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Abstract

Numerical simulation of the electrical conductivity of carbon fiber-reinforced asphalt con-
crete is essential for understanding its electrical behavior, yet research in this area remains
limited. This study prepared six groups of Marshall specimens with carbon fiber (CF)
contents of 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, and 0.6 wt%. The resistivity
and asphalt concrete (AC) impedance spectra were measured to analyze the effect of fiber
content on electrical performance. Nyquist diagrams were fitted to establish an equiva-
lent circuit model, and a representative volume element (RVE) finite element model was
developed. The Generalized Effective Medium (GEM) equation was employed to fit the
resistivity data. The results show that the resistivity exhibits a two-stage characteristic—
an abrupt decrease followed by stabilization, with an optimal CF content range of
0.2–0.4 wt%. Among the equivalent circuit parameters, the contact resistance (R1) and
tunneling resistance (R2) significantly decreased, the growth of interface capacitance (C1)
slowed, the constant phase element ZQ increased, and the non-monotonic change of volume
resistance (R3) reflected the heterogeneity of the internal void distribution of the material.
The finite element numerical solution for resistivity, derived from the GEM equation, aligns
well with experimental values, validating the proposed simulation approach.

Keywords: carbon fiber; conductive asphalt concrete; electrical properties; equivalent
circuit model; REV model; finite element simulation

1. Introduction
Ice and snow accumulation on road surfaces can reduce the tire–pavement adhesion co-

efficient by over 75%, leading to at least a 10% increase in traffic accidents [1,2]. Conductive
pavement technology has emerged as an effective active electro-thermal de-icing solution,
with various forms including conductive cement concrete [3], conductive asphalt concrete
pavement [4], conductive surface overlay [5], and embedded heating pipe systems [6].
Among these, conductive asphalt concrete offers superior driving comfort, ease of mainte-
nance, uniform ice melting, excellent durability, and broad application prospects [7,8]. By
incorporating conductive materials, it maintains original road performance while acquiring
electro-thermal conversion capability through current-induced heating effects, significantly
enhancing winter road travel safety [9–11].

Commonly employed conductive materials for pavements include graphite, steel
fibers, graphene, and carbon fibers. Graphite tends to agglomerate in the asphalt matrix,
resulting in unstable conductive networks [12,13]. Steel fibers exhibit excellent electrical
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and mechanical properties [14–16] but are susceptible to oxidation, which increases resis-
tivity and degrades conductive performance over time [17]. While graphene possesses
outstanding electrical characteristics, its high cost limits large-scale engineering applica-
tions [18,19]. In contrast, carbon fibers with a resistance value of approximately 10−3 Ω [20]
offer the advantages of high strength, high modulus, low density, excellent conductivity,
and good dispersion stability [21,22]. They also demonstrate remarkable chemical stability,
are insoluble in water, exhibit low oxidation rates in natural environments, and maintain
stable performance over extended periods. Moreover, carbon fibers show excellent compat-
ibility with the asphalt concrete matrix, facilitating the formation of an ideal structural and
electrical network [23,24]. Beyond significantly improving fatigue life and crack resistance
of asphalt concrete [25,26], carbon fiber addition enhances conductive performance [27,28]
and enables intelligent functionalities such as self-healing and self-heating [29,30].

Previous studies indicate that combining multiple conductive additives can synergisti-
cally enhance asphalt concrete performance. Huang et al. [31] employed graphene-carbon
fiber composites, observing significant resistivity reduction alongside improved stability
and maximum flexural strain. Wang et al. [32] achieved a volume resistivity of 4.1 Ω·m
using 3 vol% carbon fibers (6 mm) and 15 vol% graphite, while maintaining crack resistance.
Liu et al. [33] prepared conductive asphalt concrete with 0.3% carbon fibers (5 mm) and
40% graphene, reporting a decrease in resistivity ∞ to 835Ω, along with increase of 4%,
18%, and 78% in Marshall stability, splitting strength, and dynamic stability, respectively.
Wang et al. [34] discovered that a conductive asphalt concrete with a carbon fiber mixture
ratio of (3 mm:6 mm:9 mm = 2:6:2) exhibited higher piezoresistive response sensitivity and
stress/strain sensitivity, with a resistivity of 35 Ω·m. Fu et al. [35] improved conductivity
by incorporating 0.4% carbon fibers and 2% carbon powder, enhancing dynamic stability
by 75.6%.

