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Abstract 12 

Integrating the wireless power transfer (WPT) system into the pavement is an effective way to solve 13 

the inconvenience of electric vehicles (EVs)’ charging, accelerating the growth of ownership of EVs to 14 

achieve net carbon zero in transportation. However, the existence of a cement paving layer between coils 15 

was a negative impact factor. Here, two types of ferrite powders were separately mixed into the cement to 16 

prepare soft magnetic composite (SMC) material to enhance the coupling degree of coils. The magnetic and 17 

mechanical performance of the composite were tested by a vibrating sample magnetometer and compressive 18 

and flexural strength tester. Furthermore, to explore the optimal layout of the magnetized pavement structure, 19 

nine pavement layouts were designed based on the distribution of magnetic flux. Finally, the effect of SMC 20 

material on improving the charging performance was verified by WPT system test platform. Results showed 21 

that the Ni-Zn ferrite powder exhibited superior magnetic permeability due to its stronger magnetic moments 22 

and lower magnetic domain wall energy compared to Mn-Zn ferrite powder. The peak relative permeability 23 

of SMC materials reached 14.370 with an equal mass ratio of Ni-Zn ferrite powder to cement. Conversely, 24 

optimal strength was attained with a Mn-Zn ferrite to cement ratio of 0.2, resulting in a compressive strength 25 

of 36 MPa and a flexural strength of 4.0 MPa. Strategically placing SMC within the pavement, both in the 26 

core's interior and exterior to the coil, enhanced the coupling coefficient of coils, thereby improving the 27 

transmission efficiency of the WPT system. The incorporation of Ni-Zn ferrite powder in a 1:1 mass ratio 28 

to cement materialized the highest efficiency. Nonetheless, considering the mechanical performance, the 29 

SMC material with a 0.6 mass ratio of Mn-Zn ferrite powder to cement was recommended for magnetized 30 

pavements. The WPT system test results showed a transmission efficiency of 89.78% when utilizing 31 

magnetized pavement, surpassing the efficiency with the whole pavement material by 1.36%, which 32 
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indicated great value and potential in energy conservation and carbon reduction of employing magnetized 33 

pavement in WPT technology. 34 

 35 
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List of Nomenclature 39 

Abbreviation 40 

Abbreviation Full name 

EVs Electric vehicles 

WPT Wireless power transfer 

V2X Vehicle to everything 

SMC Soft magnetic composite 

Mn-Zn Manganese-zinc 

Ni-Zn Nickel-zinc 

XRF X-ray fluorescence 

SEM Scanning electron microscope 

VSM Vibrating sample magnetometer 

SEM-EDS 

Scanning electron microscope 

equipped with energy dispersive 

spectroscopy 

SS Series-series 

C-S-H Calcium silicate hydrate 

 41 

Parameters 42 

Parameters Definition 

𝑍1 Impedance of the primary side circuit [Ω] 

𝑍2 Impedance of the secondary side circuit [Ω] 

𝐼1 Current in primary circuit [A] 

𝐼2 Current in secondary circuit [A] 

j Imaginary unit 

𝜔 Frequency of power supply [Hz] 

𝑀𝐿 Mutual inductance [H] 

𝜔 Frequency of power supply [Hz] 

𝜔0 Resonant frequency [Hz] 

𝐿1 Self-inductance of the primary coil [H] 

𝐿2 Self-inductance of the secondary coil [H] 

𝑈𝑠 High-frequency power supply [V] 
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𝐶1 Compensation capacitor of primary circuit [F] 

𝐶2 Compensation capacitor of secondary circuit [F] 

𝑅1 Equivalent resistance of primary coil [Ω] 

𝑅2 Equivalent resistance of secondary coil [Ω] 

𝑅𝐿 Resistive load [Ω] 

𝑘 Coupling coefficient 

P Output power [W] 

𝜂 Transmission efficiency 

𝑅𝑖𝑛 Inner radius of the coil [Ω] 

𝑅𝑜𝑢𝑡 Outer radius of the coil [Ω] 

MF 
The region where the magnetic flux density outside 

the coil exceeded 0.0001 T 

𝜇𝑙⃗⃗  ⃗ Electron orbital magnetic moments [A𝑚2] 

𝜇𝑠⃗⃗  ⃗ Electron spin magnetic moments [A𝑚2] 

𝜇𝐿⃗⃗⃗⃗  Total orbital magnetic moment [A𝑚2] 

𝜇𝑆⃗⃗⃗⃗  Total spin magnetic moment [A𝑚2] 

𝜇𝑀⃗⃗⃗⃗  ⃗ Electron magnetic moments [A𝑚2] 

L Total orbital angular momentum quantum number 

𝛾𝑠 Gyromagnetic ratio of the electron spin [ms-1
A-1] 

S Total spin quantum number 

𝑔𝐽 Lande g-factor 

J 
Total angular momentum quantum number of an 

atom 

M Magnetization intensity [Am-1] 

𝐵⃗  External magnetic field [T] 

𝐵′⃗⃗⃗⃗  Induced magnetic field [T] 

𝐵′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗  ⃗ 
Induced magnetic field with the same direction as 

the external magnetic field [T] 

𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , 
Induced magnetic field with the opposite direction as 

the external magnetic field [T] 

𝐵𝐿−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ The sum of 𝐵⃗  and 𝐵′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   [T] 

𝐵𝐿−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ The sum of 𝐵⃗  and 𝐵′

𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗  ⃗ [T] 

𝐵𝐻−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ The magnetic field in Example-region-1 [T] 

𝐵𝐻−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ The magnetic field in Example-region-2 [T] 

𝐵′′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

Induced magnetic field from another ferrite particle 

with the same direction as the external magnetic 

field [T] 

𝐵′′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

Induced magnetic field from another ferrite particle 

with the opposite direction as the external magnetic 

field [T] 

𝛷𝐿 
Magnetic flux in two regions when the distance 

between magnetic particles is large [Wb] 
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𝛷𝐻 
Magnetic flux in two regions when the distance 

between magnetic particles is small [Wb] 

𝐻𝑒𝑓𝑓 Coercivity [Oe] 

γ Magnetic domain wall energy [Jm-2] 

JS Magnetic polarization strength [Am-1] 

d Magnetic domain wall width [μm] 

N Demagnetization factor 

D Magnetic particle diameter [μm] 

α Parameter related to the domain shape 

SV Magnetic domain wall area per unit volume [μm-1] 

𝜇𝑟 Relative permeability 

𝜇0 Permeability of vacuum [Hm-1] 

𝑁𝐿 Number of coil turns 

r Radius of coils [mm] 

a Winding radius [mm] 

N1 Number of primary coil turns 

N2 Number of secondary coil turns 

T Transmission distance between coils [mm] 

r1 Radius of the primary coil [mm] 

r2 Radius of the secondary coil [mm] 

 43 

1 Introduction 44 

Electric vehicles (EVs) are considered an attractive alternative to traditional internal combustion engine 45 

vehicle since it has higher energy efficiency and lower exhaust emission (Bi et al., 2021; Crabtree, 2019; Lal 46 

and You, 2023). The shortcomings of EVs such as short driving range, limited battery capacity, unreasonable 47 

distribution of charging piles, and long charging time have always been important bottlenecks restricting the 48 

development of EVs (Hu et al., 2020). Wireless Power Transfer (WPT) technology integrated into the road 49 

can realize the charging of EVs while driving, which is expected to become an important supplement to wired 50 

charging and solve the shortcomings of EVs (Limb et al., 2018; Rubino et al., 2017; Thomas, 2023). The 51 

application of WPT will also help promote the development of intelligent transportation infrastructure, as it 52 

can be combined with Vehicle to Everything (V2X) technology to power sensors embedded in the pavement 53 

