,,. and G, were slightly
higher because these two indicators are more sensitive to local radial differences. How-
ever, their variations remained within a limited range. This indicates that the saturated-
field measurement was not significantly affected by specimen orientation.

https://doi.org/10.3390/s26154961



Sensors 2026, 26, 4961 20 of 23
Table 4. Repeatability results under different rotation angles.
Rotation Angle C, Em R/ G, (mm™)

0° 912 (pF) 0.368 1.96 0.0050

90° 905 (pF) 0.362 191 0.0048

180° 918 (pF) 0.371 1.98 0.0051

270° 909 (pF) 0.366 1.94 0.0049

Mean 911 (pF) 0.367 1.95 0.0050
CV/% 0.60 1.03 1.53 2.61
Max RD/% 0.77 1.30 1.93 3.03

Table 5 shows the stability of the saturated condition under different standing times.
The CV wvalues of all indicators were low, and no obvious drift was observed from 3 to 15
min. This suggests that the water-filled reference field remained stable during the meas-
urement period. The small variations in R, and G, also indicate that the radial distri-
bution indicators were not strongly affected by short-term water redistribution. Overall,
the saturated-field method showed good within-specimen repeatability and short-term
stability under controlled conditions. Because the tests used the same specimen, system,
and operator, the reported variations mainly reflect specimen positioning and reference-
field stabilization. Inter-specimen and inter-operator reproducibility were not separately
evaluated and will be investigated using replicate specimens and multiple operators in
future studies.

Table 5. Stability results under different standing times.

Standing Time Cs En R/ G, (mm)

3 min 908 (pF) 0.365 1.94 0.0049
5 min 913 (pF) 0.369 1.97 0.0050
10 min 910 (pF) 0.367 1.95 0.0049
15 min 906 (pF) 0.364 1.93 0.0048
Mean 909.25 (pF) 0.366 1.95 0.0049
CV/% 0.33 0.61 0.88 1.67

Max RD/% 0.41 0.75 1.16 2.04

These results also support the potential application of the proposed method in labor-
atory quality control and the evaluation of field-extracted pavement cores. In laboratory
testing, the capacitance-based indicators can be used to compare the vertical and radial
air-void distributions of mixtures prepared with different gradations, compaction meth-
ods, and compaction levels. For construction quality control and routine pavement eval-
uation, cylindrical cores extracted from representative pavement locations may be tested
to identify depth-dependent compaction non-uniformity and localized void-rich regions
that cannot be described by a single bulk air-void value. Because the capacitance meas-
urement does not damage the specimen, the same core can subsequently be used for con-
ventional volumetric, mechanical, or durability tests.

Nevertheless, several limitations should be considered. The saturated-field response
is mainly enhanced by water entering accessible connected voids, whereas isolated or
poorly connected voids may remain partly air-filled. The current procedure also requires
specimen saturation, cylindrical specimen geometry, controlled positioning within the
acrylic cylinder, and a consistent annular filling condition. Therefore, the present annular
configuration is more suitable for laboratory-compacted specimens and field-extracted
cores than for direct in situ pavement measurement. Further development of portable sen-
sor configurations and automated capacitance acquisition would be required for more ef-
ficient field implementation.
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4. Conclusions

1. A movable annular capacitive sensor was developed for air-void distribution char-
acterization of asphalt mixtures. Based on finite-element analysis, the optimized sensor
configuration was determined as an 18 mm electrode width, 2.0 mm substrate thickness,
and 1.4 mm electrode thickness.

2. The saturated-field method provided stronger dielectric contrast than the air-field
method. For the Marshall-compacted AC-13, SMA-13, and PAC-13 specimens, the satu-
rated-field dielectric response better reflected the vertical air-void variation and showed
good agreement with the layer-wise air-void validation.

3. For the gyratory-compacted PAC-20 specimens, the dielectric response became
more stable as the gyration number increased, indicating an improved internal structural
uniformity with higher compaction levels.

4. Radial characterization showed that the Marshall-compacted specimens, especially
PAC-13, had more evident center-to-edge variation, whereas the gyratory-compacted
PAC-20 specimens exhibited a more uniform radial distribution.

5. Repeatability tests under different rotation angles and standing times confirmed
that the saturated-field measurement had good stability, supporting its use as a rapid and
non-destructive method for characterizing air-void distribution in asphalt mixtures.
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