Despite the promising potential of carbon fiber-reinforced conductive asphalt concrete,
research on its conductive mechanism faces several challenges. Existing studies indicate
that the conductive network formed by carbon fibers is the key factor determining elec-
trical performance [36,37]. However, the specific formation mechanism, key influencing
factors, and quantitative relationship with macroscopic properties remain unclear. Current
microstructural characterization techniques offer limited accuracy in revealing the true
internal structure, while traditional experimental methods are time-consuming and cannot
effectively capture dynamic microstructural changes during conduction [38]. Furthermore,
most theoretical analyses rely on simplified models that ignore material heterogeneity,
resulting in significant deviations between predictions and experimental data [39].

This study conducted systematic electrical resistivity and impedance spectroscopy
tests to analyze the average resistivity and AC impedance spectra of carbon fiber-reinforced
asphalt concrete. The influence of carbon fiber content on electrical properties was thor-
oughly investigated. Through equivalent circuit modeling, key parameters, including
contact resistance, tunneling resistance, interfacial capacitance, volume resistance, and
total impedance, are characterized to determine the optimal carbon fiber content. Fur-
thermore, an RVE model of carbon fiber-reinforced asphalt concrete was developed using
finite element software. Experimental resistivity values were fitted with the GEM equation,
validating the reliability and accuracy of the proposed numerical model.

2. Test Materials and Specimen Preparation
2.1. Raw Materials

The base asphalt used was AH-70# road asphalt (Sinopec Qilu Petrochemical Company,
Zibo, China), the physical properties of which are listed in Table 1. The asphalt concrete,
incorporating 9 mm short-cut carbon fibers (Songhu Shenjian Technology Co., Ltd., Dong-
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guan, China) as the conductive phase, was prepared using limestone aggregates (0–3, 3–5,
5–10, and 10–16 mm) (Gongyi Yuanheng Water Purification Material Factory., Zhengzhou,
China) and limestone mineral powder (Gongyi Yuanheng Water Purification Material
Factory, Zhengzhou, China). The relevant technical specifications are provided in Table 2.
Copper foil tape (Suzhou Hengyun Packaging Materials Co., Ltd., Suzhou, China) serves as
the electrode material due to its thin profile, adhesive backing, and excellent conductivity.

Table 1. Asphalt binder properties.

Test Items Value Require

Penetration (25 ◦C, 100 g, 5 s, 0.1 mm) 68 60–80
Ductility (5 cm/min, 15 ◦C, cm) >100 ≥100
Softening point (R&B, ◦C) 49.0 ≥46
Penetration index PI −0.96 −1.5 to 1.0

Table 2. Technical indexes of limestone aggregate.

Materials Test Items Value Require

Limestone aggregate
Apparent density (g/cm3)

10~16 (mm) 2.868 ≥2.60
5~10 (mm) 2.852 ≥2.60
3~5 (mm) 2.833 ≥2.50
0~3 (mm) 2.642 ≥2.50

Water absorption (%) 1.81 ≤2
Crush value (%) 10.42 ≤26

Mineral powder

Apparent density (g/cm3) 3.028 ≥2.50
Water absorption (%) 0.2 ≤1

Hydrophilicity coefficient 0.75 <1
Plasticity index (%) 2.6 <4

Specific surface area (g/cm3) 1.25 -

Particle size range
<0.6 mm 100 100

<0.15 mm 96.8 90~100
<0.075 mm 93.6 75~100

Carbon fiber

Tensile strength (MPa) 3450

-
Tensile modulus (GPa) 230

Length (mm) 9
Resistivity (Ω·m) 1.0 × 10−5

Density (g/cm3) 1.75

2.2. Marshall Specimen Design and Preparation

The AC-13-graded asphalt concrete, due to its good smoothness, low cost and conve-
nient construction, is widely used in the surface layers of various grades of roads [40,41].
The aggregate-to-binder ratio was 1.2, with the asphalt content standing at 5.19% of the
aggregate weight.