(Bi et al., 2022; Shang et al., 2022; Shang et al., 2021). 54 

The coupling mechanism composed of a primary coil and a secondary coil is the core of the WPT system, 55 

determining the charging performance. In practical application, to ensure safety and durability, the primary 56 

coil needs to be embedded inside the pavement structure, causing part of the transmission medium to be 57 
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replaced by the pavement material from the air (Ceravolo et al., 2017; Ceravolo et al., 2016; Chen and Kringos, 58 

2014). The existence of a pavement layer between coils negatively impacts both the coupling degree and self-59 

inductance of the coils, as identified by most previous studies (Li et al., 2021; Onar et al., 2013). It has been 60 

reported that when using 5 cm thick AC-13 pavement material, both the self-inductance of the primary side 61 

coil and the coupling coefficient between the coils changed by 1.5% (Li et al., 2021). Onar et al. (2013) used 62 

a 110 mm thick pavement cement concrete sample as the transmission media and found that the energy loss 63 

had nearly doubled. This is because the pavement material obstructs the propagation of the magnetic field to 64 

the secondary coil, resulting in the decrease of the coupling degree of the coils and further reducing the 65 

efficiency of the WPT system (Guo and Wang, 2022; Li et al., 2021). Pavement material is a mixture of binder 66 

and aggregate that contains numerous pores. As electromagnetic waves propagate through the pavement 67 

material, they undergo reflection, transmission, and refraction at multiple interfaces, leading to changes in the 68 

electromagnetic wave transmission direction and an increase in energy loss (Edwards et al., 2019; Lu et al., 69 

2024b). It is specified in GB/T38775.3 (2020) that the transmission efficiency of the WPT system should not 70 

be less than 85%. 71 

To guide the direction of magnetic field propagation between coils, reduce energy loss, and ensure that 72 

the transmission efficiency meets the requirements of the specification, a promising solution is to incorporate 73 

magnetic materials into the surface layer of pavement above the primary coil. Soft magnetic composite (SMC) 74 

materials, widely used in electronics and metallurgy applications, offer advantages such as high permeability 75 

and low coercivity, making them effective at gathering dissipated magnetic flux (Birčáková et al., 2022; Gu et 76 

al., 2022b). They can also generate induced magnetic fields to enhance the original magnetic field (Tavakoli 77 

et al., 2017; Trompetter et al., 2023). SMC materials are typically prepared by mixing magnetic powder 78 

particles into a non-magnetic polymer or alloy medium, and pressed under high temperature and pressure 79 

(Kim et al., 2018; Thorsson et al., 2022; Wang et al., 2021). The sample size that can be prepared in this way 80 

is very small. To be applied in pavement engineering, the research on the preparation of SMC has gradually 81 

attracted attention. This involves mixing iron powder (Gu et al., 2023), magnetite (Mahmud et al., 2017), 82 

stainless-steel fibers (Edwards et al., 2019), and other magnetic materials with binding material such as cement 83 

(Gu et al., 2022a; Lu et al., 2023b; Meng et al., 2024), geopolymer (Gu et al., 2023; Gu et al., 2022b; Li et al., 84 

2024) and asphalt (Liu et al., 2020b; Zhang et al., 2023) to form the matrix. In the technology of melting ice 85 

by induction heating, a layer of SMC material is placed underneath the induction heating coils to serving as a 86 
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generation layer. This reduces the amount of dissipated electromagnetic energy and validates the effectiveness 87 

of the SMC materials in guiding the magnetic field (Liu et al., 2020a; Liu et al., 2019). Additionally, magnetic 88 

materials, especially ferrite particles, are also used to develop self-healing asphalt concrete due to their 89 

excellent magnetic properties (Lu et al., 2024a; Lu et al., 2023a). In wireless charging technology, the use of 90 

SMC material as both magnetic shielding plates and magnetic cores for the primary coils has been shown to 91 

reduce magnetic field leakage and guide the magnetic fields along the core direction, thereby improving 92 

charging efficiency (Tavakoli et al., 2017). However, the effect of introducing SMC materials into the 93 

pavement surface layer to guide the propagation of the magnetic field and improve the coupling degree of the 94 

primary and secondary coils is still to be explored. Therefore, this work aims to develop a kind of SMC 95 

material for wireless charging pavement and verify its effectiveness in improving the performance of the WPT 96 

system. 97 

On the other hand, determining the optimal placement of SMC material within the pavement surface 98 

layer is also worth considering. In WPT technology, a high-permeability ferrite plate is usually placed on the 99 

back of the coils to reduce magnetic field leakage (Kim et al., 2016; Pei et al., 2021). The underlying principle 100 

is that the high-permeability magnetic material creates paths of low magnetic resistance, and the magnetic 101 

field lines tend to propagate in the direction of low magnetic resistance. Therefore, the magnetic field lines 102 

enter the ferrite plate and travel along the side length direction of the ferrite plate until they exit the interface 103 

(Talluri et al., 2021). After adopting this shielding measure, there are almost no magnetic field lines 104 

perpendicular to the plane of the coil on the back of the ferrite. By comparison, if the SMC materials developed 105 

in this study are used to replace all the pavement materials and placed on the upper layer of the primary coil 106 

as a whole directly, it will have a shielding effect on the magnetic field between the primary and secondary 107 

sides rather than an enhancing effect. This hypothesis was also verified in the preliminary experiment. To 108 

utilize the magnetic field guidance function of SMC materials, that is, to transmit the magnetic field along the 109 

magnetic material to the secondary coil, designing the layout of SMC within the pavement layer based on the 110 

magnetic flux distribution between the coils remains a challenging problem. 111 

In this work, cement served as the matrix, with two types of ferrite powders, manganese-zinc (Mn-Zn) 112 

ferrite powder, and nickel-zinc (Ni-Zn) ferrite powder - selected to prepare SMC material with varying 113 

contents. The differences in magnetic permeability were analyzed, and the mechanical properties of the SMC 114 

material were also explored. The pavement surface was divided into seven regions based on the distribution 115 
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of magnetic flux paths between the primary and secondary coils, and nine layouts were designed using 116 

different materials for each region. A simulation model of the WPT system including magnetized pavement 117 

and coupling coils was established. This model explored the influence of introducing SMC material into the 118 

pavement on the resonance induction coupling process which successfully demonstrated the energy-saving 119 

potential by magnetized road surface for WPT system. 120 

2 Materials and methods 121 

2.1 Raw materials 122 

To prepare SMC specimens, cement powder (P.S.A 32.5R grade) and two types of ferrite powder, Mn-123 

Zn and Ni-Zn, were mixed with water. Cement was sourced from Yanxin Holding Group Co., Ltd., China, and 124 

the ferrite powder from Suzhou Yibensai Electronic Technology Co., Ltd., China. The ferrite powder was 125 

sintered during the manufacturing process. The main chemical composition and the particle size distribution 126 

of the raw materials were determined by X-ray fluorescence spectroscopy (XRF, ARL Advant X Intellipower 127 

TM3600) and a Malvern Mastersizer 2000 Laser Particle Analyzer, respectively. Microstructural images of 128 

the ferrite powders were obtained using the Scanning Electron Microscope (SEM) test model Hitachi SU8020. 129 

