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Abstract

:

To accurately predict the relative permittivity of cement-stabilized base materials, a study on the dielectric mixing model for cracked base materials was conducted. Based on the electromagnetic mixing theory of multiphase composites, a comprehensive dielectric mixing model of cement-stabilized base materials was derived. The volume ratios and relative permittivity values of the specimen constituents in different cracking states of the cement-stabilized base were determined using industrial CT and a Percometer relative permittivity meter, with comprehensive consideration given to the effects of different initial porosities and crack widths on the dielectric properties. Based on the volumetric and dielectric properties of the base material specimens in both intact and cracked states, as well as the error analysis between the predicted and measured values of the relative permittivity constant, the u-optimal solution of the dielectric mixing model for cement-stabilized base material was determined to be 1. Consequently, an optimization dielectric mixing model for semi-rigid base course materials in a cracked state was developed. The optimization model proposed is suitable for predicting the dielectric properties of cement-stabilized base material with crack widths generally greater than 3 mm during the service life of semi-rigid base course in engineering practice.
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1. Introduction


As a crucial component of semi-rigid pavement, the mechanical properties and durability of cement-stabilized aggregate materials directly influence the service life and performance level of roads. In practical engineering projects, the semi-rigid base course, as a concealed structure, presents challenges in assessing the internal state of the material, crack development, and road performance. Dielectric properties, as an important characterization parameter of a material’s electromagnetic response, are widely utilized in nondestructive testing and materials analysis. Ground-penetrating radar (GPR), as a nondestructive testing technology, enables the rapid and accurate detection of internal cracks and damage in semi-rigid base course. However, the effectiveness of GPR detection heavily depends on the precise determination of the material’s relative permittivity, with its operation primarily based on the propagation speed and reflection characteristics of electromagnetic waves in materials with different dielectric properties [1,2,3]. Therefore, it is imperative to conduct in-depth research on the relative permittivity of semi-rigid base course materials in their cracked state to accurately predict the dielectric properties of the base course and effectively assess the physical condition of the material, thereby providing a critical basis for road health monitoring.



In recent years, research on the dielectric properties of materials has progressively advanced, with various studies providing detailed analyses of how material composition, environmental conditions, and physical states influence dielectric properties. Different types of pavement structural materials, such as asphalt concrete, cement concrete, cement-stabilized crushed stone base material, and subgrade soil particles, exhibit distinct dielectric properties. These differences allow for the differentiation and identification of boundary and internal defects within these structural layer materials by analyzing the intensity and temporal variations of the reflected signals from GPR [4,5,6]. The dielectric mixing model is an effective method for describing the dielectric properties of materials. It establishes a link between the overall dielectric properties of the pavement structural layer mix and the volume of each of its components, as well as other indicators, thereby enabling the interpretation and prediction of the dielectric properties of pavement structural layer materials under different environmental conditions [7,8,9]. In practice, the relative permittivity is influenced by various factors within the structural layer and changes accordingly [10]. For instance, an increase in the relative permittivity of the material may result from either an increase in the compaction index, a decrease in porosity, or an increase in water content. This demonstrates a clear correlation between the relative permittivity of the medium and these influencing factors.



In 1993, Subedi and Chatterjee [11] constructed a dielectric mixing model for asphalt-granule mixtures based on experimental data, which became known as the SC model. This model posits that the dielectric properties of a composite material depend not only on the intrinsic dielectric properties of its constituent components but also on the mutual polarization effects among those components. Al-Qadi et al. [12] applied the relationship between the dielectric properties of a composite medium and its component phases—using models such as the complex refractive index, Rayleigh, and Böttcher dielectric mixing models—directly to asphalt mixtures. They developed a theoretical model for density prediction and preliminarily validated the feasibility of the Rayleigh model for estimating the density of road mixtures. Loizos et al. [13] utilized a Percometer instrument on the surface of dense-graded and open-graded asphalt mixture Marshall specimens, measuring their relative permittivity constant. They established a linear regression relationship between the void ratio, strength modulus, and relative permittivity constant of the asphalt mixture. Ling Tianqing et al. [14] conducted a comparative analysis of various widely used dielectric mixing models, concluding that the ALL model and Rayleigh model exhibited better density prediction accuracy than the complex refractive index model. However, they also noted that as the void ratio of the asphalt mixture increased, the model’s density prediction error became larger. By assuming the asphalt mixture component particles to be spherical, they proposed an optimized dielectric mixing model that accounts for the polarization effects of adjacent particles, thereby improving the density prediction accuracy for asphalt mixtures with significant voids [15].