Carbon fibers tend to agglomerate in asphalt concrete, worsening conductive prop-
erties. When CF content exceeds 0.3 wt% of the asphalt mixture mass, fiber dispersion
uniformity declines, affecting conductive properties; beyond 0.6 wt%, low-temperature
performance is significantly compromised [42]. Therefore, six CF contents—0.1 wt%,
0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, and 0.6 wt%—were selected. Here, CF-0.1% represents
a specimen with a carbon fiber content of 0.1 wt%. A dry-mixing process with a total mixing
time of 270 s was employed. Aggregates and carbon fibers were mixed for 90 s, followed
by liquid asphalt (90 s) and, finally, limestone powder filler (90 s) [43]. The fabrication
process is shown in Figure 1. In addition, the pavement performance of the mix proportion
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adopted in this study has been verified by other relevant tests conducted by the research
group, and it has been confirmed to meet the specification requirements [40].

Figure 1. Fabrication of Marshall specimens of carbon fiber asphalt concrete.

2.3. Test Method
2.3.1. Resistivity Test

The double-electrode method was employed at a 15 ◦C room temperature. Copper
foil strips ensured electrical contact, and a VC8246A digital multimeter (Dongguan Shengli
Testing Equipment Co., Ltd., Dongguan, China) measured resistances below 40 × 106 Ω.
After measuring the resistance, the resistivity of the sample was obtained according to the
second Ohm’s law in Equation (1):

ρ =
RS
L

(1)

where ρ is the resistivity (Ω·m), R is the measured resistance (Ω), L is the electrode distance
(m), and S is the conductive area of the electrodes (m2).

2.3.2. Impedance Test

The ideal resistor follows Ohm’s law, maintaining a constant resistance value that is
independent of frequency. However, the behavior of real-world circuit components is often
complex. Therefore, this paper introduces the concept of impedance and constructs an
equivalent circuit model, as shown in Figure 2. In the equivalent circuit model, elements
such as resistance (R), capacitance (C), and constant-phase-angle components (Q/CPE)
are commonly used to establish the model. Using the Zsimpwin (v3.6) software for spec-
tral fitting, parameters such as the resistance, capacitance, characteristic frequency, and
dispersion coefficient of the equivalent circuit can be extracted.

Due to the geometric structure of the conductive filler and the size and spatial dis-
tribution of the voids within the asphalt concrete, overlapping and misalignment of CF
and CF clusters are prone to occur [44]. Therefore, in this study, a new equivalent circuit
component model, R1(C1R2(QR3)), considering the void effect was constructed, as shown
in Figure 3. The impedance formulas are as shown in Equations (2) and (3):

Z = R1 +
1 + R2 + jωC1R2(R 3 + ZQ)

R2(R 3 + ZQ)
(2)

ZQ =
1

Y0ωn (cos
nπ

2
− j sin

nπ

2
) (3)

where ZQ denotes the equivalent resistance and capacitance (CPE, denoted by Q) induced
by the complex void structure, j =

√
−1. ω = 2 πf is the angular frequency, and Y0 represents

capacitance or resistance. When n = 1, Q characterizes ideal capacitance with C = Y0.
When n = 0, Q characterizes ideal resistance with R = 1/Y0. When 0 < n < 1, Q exhibits
resistive–capacitive coupling characteristics. R1 represents the contact resistance of carbon
fiber, while R2 and C1 denote the breakdown resistance and interfacial capacitance of the
carbon fiber/asphalt binder/carbon fiber structure, respectively. R3 represents the volume
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resistance in series with the void in the current direction; Z denotes the total impedance of
the equivalent circuit.

Figure 2. Equivalent circuit model.

Figure 3. New equivalent circuit diagram.