2.2 Mix design 130 

Cement, ferrite powders, and water were mixed and stirred to prepare the SMC material. Before the 131 

preparation of SMC and cement paste, some exploratory experiments were carried out to make the paste 132 

fluidity suitable. The results showed that the water-solid ratio of specimens should be fixed at a ratio of 0.33 133 

during sample preparation. Then, seven cement pastes were prepared by varying the type of ferrite powder 134 

and the proportion of ferrite and cement. Details of the mix design are shown in Table 1. After preparation, 135 

the fresh pastes were poured into iron molds with a length of 160 mm, a width of 40 mm, and a height of 40 136 

mm, and cured for 24 hours in a standard curing box (Temperature: 20 ± 2 ◦C; Humidity: 95 ± 2%) to 137 

harden. The hardened samples were demolded and subsequently cured under standard conditions for 7d and 138 

28 days, respectively. 139 

 140 

 141 

 142 

 143 

 144 
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Table 1 Mix design of SMC materials. 145 

Specimen No. 
Cement 

powder(g) 
Ferrite/Cement 

Ferrite 

powder(g) 
Water/Solid Water(g) 

Ce 1500 0 0 0.33 495 

M/C-02 1250 0.2 250 0.33 495 

M/C-06 937.5 0.6 562.5 0.33 495 

M/C-10 750 1 750 0.33 495 

N/C-02 1250 0.2 250 0.33 495 

N/C-06 937.5 0.6 562.5 0.33 495 

N/C-10 750 1 750 0.33 495 

 146 

2.3 Material testing and characterization methods 147 

The vibrating sample magnetometer (VSM, Lake Shore 7407) was adopted to test the magnetic hysteresis 148 

loops of ferrite powders and SMC material after 28d curing according to Chinese standard GB/T 3848-2017 149 

(2017). The instrument has a sensitivity of 5 × 10-7 emu and an accuracy of 2%. During the test, the maximum 150 

applied magnetic field was set to 3 T. In terms of mechanical properties, the flexural strength and compressive 151 

strength of hardening SMC samples were tested according to the specification of GB/T 17671-2021 (2021) 152 

after they had been cured for 7 days. TYE-3000 compressive testing machine produced by Wuxi Jianyi 153 

Instrument Machinery Co., LTD. was adopted. During one test run, a flexural strength test was conducted on 154 

three specimens of size 40 mm * 40 mm * 160 mm with a controlled loading rate of 50 N/s ± 10 N/s. The 155 

specimens that broke into two pieces during the test were then utilized for subsequent compressive strength 156 

tests, resulting in a total of six specimens tested for compressive strength in the same run. The loading rate for 157 

the compressive strength tests was controlled at 2400 N/s ± 200 N/s. A Hitachi SU8020 scanning electron 158 

microscope equipped with energy dispersive spectroscopy (SEM-EDS) was employed to observe the 159 

microscopic morphology and elemental components of SMC materials. After undergoing compressive and 160 

flexural strength tests, the fractured specimens were carefully broken down until at least three block-shaped 161 

samples were obtained for SEM-EDS analysis, each with dimensions smaller than 1 cm in length, width, and 162 

height. During the examination, manganese was selected as the marker element for energy spectrum scanning, 163 

with an acceleration voltage set at 20.0 kV and a magnification of 3000x. 164 

3 WPT system for series – series topology 165 

3.1 Theoretical analysis of the WPT system 166 

The principle of the WPT system is based on Faraday's law of electromagnetic induction. The high-167 
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frequency power supply provides alternating current for the primary circuit, generating a changing magnetic 168 

field in the primary side coil. After traveling through the air, the changing magnetic field is captured by the 169 

secondary coil, which generates an induced electromotive force, thereby charging the EVs and completing the 170 

energy transmission process (Liu et al., 2017). Fig. 1 shows the most basic compensation topology used in 171 

WPT systems, i.e., the Series-Series (SS) topology consisting of a single capacitor and inductor in series 172 

(Rasekh et al., 2020; Yang et al., 2018). According to the mutual inductance theory and Kirchhoff’s Voltage 173 

Laws, the physical relationship in Fig. 1 is shown in Eqs. (1)-(3). 174 

 175 

Fig. 1. Series-Series topologies for primary and secondary resonant circuits. 176 

 177 

{
𝑍1𝐼1 − 𝑗𝜔𝑀𝐿𝐼2 = 𝑈𝑠

𝑍2𝐼2 − 𝑗𝜔𝑀𝐿𝐼1 = 0
(1) 178 

𝑍1(𝑗𝜔) = −𝑗
1

𝜔𝐶1

+ 𝑗𝜔𝐿1 + 𝑅1 (2) 179 

𝑍2(𝑗𝜔) = −𝑗
1

𝜔𝐶2

+ 𝑗𝜔𝐿2 + 𝑅2 + 𝑅𝐿 (3) 180 

where Us is the voltage of high-frequency supply, ω is the angular frequency of Us, and j is the imaginary unit. 181 

The compensation capacitors are C1 and C2. And RL is the charging load on the secondary side. R1 and R2 are 182 

the equivalent resistances of circuits. I1 and I2 are current in primary and secondary circuits, respectively. L1 183 

and L2 are self-inductances of the coils, with ML as mutual inductance. The mutual coupling effect is described 184 

by coupling coefficient k. The calculation formula of k is shown in Eq. (4). 185 

𝑘 =
𝑀𝐿

√𝐿1𝐿2
⁄ (4) 186 

When the SS topological resonant circuit is in the resonant state, the capacitive reactance can offset the 187 

inductive reactance of the inductor, making the circuit present pure resistance, namely Z1 = R1, Z2 = R2 + RL. 188 

To maximize the transmission efficiency of the WPT system, the resonant frequencies of the primary circuit 189 

and the secondary circuit should be the same. This ensures that both circuits reach the resonant state 190 

-

+

+

- = 

Primary side Secondary side
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simultaneously. The calculation formula of resonant frequency is shown in Eq. (5). 191 

𝜔0 =
1

√𝐿1𝐶1

=
1

√𝐿2𝐶2

(5) 192 

The current of the primary coil and the secondary side coil can be obtained as Eq. (6) and Eq. (7): 193 

𝐼1 =
𝑈𝑆

𝑅1 +
𝜔0

2𝑀𝐿
2

𝑅2 + 𝑅𝐿

(6)
 194 

𝐼2 =
𝑗𝜔𝑀𝐿𝐼1

(𝑅2 + 𝑅𝐿)
(7) 195 

Finally, the output power and transmission efficiency of the system can be calculated through Eqs. 196 

(8)-(9). The values used for some parameters are shown in Table 2. According to Eqs. (6)-(8), the current 197 

in the primary and secondary circuits is directly proportional to the value of Us. To ensure safety, it is 198 

crucial to limit the current and output power. This paper targeted an output power of 280 W, as referenced 199 

in (Li et al., 2021), with the supply voltage determined to be 85 V determined through preliminary 200 

experiments. In accordance with regulatory standards, the frequency of WPT systems should be between 201 

79-90 kHz, with 85 kHz being the most commonly used frequency (Chen et al., 2023; Standard, 2023; 202 

Zhang et al., 2024). Building on prior work, this study continued to utilize a resonant frequency of 203 

approximately 85.5 kHz for the WPT system (Li et al., 2022). The value of RL influences the system's 204 

operational characteristics. By differentiating the formula of transmission efficiency with respect to RL, 205 

the value of RL corresponding to peak efficiency can be determined. Calculations within this study 206 

suggested that RL should be set to 25 Ω. This study maintained the structural parameters of the primary 207 

and secondary coils as delineated in (Li et al., 2021), setting R1 and R2 at 1 Ω following their findings. 208 