3. Test Results and Analysis
3.1. Asphalt Concrete Resistivity

The resistivity of asphalt concrete with different carbon fiber contents is shown in
Figure 4. At 0.1 wt% CF content, resistivity was 171.56 Ω·m, six orders of magnitude lower
than ordinary asphalt concrete (107–109 Ω·m) [45]. This reduction occurs because, at low
fiber content values, fibers disperse as discrete clusters, hindering effective conductive
path formation. At 0.2 wt%, resistivity dropped to 13.25 Ω·m, representing a reduction
of one order of magnitude, and at 0.3 wt%, the resistivity further dropped to 3.79 Ω·m,
though this decrease is less than one order of magnitude. The carbon fiber content of
CF-0.3% approaches the percolation threshold, with conductive paths gradually increasing,
marking the material transition from being an insulator to a conductor. When the carbon
fiber content is 0.5 wt%, resistivity reaches a relatively low level of 3.19 Ω·m, with a slight
upward trend likely due to excessive fiber aggregation introducing internal defects. The
optimal resistivity is achieved within 0.2 wt% to 0.4 wt%. Consequently, the CF-0.5% and
CF-0.6% specimens were excluded from subsequent impedance tests.
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Figure 4. Relationship between electrical resistance and carbon fiber content.

The comprehensive average resistivity curve reveals a two-stage process—an abrupt
decrease followed by stabilization. In the abrupt decrease stage, a slight increase in carbon
fiber content by 0.1 wt% leads to a dramatic reduction in resistivity. For example, the
resistivity of CF-0.2% is only 7.72% of that of CF-0.1%. In the stabilization stage, CF
influence diminishes considerably. At this stage, with CF values of 0.3 wt%, 0.4 wt%,
0.5 wt%, and 0.6 wt%, the resistance values are 2.21%, 1.96%, 1.86%, and 1.48% of that
of CF-0.1%, respectively. Thus, the CF content increase enhances conductivity, exhibiting
characteristic “abrupt decrease stabilization” behavior.

3.2. Analysis of AC Impedance Spectrum: Nyquist Diagram

Figure 5 presents Nyquist diagrams for different CF contents. As CF content increases
from 0.1 wt% to 0.2 wt%, the impedance spectrum real part decreases by 1–2 orders of
magnitude, and the capacitive arc significantly shrinks. Beyond 0.2 wt%, the resistiv-
ity change rate stabilizes, aligning with typical conductive asphalt concrete impedance
response behavior.

  
(a) (b) 

Figure 5. Cont.
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(c) (d) 

Figure 5. Electrochemical impedance spectroscopy fitting curves for CF. (a) CF-0.1%; (b) CF-0.2%;
(c) CF-0.3%; (d) CF-0.4%.

3.3. AC Impedance Spectrum Analysis: Equivalent Circuit Fitting

Figure 6 compares experimental AC impedance spectra with equivalent circuit-fitted
values. At 0.1 wt% and 0.2 wt% CF content, the fitted curve in the high-frequency region lay
above the measured data. This deviation can be attributed to inductive effects that reduced
the fitting accuracy, leading to a mismatch between the simulated and experimental results
in the Nyquist plot. As CF content increases, the deviation between the fitted values and
the test values gradually decreased. This was because, at higher carbon fiber contents, the
conductive grid was composed of fibers, and the carbon fibers provided a convenient path
for charge migration, thereby improving the conductivity. The AC impedance spectrum
test curves and fitted curves are smooth and match well with the proposed equivalent
circuit model, with chi-square values below 1 × 10−3, confirming the model’s capability to
describe carbon fiber asphalt concrete electrical properties.