𝑃 =
𝜔0

2𝑘2𝐿1𝐿2𝑈𝑆
2𝑅𝐿

(𝑅1(𝑅2 + 𝑅𝐿) + 𝜔0
2𝑘2𝐿1𝐿2)

2
(8) 209 

𝜂 =
𝑅𝐿

𝑅2 + 𝑅𝐿

×
𝜔0

2𝑘2𝐿1𝐿2

𝑅1(𝑅2 + 𝑅𝐿) + 𝜔0
2𝑘2𝐿1𝐿2

(9) 210 

 211 

Table 2 Parameters of the WPT system. 212 

Parameters Us (V) ω (kHz) RL (Ω) R1 (Ω) R2 (Ω) 

Value 85.0 85.5 25.0 1 1 

 213 

3.2 Modeling of coils and pavement 214 

To obtain the self-inductance and mutual inductance values and coupling coefficients of the coupling 215 

coils under different pavement layouts, the finite element models of the primary and secondary coils and 216 
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pavement were established in Ansys Maxwell software. The coil model employed parameters from a previous 217 

study (Li et al., 2022). The primary coil featured a circular design with an inner diameter of 100 mm and an 218 

outer diameter of 250 mm. It was constructed from Litz wire, comprising 200 strands with a diameter of 2 219 

mm each. This coil, incorporating 30 turns across two layers, was enhanced with 18 ferrite rods, each 10 mm 220 

wide and 3 mm thick, positioned behind it to augment the coupling effect. The secondary coil mirrored the 221 

primary in structure. The finite element modeling yielded a self-inductance value for the primary coil of 279.06 222 

μH, equating to 112.0% of its physical counterpart's measured value. Similarly, the secondary coil's self-223 

inductance from simulation was 279.09 μH, equating to 111.2% of the physical measurement. The incomplete 224 

connection of ferrite rods at the coil's corners led to magnetic leakage and a reduced self-inductance. The 225 

deviation between the results of the finite element model and measured values was acceptable, indicating that 226 

the models of coils were effective. When modeling the pavement, a rectangular structure with dimensions 227 

twice the outer diameter of the coil was used to fully encompass the magnetic field between the primary and 228 

secondary coils, with a thickness equal to half the distance between the coils. During the material attribution 229 

phase, there were two categories of materials: conventional pavement material and SMC material, both 230 

assumed to be homogeneous. These two materials were used in different zones of the pavement, as specified 231 

in the various layout configurations. Please refer to Section 3.3 for more details, and the simulation model of 232 

the coil and pavement under one of the layouts is shown in Fig. 2 (A) and (B). The relative permeability of 233 

SMC material was obtained by VSM testing. ‘AC-13’ was chosen as the conventional pavement material, 234 

which had a relative permeability of 1.049 (Li et al., 2022). 235 

 236 

Fig. 2. The model of coils and pavement, including (A) the Front view of the finite element model, (B) the Three-dimensional 237 

view of the finite element model under one of the layouts. 238 

3.3 Design principle of magnetized pavement 239 

The essence of coupling of the primary and secondary coils is that the primary coil generates time-varying 240 

flux, which passes through the secondary coil. The magnetic flux shape diagram of the planar coil is shown 241 

Ferrite rods

Secondary coils

Conventional 

pavement material

SMC material

Secondary coils and Ferrite rods

Primary coils and Ferrite rods

Pavement

(A) (B)
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in Fig. 3. Using SMC materials in locations traversed by the flux path can enhance the permeability of the 242 

pavement, although the exact of the flux path was unknown. Based on the inner and outer diameter of the coil 243 

and the extent of the magnetic field in the surrounding air medium, the pavement was segmented into seven 244 

regions, illustrated in Fig. 4. The first region, region1, corresponds to the hollow core region of the primary 245 

coil, making it circular with a radius equal to the primary coil's inner diameter. Regions 2 - 4 correspond to 246 

the wired region of the primary coil. Due to the uncertainty regarding the radiation range of the magnetic flux 247 

passing through the center of the primary coil, the wired region of the primary coil is evenly divided into three 248 

annular sections, denoted as regions 2, 3, and 4. This facilitates determining the magnetic flux range and the 249 

optimal structure of the magnetized pavement by varying the types of materials laid in each region. In order 250 

to explore the layout of the magnetized pavement outside the primary coil, the area extending beyond the 251 

primary coil to where the magnetic flux density attenuates to 0.0001T is divided into two sections, namely 252 

regions 5 and 6. Therefore, regions 5 and 6 are also annular. The area beyond region 6 is all marked as region 253 

7. Table 3 shows the inner and outer radius of each region. The designation "Rin", "Rout" and "MF" represented 254 

the inner radius of the coil, the outer radius of the coil, and the region where the magnetic flux density outside 255 

the coil exceeded 0.0001 T, respectively. In each region, either conventional pavement material or SMC 256 

material was utilized, resulting in a total of nine different pavement layouts, as shown in Fig. 5. 257 

 258 

Fig. 3. Schematic diagram of the shape of the magnetic flux between primary and secondary coils. 259 
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 261 

Fig. 4. The regional division of wireless charging pavement. 262 

 263 

Table 3 Dimensions of each region of the wireless charging pavement. 264 

Region 1 2 3 4 5 6 7 

Inner radius NA Rin (Rout+2*Rin)/3 (2*Rout + Rin)/3 Rout Rout + MF/2 Rout + MF 

Outer radius Rin (Rout + 2*Rin)/3 (2*Rout + Rin)/3 Rout Rout + MF/2 Rout + MF Boundary of the pavement 

 265 

 266 

Fig. 5. Nine layout configurations of magnetized pavement including conventional pavement material and SMC material. 267 
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4 Results and discussions 268 

4.1 Characteristics of raw materials 269 

Table 4 presents the chemical composition of the three raw materials, and it can be seen that the most 270 

abundant element in the cement was Ca, in addition to Si, Al, Mn, and Fe. In Mn-Zn and Ni-Zn ferrite powders, 271 

Fe was the predominant element, comprising 73.747% and 70.981% of the oxide mass, respectively. Mn and 272 

Zn were the second and third most abundant elements in Mn-Zn ferrite powder, constituting 20.673% and 273 

4.890% by mass of their oxides. Ni-Zn ferrite powder contained approximately 9% each of magnesium and 274 

zinc oxides, along with a small amount of Mn. The median particle sizes of cement, Mn-Zn, and Ni-Zn ferrite 275 

powders were 14.07 μm, 140.76 μm, and 3.75 μm, respectively, as illustrated in Fig. 6. The particle size of 276 