3.4. Reliability Analysis of Equivalent Circuit Models

Figure 7 illustrates the variations in electrical parameters derived from the equivalent
circuit model R1(C1R2(QR3)). As CF content increases from 0.1 wt% to 0.4 wt%, contact
resistance R1 decreases by 37.4%, 85.2%, and 90.0%, respectively. This reduction can
be attributed to the increased spatial density of fibers within the asphalt matrix, which
promotes the formation of a denser three-dimensional conductive network and enhances
the probability of effective physical contact between fibers. When the carbon fiber content
increases from 0.3 wt% to 0.4 wt%, the R1 decline becomes more moderate (from 85.2%
to 90.0%), indicating that at 0.3 wt% CF content, the direct contact of fibers with the
grid approaches saturation, and the marginal benefit of the new fibers for forming new
contact points gradually decreases. The tunneling resistance R2 showed a more significant
downward trend, decreasing by 97.6%, 99.1%, and 99.9%, respectively. At low CF content
(0.1 wt%), large average fiber spacing and inter-fiber spacing result in high tunneling
resistance and insulating behavior. As CF content increases, average fiber spacing decreases
rapidly, exponentially increasing electron tunneling probability and drastically reducing
R2 by orders of magnitude. Thus, R2 change is the core dominant factor governing the
abrupt increase in composite conductivity near the percolation threshold. Additionally,
resistance R3 shows a non-monotonic change of “decrease → increase → decrease”, since,
during the heating or increase of the electric field process of asphalt concrete, it successively
experiences an increase in ion mobility, resulting in a decrease in resistance, an increase in
asphalt expansion, and a widening of the gap between conductive particles, thus increasing
resistance and local carbonization or breakdown and forming new conductive channels—
resulting in a decrease in resistance again, thereby causing the non-monotonic change of
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R3 [46]. Regarding the capacitance, C1, variation, in the 0.1–0.2 wt% range, C1 increases
slightly due to large CF gaps and limited interface capacitors. At 0.2–0.3 wt% (seepage
stage), the CF spacing decreases, promoting a significant increase in the number of interface
capacitors, and the capacitance is connected in parallel to form more CF clusters, resulting
in a significant increase in C1. At 0.3–0.4 wt%, the conductive network stabilizes, with
excess capacitance converting to conductive pathways, causing C1 to decrease.

  
(a) (b) 

  
(c) (d) 

Figure 6. Electrochemical impedance spectroscopy fitting curves for CF. (a) CF-0.1%; (b) CF-2%;
(c) CF-3%; (d) CF-4%.

 
(a) (b) 

Figure 7. Cont.
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(c) (d) 
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Figure 7. R1 (C1R2 (QR3)) equivalent circuit model-fitting electrical parameter changes. (a) R1; (b) C1;
(c) R2; (d) R3.

4. Numerical Simulation Analysis of Conductive Properties
4.1. Construction of the REV Model

Carbon fiber-reinforced conductive asphalt concrete is a multiphase composite ma-
terial whose electrical conduction behavior is influenced by multiple factors, including
inter-fiber contact resistance, interfacial tunneling and capacitive effects, pore series resis-
tance, and morphology-dependent resistive–capacitive coupling. Based on resistivity and
impedance test results, conductive performance is primarily governed by the percolation
network formed through fiber contacts. Therefore, in constructing the three-dimensional
microscale representative volume element (RVE) model, emphasis is placed on the per-
colation effect, while secondary factors, such as tunneling, capacitance, and polarization,
are neglected. The following simplified assumptions are adopted [44,45]: (1) Fibers are
randomly distributed in rigid contact. (2) Composite resonances and dielectric polarization
are ignored, meaning we only consider resistive characteristics.

On the Digmat-FE platform (v2017), two different structures were used to establish
RVE models for replacing carbon fiber asphalt concrete: one simulating carbon fibers
as randomly embedded inclusions (length-to-diameter ratio = 40) [47], and the other
simulating the asphalt mortar matrix (as shown in Figure 8).

According to the RVE model, the electrical properties of carbon fiber asphalt concrete
are analyzed using finite element analysis. Both carbon fiber and asphalt mortar matrix
element types are tetrahedral current transmission elements (SOLID232) with 10 nodes,
with each node having one voltage degree of freedom. It is assumed that the carbon fiber
and the asphalt mortar matrix are isotropic materials, and only the resistive properties are
considered. The resistivity of the carbon fiber is set at 1 × 10−5 Ω·m, and the resistivity of
the asphalt mortar matrix is set at 1 × 104 Ω·m [47,48].

https://doi.org/10.3390/buildings16020369

https://doi.org/10.3390/buildings16020369


Buildings 2026, 16, 369 10 of 15

  
(a) (b) (c) 

  
(d) (e) (f) 

Figure 8. The RVE geometric model of CF. (a) CF-0.1%; (b) CF-0.2%; (c) CF-0.3%; (d) CF-0.4%;
(e) CF-0.5%; (f) CF-0.6%.