Ni-Zn ferrite was the smallest, predominantly falling within the range of 1-10 μm. Cement particles were 277 

primarily concentrated between 10-30 μm, while Mn-Zn ferrite exhibited the largest particle size, concentrated 278 

mainly between 100-200 μm. The difference in particle size distribution between Mn-Zn ferrite and Ni-Zn 279 

ferrite can also be seen in Fig. 7, where there are more small-sized particles in Ni-Zn ferrite. In terms of surface 280 

morphology, the shapes of Mn-Zn ferrite powder and Ni-Zn ferrite powder were similar, and both showed a 281 

spinel structure. Besides, VSM test results showed that the relative permeability of Mn-Zn ferrite was 31.104, 282 

and that of Ni-Zn ferrite was 41.185. 283 

Table 4 The chemical compositions of the raw materials (wt.%). 284 

Oxide contents Fe
2
O

3
 MnO ZnO SiO

2
 CaO MgO Al2O3 NiO CuO Co

3
O

4
 Remaining 

Cement 3.284 0.077 0.018 26.352 47.062 5.309 12.871 0 0 0 5.027 

Mn-Zn 73.747 20.673 4.890 0.191 0.081 0.071 0.087 0 0 0.149 0.111 

Ni-Zn 70.981 4.759 9.695 0.753 0.431 9.910 0.445 0.390 1.818 0.121 0.697 

 285 

Fig. 6. Particle size distribution of cement, Mn-Zn, and Ni-Zn ferrite powders, including (A) Cumulative distribution curves, (B) 286 

Frequency distribution curves. 287 
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 288 

Fig. 7. Microstructural image of ferrite powders, including (A) Mn-Zn ferrite powders, (B) Ni-Zn ferrite powders. 289 

4.2 Magnetic properties of SMC material 290 

Fig. 8 presents the magnetic properties of SMC material species with varying water-solid ratios. It can 291 

be seen that the hysteresis loops exhibited a distinct S-shape and small coercivities, indicating significant soft 292 

magnetic behavior in the tested specimens (Schubert et al., 2019). The maximum magnetic susceptibility is 293 

the maximum slope of the hysteresis loop, which is dimensionless. The maximum relative permeability of the 294 

sample can be calculated, considering that it relates to the maximum magnetic susceptibility by adding 1. The 295 

relative permeability of specimens is shown in Fig. 9. When comparing SMC materials with the same ferrite 296 

content, those prepared with Ni-Zn ferrite powder demonstrated higher relative permeability compared to 297 

those prepared with Mn-Zn ferrite powder. This was due to the fact that the magnetic field inside the SMC 298 

was predominantly transmitted through magnetic powders, and as the VSM test results showed, Ni-Zn ferrite 299 

possessed inherently superior permeability properties.  300 

 301 

Fig. 8. Hysteresis loops of SMC materials. 302 
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 303 

Fig. 9. Relative magnetic permeability and Coercivity of SMC materials. 304 

 305 

The schematic diagram of the internal structure of the SMC material was shown in Fig. 10(A). The SMC 306 

material consisted of cement paste and ferrite powders. Ferrite powder is a type of ferrimagnetic material, 307 

consisting of electrons moving circularly around nuclei, thus forming ampere molecular currents (Arrigo et 308 

al., 2022; Sadhukhan and Deb, 2021). These ampere molecular currents give rise to electron orbital magnetic 309 

moments, denoted as 𝜇𝑙⃗⃗  ⃗. In addition to the orbital motion, electrons also possess spin, resulting in electron 310 

spin magnetic moments, represented by 𝜇𝑠⃗⃗  ⃗. The magnitudes of the total orbital magnetic moment 𝜇𝐿⃗⃗⃗⃗  and the 311 

total spin magnetic moment 𝜇𝑆⃗⃗⃗⃗  of the electrons are described by Eqs. (10)-(11). The vector sum of 𝜇𝐿⃗⃗⃗⃗  and 312 

𝜇𝑆⃗⃗⃗⃗  forms electron magnetic moments 𝜇𝑀⃗⃗⃗⃗  ⃗, the source of material magnetism, as shown in Eq. (12) and Fig. 313 

10(B). Compared to Mn-Zn ferrite, Ni-Zn ferrite contained more Ni, Zn, and Cu, which have larger electron 314 

magnetic moments. As a result, SMC material prepared with Ni-Zn ferrite exhibited greater magnetization 315 

intensity, as indicated in Eq. (13). 316 
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 317 

Fig. 10. Illustration of the magnetization behavior of the SMC material, including (A) Structural diagram of SMC material, (B) 318 

Internal domain distribution of ferrite powder without external magnetic field, (C) Magnetic moment of electrons in ferrite powder 319 

aligned along external magnetic field under external magnetic field, (D) Annular magnetizing current formed by ampere-molecular 320 

current on the surface of ferrite powder, (E) The induced magnetic field strengthens and weakens the external magnetic field inside 321 

and outside the ferrite powder particles. 322 

 323 

𝜇𝐿 = √𝐿(𝐿 + 1)𝜇𝐵 (10) 324 

𝜇𝑆 = −𝛾𝑠√𝑆(𝑆 + 1)
ℎ

2𝜋
(11) 325 

𝜇𝑀 = 𝑔𝐽√𝐽(𝐽 + 1)𝜇𝐵 (12) 326 

𝑀 =
∑𝜇𝑀

∆𝑉
(13) 327 

Where: L is the total orbital angular momentum quantum number; 𝜇𝐵 is the Bohr magneton, with a 328 

magnitude of 9.2730e-24 A·m²; 𝛾𝑠 is the gyromagnetic ratio of the electron spin; S is the total spin quantum 329 

number; h is the Planck constant; 𝑔𝐽 = 1 +
𝐽(𝐽+1)+𝑆(𝑆+1)−𝐿(𝐿+1)

2𝐽(𝐽+1)
  is referred to as the Lande g-factor; J 330 

represents the total angular momentum quantum number of an atom; M is magnetization intensity; ∆𝑉 is the 331 

volume element. 332 

Besides, during the spontaneous magnetization process, magnetic moments align within small regions, 333 
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creating distinct magnetization regions known as magnetic domains, as depicted in Fig. 10(B). The boundaries 334 

between these domains are called domain walls. When an external magnetic field is applied, the magnetic 335 

moments align with the field direction, causing the domain walls to shift and eventually dissipate, as shown 336 

in Fig. 10(C). Therefore, in the process of enhancing the external magnetic field of paramagnetic materials, 337 

the domain wall energy needs to be overcome first. Due to its smaller particle size, Ni-Zn ferrite powder 338 

restricted the formation of magnetic domains, resulting in fewer domains. As a result, it required less energy 339 

to overcome domain walls, leading to higher permeability, consistent with the VSM test results. 340 

For both kinds of ferrite powder, the relative permeability of SMC material gradually increased with the 341 

increase of ferrite powder content. The reason was that within the same volume, an increase in the proportion 342 

of the magnetic phase and a decrease in the proportion of the non-magnetic phase, as shown in Fig. 11, led to 343 

a reduction in the overall magnetic resistance of the magnetic flux path (Ma et al., 2023). Additionally, the 344 

synergistic enhancement of magnetic moments among magnetic particles contributed to the increased 345 

permeability of the composite material. As described above, after applying a magnetic field 𝐵⃗ , the magnetic 346 

moments inside the SMC material aligned in the direction of the external magnetic field, as shown in Fig. 347 

10(C). The adjacent ampere-molecular currents inside the cross-section canceled each other, and only those 348 

on the cross-section surface did not cancel, thus forming a ring magnetizing current on the surface, as shown 349 

in Fig. 10(D). Due to the existence of a ring-magnetizing current, an additional magnetic field 𝐵′⃗⃗⃗⃗   was 350 

generated, with the same direction as 𝐵⃗  inside the magnetic powder, labeled as 𝐵′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗  ⃗, and in the opposite 351 

direction of 𝐵⃗   outside the magnetic powder, labeled as 𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   , as shown in Fig. 10(E). The synergistic 352 

enhancement of magnetic moments among magnetic particles can be proved by comparing the sum of 353 

magnetic fluxes in Example-region-1 and Example-region-2 at low and high content. At lower content of 354 

ferrite powder, Example-region-1 consisted primarily of non-magnetic material. The magnetic field in this 355 

region, 𝐵𝐿−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, was the sum of 𝐵⃗  and 𝐵′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , as shown in Eq (14). The magnetic field in Example-region-2, 356 

𝐵𝐿−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, was the sum of 𝐵⃗  and 𝐵′

𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗  ⃗. The sum of the magnetic flux of the two regions is shown in Eq (16). As 357 

the powder content increased, the reduced spacing between ferrite particles led to the distribution of magnetic 358 

particles within Example-region-1. In this case, the total magnetic field, labeled as 𝐵𝐻−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is comprised of 𝐵⃗ , 359 

𝐵′′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, and 𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . The magnetic field in Example-region-2, 𝐵𝐻−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, increased the 𝐵′′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ generated by new 360 

magnetic particles on the basis of the previous. 361 
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 362 

Fig. 11. Distribution of Mn element represented by red color in SMC materials tested by EDS, including (A) M/C-02, (B) M/C-363 

06, (C) M/C-10, (D) N/C-02, (E) N/C-06, (F) N/C-10. 364 

𝐵𝐿−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐵⃗ + 𝐵′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (14) 365 

𝐵𝐿−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐵⃗ + 𝐵′

𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗  ⃗ (15) 366 

𝛷𝐿 = ∬ 𝐵𝐿−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ⋅

𝑆1

𝑑𝑠1 + ∬ 𝐵𝐿−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ⋅

𝑆2

𝑑𝑠2 (16) 367 

𝐵𝐻−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐵⃗ + 𝐵′′

𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝐵′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (17) 368 

𝐵𝐻−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐵⃗ + 𝐵′

𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝐵′′

𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (18) 369 

𝛷𝐻 = ∬ 𝐵𝐻−1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ⋅

𝑆1

𝑑𝑠1 + ∬ 𝐵𝐻−2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ⋅

𝑆2

𝑑𝑠2 (19) 370 

It was assumed that, for a given applied magnetic field, the additional magnetic fields generated by 371 

different particles of the same substance would be identical. Thus, 𝐵′′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ was equal to 𝐵′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗  ⃗, and 𝐵′′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ was 372 

equal to 𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . The difference between the two magnetic fluxes was calculated as: 373 

∆𝛷 = 𝛷𝐻 − 𝛷𝐿 = ∬ 𝐵′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗  ⃗ ⋅
𝑆1

𝑑𝑠1 − ∬ 𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⋅
𝑆2

𝑑𝑠2 (20) 374 

𝐵′
𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   dispersed and gradually attenuated while propagating outside the magnetic particles, remaining 375 

consistently smaller than 𝐵′
𝑖𝑛

⃗⃗ ⃗⃗ ⃗⃗  ⃗. Additionally, the non-magnetic phase had a larger integral area when the ratio 376 

of ferrite powder to cement was less than 1. This discrepancy led to a greater magnitude of magnetic flux 𝛷𝐻 377 



 

 

 20 

than 𝛷𝐿, indicating an enhanced synergistic effect among the magnetic particles as the content of magnetic 378 

particles increased. 379 

Regarding the coercivity shown in Fig. 9, the cement paste exhibited the highest coercivity, measuring 380 

111.84 Oe. This high value suggested that the cement paste did not possess soft magnetic characteristics. For 381 

SMC materials, those prepared with Ni-Zn ferrite powder exhibited lower coercivity compared to those using 382 

Mn-Zn ferrite. Eq (21) (Varga et al., 2006) derives the relationship between coercivity and magnetic domain 383 

wall energy, explaining the observed results by Ni-Zn ferrites' smaller domain wall energy and particle size. 384 

When the content of ferrite powder increased, the coercivity of the SMC materials gradually increased and 385 

reached a stable level. This was attributed to the increased number of magnetic particles and magnetic domain 386 

walls (Gao et al., 2023). Additionally, as the ferrite powder content increased, the pinning effect of the non-387 

magnetic phase on the coercivity weakened (Ji et al., 2022; Zhou et al., 2020). 388 

𝐻𝑒𝑓𝑓 =
𝛾

𝐽𝑠𝑑
(1 +

9

8
𝑁𝛼𝐷𝑆𝑉) (21) 389 

Where: Heff is the coercivity; γ is the magnetic domain wall energy; JS is the magnetic polarization 390 

strength; d is the magnetic domain wall width; N is the demagnetization factor; α is the parameter related to 391 

the domain shape; D is the magnetic particle diameter; SV is the magnetic domain wall area per unit volume. 392 

Meanwhile, Fig. 12 presents that the saturation magnetization strength of SMC material in descending 393 

order: N/C-10＞N/C-06＞N/C-02＞M/C-10＞M/C-06＞M/C-02＞Ce. The type of material was identified as 394 

the primary influencing factor, with the content of ferrite powder being the secondary factor. This can be 395 

attributed to the strong magnetic moments present in the Ni-Zn ferrite powder. When the applied magnetic 396 

field is strong enough, the magnetic moments within the specimens fully align with the direction of the external 397 

magnetic field, leading to the saturation of magnetization strength. 398 
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 399 

Fig. 12. Saturation magnetization strength of SMC materials. 400 

4.3 Mechanical properties of SMC material 401 

As can be seen from Fig. 13, incorporating magnetic materials into cement reduces both the flexural and 402 

compressive strengths of SMC materials. The SMC material prepared with both types of ferrite powders 403 

exhibited a pattern where strength decreased more rapidly with an increase of ferrite content. Among all SMC 404 

materials, the highest compressive and flexural strengths were observed when the Mn-Zn ferrite powder to 405 

cement ratio was 0.2, with flexural strength at 4.0 MPa and compressive strength at 36 MPa, marking 406 

decreases of 0.5 MPa and 11.8 MPa, respectively, compared to pure cement specimens. Materials with Mn-407 

Zn ferrite powder to cement ratios of 0.6 and Ni-Zn ferrite powder to cement ratios of 0.2 showed nearly 408 

identical flexural strengths of 3.8 MPa and 3.7 MPa, respectively, closely following M/C-06. However, M/C-409 

06's compressive strength decreased more significantly, to 22.3 MPa, compared to 31.8 MPa for N/C-02. As 410 

the ferrite content increased, M/C-10 maintained a certain level of strength, with a flexural strength of 2.5 411 

MPa and a compressive strength of 8.6 MPa. Yet, as the Ni-Zn ferrite powder to cement ratio reached 0.6, the 412 

strength of the SMC rapidly declined to almost negligible. 413 
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 414 

Fig. 13. Mechanical properties of SMC materials. 415 

For the inorganic cementitious materials containing fine aggregates, the strength evolution mechanism is 416 

mainly related to the internal chemical reaction process and the interfacial connection between fine aggregates 417 

and the inorganic cementitious material matrix. It can be seen from Fig. 14(A) that an obvious calcium silicate 418 

hydrate (C-S-H) gel structure was formed in the cement paste. Fig. 14(B)-(G) showed that there was no 419 

apparent interfacial connection between the ferrite powder particles and the cement's hydration product; 420 

instead, the ferrite powder particles adhered to the surface of the C-S-H gel. Therefore, the strength of the 421 

SMC material mainly depended on the hydration products of cement. In the microstructures of M/C-02, M/C-422 

06, and N/C-02 featured a more distinct needle-like C-S-H gel structure, while in the microstructures of M/C-423 