4.2. Analysis of Current Density Contour Map

Figure 9 illustrates the current density distribution of carbon fibers along the voltage
direction. As CF content increases from 0.1 wt% to 0.6 wt%, the current density distribution
becomes progressively more uniform. The conductive network evolves from a sparse partial
connection to a dense continuous structure, continuously enhancing electrical conductivity.
In the low-content range (0.1–0.3 wt%), conductivity improvement is pronounced. Beyond
0.3 wt%, although conductivity continues to increase, the rate of improvement slows
compared to that in the low-content stage. This indicates the existence of a critical range of
carbon fiber content at which the efficiency of conductivity enhancement transitions from
rapid to gradual.

 
(a) (b) 

Figure 9. Cont.
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(c) (d) 

  
(e) (f) 

Figure 9. Cloud map of the current density of CF. (a) CF-0.1%; (b) CF-0.2%; (c) CF-0.3%; (d) CF-0.4%;
(e) CF-0.5%; (f) CF-0.6%.

4.3. Resistivity Analysis Based on the REV Model

When calculating the effective resistivity of conductive multiphase composites using
the finite element analysis (FEA) method, the electrical loss P is first computed, from which
the effective resistivity ρeff of the composite is derived. The corresponding expressions are
given in Equations (4) and (5) [47,49]. To further determine the percolation threshold and
elucidate the underlying conduction mechanism, an appropriate resistivity model must
be selected to fit the FEA numerical results. This enables the derivation of a theoretical
equation that describes the effective resistivity.

The GEM equation integrates effective medium theory and seepage theory. It can
accurately describe the seepage behavior of composite materials and is widely used for
fitting analysis of experimental data. Each parameter in this equation has a clear physical
meaning, which is convenient for judging the rationality of the fitting results. The GEM
resistivity calculation equation is shown in Equations (6) and (7) [49]. It is worth noting that
the GEM equation belongs to a typical implicit function form, which cannot be explicitly
expressed, and the setting of the initial value t in the fitting process is rather difficult. If
the initial value is not selected properly, it is likely to cause the iterative process to fail to
converge or the fitting error to be large. Compared with most current mathematical analysis
software, 1Stopt (v1.5) does not require manual presetting of initial values. This software
can automatically generate initial approximations and find the optimal solution based on
the global optimization algorithm, thereby achieving better fitting results. Therefore, in this
paper, the 1Stopt (v1.5) software is used to fit the experimental data with the GEM equation.

P =
y

V

σE2dv =
Ne

∑
i

σi|∇ϕ|2i Vi (4)
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ρe f f =
U2L
PS

=
U2L

(
Ne

∑
i

σi|∇ϕ|2i Vi)S

(5)

f1
ρ
− 1

t
1 − ρ

− 1
t

e f f

ρ
− 1

t
1 + Aρ

− 1
t

e f f

+ (1 − f1)
ρ
− 1

t
2 − ρ

− 1
t

e f f

ρ
− 1

t
2 + Aρ

− 1
t

e f f

= 0 (6)

A =
1 − fc

fc
(7)

where U is applied voltage (V), L is the RVE model length along the loading direction (m),
S is the loading area (m2), ρ1 is the resistivity of medium one (Ω·m), ρeff is the effective
resistivity of the composite material (Ω·m), f 1 is the volume fraction of medium one, and f c

is the seepage threshold of the composite material.
Figure 10 compares the simulated and experimental resistivity values of asphalt con-

crete with varying carbon fiber contents. As shown, resistivity progressively decreases with
increasing CF content, with reasonable agreement between simulated and experimental
measurements. The GEM equation resistivity values are 272.36 Ω·m, 15.39 Ω·m, 3.56 Ω·m,
1.56 Ω·m, 1.26 Ω·m, and 1.01 Ω·m at 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, and
0.6 wt% CF content, respectively, with a fitted percolation threshold of 0.296 wt%. The ex-
perimental values are 171.56 Ω·m, 13.25 Ω·m, 3.79 Ω·m, 3.37 Ω·m, 3.19 Ω·m, and 2.54 Ω·m.
Some deviations between experimental and simulated values are observed, which can
be attributed to two main factors. First, for every 10-fold increase in the aspect ratio of
carbon fibers, the number of unit cells required in the representative volume element (RVE)
model increases by approximately 3000 times. Due to constraints in computational memory
and time, the maximum aspect ratio in this simulation was limited to 40. Second, the
model considers only the resistive properties of the carbon fibers and asphalt mortar matrix,
without accounting for the influence of dielectric characteristics [47].

 

Figure 10. Fitting curve of the GEM equation for CF.

5. Conclusions
This study employed carbon fibers as conductive fillers to develop modified asphalt

concrete composites. Electrical properties were systematically examined through resistivity
measurements and impedance spectroscopy. An RVE model numerically simulated con-
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ductive behavior, with simulation results compared and analyzed using experimental data.
The key conclusions are as follows:

(1) Carbon fiber incorporation significantly enhances asphalt concrete’s electrical con-
ductivity. Resistivity exhibits “abrupt decline stabilization”, as well as a two-stage
change, with the increase in the dosage. At 0.1 wt%, it was 171.56 Ω·m, and it dropped
sharply to 13.25 Ω·m at 0.2 wt%. After exceeding 0.3 wt%, it tended to stabilize. At
low dosages, the dispersion of the fibers was poor, and the conductive pathways
were insufficient; at around 0.2 wt%, the percolation threshold was reached, and the
tunneling effect dominated. After exceeding 0.3 wt%, the conductive network tended
to perfect, but the fibers were prone to agglomeration, resulting in a slight increase in
resistance. Overall, the optimal dosage range was 0.2–0.4 wt%.

(2) Carbon fiber addition significantly modifies the conduction mechanism. As doping
content increases from 0.1 wt% to 0.2 wt%, a pronounced percolation transition occurs
with decrease in impedance real part of 1–2 orders of magnitude, indicating initial
formation of a conductive network. Beyond 0.3 wt%, resistivity stabilizes, and the
Nyquist plot evolves from single to double capacitive arcs, reflecting a conduction
mechanism shift from interface polarization to Ohmic conduction. The established
equivalent circuit model shows good agreement with experimental data. A slight
deviation caused by inductive response is observed in the high-frequency region at
low doping contents (0.1–0.2 wt%), while excellent fitting accuracy is achieved at
higher doping levels. These results fully demonstrate that the model can accurately
describe the electrical properties and their evolution in carbon fiber-reinforced asphalt
concrete at different stages.

(3) Based on impedance tests and microstructure characteristics, a new equivalent circuit
model R1(C1R2(QR3)) characterizes the conductive mechanism. With increasing
content, conductive behavior shows a two-stage evolution. At 0.1–0.2 wt%, the
tunneling effect dominates and ZQ decreases, indicating that the capacitive behavior
is approaching the ideal level; at 0.2–0.4 wt%, percolation gradually replaces tunneling,
with continuous network formation and CF direct contact dominance. R1 and R2

significantly decrease, the C1 growth rate slows, and ZQ increases. R3 non-monotonic
change reflects void distribution heterogeneity.

(4) The resistivity values calculated based on the GEM equation are relatively close to the
experimental values. Both show consistent trends with the variation in carbon fiber
(CF) content. Additionally, the calculated flow threshold of 0.296 wt% is very close
to the experimental flow threshold of 0.3 wt%, verifying the validity of this model.
Simulation deviations mainly result from fiber aspect ratio limitations and dielectric
property simplifications. This study provides a theoretical basis for conductive asphalt
concrete ratio design and performance prediction.
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