10, N/C-06, and N/C-10, the C-S-H gel structure was significantly reduced. This change resulted from the 424 

increased ferrite powder content, which reduced the cement content, leading to a decrease in the production 425 

of the C-S-H gel structure and consequently affecting the strength of SMC materials. Additionally, SMC 426 

prepared with Mn-Zn ferrite generally exhibited higher strength than those prepared using Ni-Zn ferrite 427 

powder. This difference is attributed to the smaller particle size of Ni-Zn ferrite powder compared to Mn-Zn 428 

ferrite powder, resulting in a stronger encapsulation effect on the C-S-H gel and consequently reducing the 429 

strength of the SMC material. 430 
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 431 

Fig. 14. Microstructure of SMC materials, including (A) Ce, (B) M/C-02, (C) M/C-06, (D) M/C-10, (E) N/C-02, (F) N/C-06, (G) 432 

N/C-10. 433 

4.4 Influence of magnetized pavement on WPT system 434 

4.4.1 Setting of magnetized pavement 435 

The performance of the coils under nine magnetized pavement layouts is shown in Fig. 15. When SMC 436 

materials were used in various areas of the pavement structure, the self-inductance of the primary coil and the 437 



 

 

 24 

secondary coil was enhanced to different degrees. The mutual inductance decreased under layouts (b) and (f), 438 

but increased under other layouts. The coupling coefficient between coils varied, showing both increases and 439 

decreases across different layouts. 440 

 441 

Fig. 15. Coil self-inductance, mutual inductance, and coupling coefficient of coils under different layouts. 442 

By comparing the layouts (a) and (c), it is found that the coil coupling coefficient increased significantly 443 

when the magnetic materials were placed in the coil's empty core position, that is, in region-1. By comparing 444 

(b), (e) and (g), (c) and (d), (a) and (f), it can be found that the coil coupling coefficient decreased when the 445 

magnetic materials extended into the coil's wired area. The greater the area covered by the SMC materials, the 446 

more the coil coupling coefficient decreased. By comparing the layout (c), (h), (i), and (e), it can be observed 447 

that employing magnetic material outside the primary coil could enhance the degree of coil coupling. Notably, 448 

an increased surface area of the magnetic material led to a more conspicuous enhancement effect. This 449 

phenomenon implied the presence of a magnetic flux pathway both inside the empty core and outside the 450 

primary coil, where the introduced magnetic material facilitates magnetic conduction. By contrast, there was 451 

only a small amount of stray magnetic flux in the wired area, that is, in region-2-3-4. The magnetic materials 452 

placed in the wired area cause the magnetic inductive lines to disperse transversely, acting as a shield, as 453 

reflected in the cloud diagrams for layouts (b) and (d). Therefore, the layout of (e) was optimal among all the 454 

layouts, with the highest coupling coefficient between coils (0.2614). It can also be seen from the cloud 455 

diagram in Fig. 16 that under the layout of (e), an obvious magnetic flux path was formed at the empty core 456 

position of coils. 457 
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 458 

Fig. 16. Magnetic field cloud diagram between coils under different layouts, including (A) Layout of (a), (B) Layout of (b), (C) 459 

Layout of (d), (D) Layout of (e). 460 

Fig. 17 shows the output power and transmission efficiency of the system under different layouts of SMC 461 

materials. Except for layouts (b) and (f), which completely covered the primary coil area, thereby shielding 462 

the magnetic field, all other magnetized pavement layouts demonstrated an improvement in system efficiency. 463 

This enhancement is advantageous in terms of reducing energy waste, promoting energy conservation, and 464 

mitigating carbon emissions. The highest efficiency, 95.40%, was achieved with the (e) or (i) layout, 465 

representing an efficiency improvement of 2.26% compared to using all pavement materials. The variation 466 

pattern of the output power relative to the layout of magnetic materials was exactly opposite to that of 467 

efficiency. As the transmission efficiency increased, the output power decreased, yet the absolute value of the 468 

energy loss experienced a reduction, which is beneficial for energy conservation. According to Eq. (8), the 469 

output power is directly proportional to the power supply voltage. By increasing the voltage of supply power, 470 

the output power of the system can be enhanced while keeping the transmission efficiency unchanged. 471 

Therefore, when selecting the layout of magnetized pavement, the focus should primarily be on the 472 

transmission efficiency of the system. It should be noted that (i) layout used less SMC material than (g) layout. 473 

Considering that SMC materials are costlier than standard pavement materials, layout (i) was recommended 474 

for its economic efficiency. 475 
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 476 

Fig. 17. Output power and transmission efficiency of WPT system under different layouts. 477 

4.4.2 Types of SMC material 478 

Under the layout of (i), the influence of the type of SMC material on the performance of the WPT system 479 

was explored. The results are shown in Table 5. Compared to cement paste, the use of SMC material 480 

significantly improved the self-inductance, mutual inductance, and coupling efficiency of coils, achieving 481 

maximum increases of 90%, 108.2%, and 44.8%, respectively. When the ferrite powder concentration in SMC 482 

material remained constant, SMC material prepared with Ni-Zn ferrite powder had a more significant effect 483 

on enhancing the self-inductance, mutual inductance, and coupling coefficient of the coils compared to those 484 

made with Mn-Zn ferrite powder. For instance, at a ferrite powder to cement mass ratio of 0.6, employing 485 

M/C-06 and N/C-06 type SMC material in magnetized pavement resulted in primary coil self-inductances of 486 

401.50 μH and 421.01 μH, respectively, with coupling coefficients of 0.219 and 0.226. Moreover, as the ferrite 487 

powder content in SMC increased, there was a gradual enhancement in the coils' self-inductance, mutual 488 

inductance, and coupling coefficients. Specifically, the employment of N/C-10 material facilitated the highest 489 

mutual inductance and coupling coefficient, recorded at 109.81 μH and 0.265, respectively. Following this, 490 

when M/C-10 was used, the mutual inductance and coupling coefficient between coils were 106.54 μH and 491 

0.261, respectively. The enhancement was positively correlated with the relative magnetic permeability of the 492 

material. Eqs. (22) and (23) represent the theoretical calculation for coil self-inductance and mutual inductance, 493 

where NL is the number of turns of coils, r is the radius of coils, a is the winding radius, N1 and r1 are the 494 

number of turns and radius of the primary coil, N2, and r2 are the number of turns and radius of the secondary 495 

coil, respectively. When the above parameters remain constant, self-inductance and mutual inductance depend 496 
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on the relative permeability of the ambient medium around the coil (μr), which explains the physical 497 

mechanism behind the varying enhancement effects of SMC material on the performance of coils. 498 

Table 5 The performance of the WPT system using different types of SMC material. 499 

Mixture Ce M/C-02 M/C-06 M/C-10 N/C-02 N/C-06 N/C-10 

L1 (μH) 291.88 299.00 401.50 539.94 304.80 421.01 554.71 

L2 (μH) 286.51 288.17 297.87 308.83 289.1 300.16 309.78 

M (μH) 52.74 54.22 75.83 106.54 55.42 80.41 109.81 

k 0.183 0.185 0.219 0.261 0.187 0.226 0.265 

P (W) 211.12 200.46 105.53 54.27 192.31 94.15 51.13 

 (%) 93.14 93.29 94.67 95.40 93.41 94.83 95.44 

 500 

𝐿1/2 = 𝜇𝑟𝜇0𝑟𝑁𝐿
2 (𝑙𝑛 (

8𝑟

𝑎
) − 1.75) (22) 501 

𝑀 =
𝜋

2
𝜇𝑟𝜇0

√𝑁1𝑁2(𝑟1𝑟2)
2

𝑇3
(23) 502 

 503 

Additionally, as the types of SMC material varied, the efficiency changed similarly to the mutual 504 

inductance, while the output power varied inversely. The variation was consistent with Eqs. (8) and (9). When 505 

N/C-10 was used, the WPT system achieved its highest efficiency of 95.44%, marking a 2.3% improvement 506 

over cement paste. The second and third highest transmission efficiencies were 95.40% and 94.67%, 507 

respectively, achieved when using M/C-10 and M/C-06. Considering the relatively low mechanical strength 508 

of specimen M/C-10 and N/C-10, it is recommended to employ M/C-06 SMC material for laying the 509 

magnetized pavement. 510 

4.4.3 Verification by WPT system test platform 511 

To verify the effect of magnetized pavement on enhancing the performance of WPT system, a physical 512 

experiment platform of WPT system was built to carry out the tests, as shown in Fig. 18. The test system 513 

adopted SS topology structure comprising a DC power supply, primary inverter, primary compensation 514 

capacitor, primary coil, secondary coil, secondary compensation capacitor, secondary rectifier, electronic load, 515 

and two oscilloscopes. Among them, the primary inverter utilized a full-bridge inverter circuit, while the 516 

secondary rectifier employed a full-bridge rectifier circuit. The structure of the primary and secondary coils 517 

mirrored that described in Section 3.2, with a transmission distance of 100 mm. The value of DC power supply, 518 

frequency and electric load were set according to those specified in Table 2, and the compensated capacitance 519 
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value was determined using Eq. (5). Voltage and current in the primary and secondary circuit were measured 520 

using the oscilloscopes. The power and transmission efficiency of the WPT system were tested when the whole 521 

pavement material specimen and the magnetized pavement specimen were inserted to replace part of the air 522 

medium, and the energy loss was calculated. The whole pavement material specimen was made of AC-13 523 

asphalt mixture, and the structure form was corresponding to the layout (a) in Fig. 5. Meanwhile, the 524 

magnetized pavement specimen was made of AC-13 asphalt mixture and M/C-06 SMC material, and the 525 

structure form was corresponding to the layout (i) in Fig. 5. Both types of specimens measured 500 mm in 526 

length and width, with a thickness of 50 mm. Detailed dimensions of the magnetized pavement specimen are 527 

illustrated in Fig. 18. 528 

 529 

Fig. 18. WPT system test platform. 530 

During testing, the primary and secondary circuits were initially adjusted to the resonant state, and 531 

judgment was made based on whether the waveform displayed on the oscilloscope resembles a square wave. 532 

Fig. 19 depicts the voltages and currents of the primary and secondary circuits of the WPT system with the 533 

whole pavement material specimen which also indicated their attainment of resonance. Fig. 20 depicts those 534 

of the WPT system with the magnetized pavement specimen. 535 
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 536 

Fig. 19. The performance of WPT system with the whole pavement material specimen, including (A) Input and output voltages and 537 

currents, (B) Voltage and current waveforms of primary side circuit, (C) Voltage and current waveforms of secondary side circuits. 538 

 539 

Fig. 20. The performance of WPT system with the magnetized pavement specimen, including (A) Input and output voltages and 540 

currents, (B) Voltage and current waveforms of primary side circuit, (C) Voltage and current waveforms of secondary side circuits. 541 

With the whole pavement material specimen, the input power of the WPT system was 325.6 W, with an 542 

output power of 287.9 W, a transmission efficiency of 88.42%, resulting in an energy loss of 37.7 W. When 543 

utilizing magnetized pavement integrated with M/C-06 material in accordance with layout (i), the system 544 

exhibited an input power of 190.8 W and the output power of 171.3 W. The transmission efficiency was 545 

improved to 89.78%, which was 1.36% higher than that with pavement material, with an energy loss of 19.5 546 

W. To equalize the output power between the two types of specimens, the system's power supply voltage 547 

should be raised when utilizing magnetized pavement. This adjustment did not affect the system's transmission 548 

efficiency, which remained at 89.78%, and led to an energy loss of 33.3 W, lower than with the whole pavement 549 

material. The test results confirmed that the incorporation of magnetized pavement was effective in improving 550 

the efficiency of WPT system and reducing energy loss, aligning with the simulation results. The discrepancies 551 

between the test results and the theoretical calculations were due to the omission of the primary inverter and 552 

secondary rectifier, as well as wire resistance, in the theoretical model. 553 

5 Conclusions 554 

In the field of electric vehicle charging, WPT technology will play a crucial role in the future. This study 555 

developed a novel magnetic material, SMC material, intended to replace the traditional pavement material. 556 

By designing SMC material layouts, conventional pavement can be transformed into a surface with magnetic 557 

field inducing function, referred to as wireless charging magnetized pavement. The innovative magnetized 558 
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pavement can enhance the magnetic field transmission from the primary to the secondary coil, thus improving 559 

the transmission efficiency of the electric vehicle WPT system and reducing the loss of energy, so as to achieve 560 

the purpose of energy saving. With the maturation of magnetized pavement technology for wireless charging, 561 

it is expected that in the future, electric vehicles will be able to charge while on the move, promoting the 562 

widespread adoption of electric vehicles and contributing to carbon net zero. Moreover, it will foster the 563 

growth of intelligent transportation infrastructure, significantly contributing to the realization of sustainable 564 

transportation. The following conclusions were obtained: 565 

1. The addition of cement as a matrix showed that both Ni-Zn and Mn-Zn ferrite powders increased the 566 

relative magnetic permeability of SMC materials proportionally with the ferrite powder content. The highest 567 

recorded relative permeability among the SMC materials was 14.370, when the ratio of Ni-Zn ferrite powder 568 

to cement powder was 1. The mixture with the highest ferrite powder content that maintains acceptable 569 

strength is the M/C-06. 570 

2. Through the design of the SMC material layout, it was found that in magnetized pavement, the 571 

placement of the SMC material inside the core region and outside the coil area contributed to an improved 572 

coupling coefficient between the coils. Conversely, when the SMC material was placed within the wired region, 573 

the coupling degree between the coils was weakened. The layout (i) proposed in this paper is the recommended 574 

form for magnetized pavement. 575 

3. The enhancement was positively correlated with the relative magnetic permeability of the SMC 576 

material. When using the N/C-10 material, the WPT system achieved the highest transmission efficiency. 577 

Given the balance between efficiency and mechanical properties, the M/C-06 SMC material is recommended 578 

for constructing magnetized pavement. 579 

4. A WPT system test platform was established to verify the effect of magnetized pavement. Substituting 580 

the air medium with magnetized pavement made of M/C-06 resulted in a system transmission efficiency of 581 

89.78%, surpassing the efficiency achieved when the whole pavement material was utilized by 1.36%. This 582 

finding underscores the energy-saving advantages of employing magnetized pavement in WPT technology. 583 

Although integrating SMC material into magnetized pavement can improve the transmission efficiency 584 

of WPT systems for electric vehicles and conserve energy, this paper still has limitations. Embedding an SMC 585 

material layer into the pavement structure may compromise mechanical integrity. Future studies should focus 586 

on enhancing the deformation compatibility between SMC material and pavement material. This objective 587 
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can be realized by designing the structural form of the connecting area to mitigate point load effects and by 588 

incorporating viscoelastic materials to buffer the interface between the two materials. 589 
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