Although the aforementioned research has made significant progress, there remain considerable gaps in understanding the dielectric properties of damaged materials and in analyzing crack damage echoes. Firstly, current research primarily focuses on asphalt mixture materials, with relatively few studies addressing the dielectric properties of damaged cement-stabilized aggregates. As a result, a unified theoretical framework for these materials has yet to be established. Secondly, existing dielectric mixing models, such as the Böttcher [16] and Rayleigh models [17,18,19], typically assume that the internal structure of the material is homogeneous and that the component morphology is regular when analyzing mixed materials. These assumptions often overlook the influence of cracks, pores, and other complex factors, leading to simplified models that struggle to achieve the desired prediction accuracy in practical applications [20,21]. To enhance the predictive accuracy of the dielectric properties of cement-stabilized aggregate base materials in the presence of crack damage, it is essential to optimize traditional dielectric mixing models by fully considering the complexity of the material’s internal structure and the shape factor of its components.



Due to existing inaccurate estimations of the dielectric properties of base materials, this study aims to develop a dielectric mixing optimization model for cement-stabilized base materials based on electromagnetic mixing theory. The model incorporates component phase shape factors and optimizes the traditional Böttcher model for improved accuracy. The validity of the optimized model was verified using specimen data from the base material, obtained using an industrial CT scanner and a Percometer tester, and the impact of crack damage on the model’s prediction accuracy was further analyzed. The results indicate that the optimized model demonstrates a higher goodness-of-fit and lower error in predicting the dielectric properties of cement-stabilized base materials. This improvement in accuracy is particularly notable in cases of higher porosity or when crack damage is present.




2. Dielectric Mixing Modeling of Semi-Rigid Base Course Materials


2.1. Generalized Dielectric Mixing Model for Multiphase Hybrid Composites


In an isotropic, homogeneous, two-phase sparse mixed material, the effective permittivity of the overall material is assumed to be the permittivity of the background medium and the permittivity of a uniformly distributed spherical scatterer within the background medium, as illustrated in Figure 1.



According to electromagnetic mixing theory, the Maxwell–Garnett mixing rule [22], as expressed in Equation (1), is applicable to relatively sparse, homogeneous two-phase mixed materials containing spherical scatterers. In such materials, the spacing between neighboring scatterers is sufficiently large, so the perturbing electric fields generated by their dipole moments have a relatively minimal impact on one another.


      ε  eff   −  ε 0     ε  eff   + 2  ε 0     = f     ε i  −  ε 0     ε i  + 2  ε 0      



(1)




where f is the volume rate of the scatterer to the hybrid material.



The generalization of the Maxwell–Garnett mixing rule for two-phase hybrid materials, Equation (1), to multiphase hybrid materials is given in Equation (2) below:


      ε  eff   −  ε 0     ε  eff   + 2  ε 0     =   ∑   i =  1  N    V i     ε i  −  ε 0     ε i  + 2  ε 0       



(2)




where N is the total number of component phases of the blend, and Vi and    ε i    are the scatterer bulk rate and relative permittivity of component phase i of the blend, respectively.



For dense random mixtures, where scatterers are positioned closely together and the polarization influence of neighboring scatterers is significant, the previous approach is not applicable. To address this, the neighboring scatterer dipole moment interaction term [23,24] is introduced in Equation (2), with v representing the influence coefficient, leading to the formulation of Equation (3). When v = 0, the influence of neighboring scatterer dipole moments is neglected, which corresponds to the condition in sparse mixtures where the microturbulent electric field is assumed to be zero. In this case, Equation (3) reduces to the Maxwell–Garnett mixing rule or the Rayleigh mixing formula [25]. When v = 2, Equation (3) transforms into the Polder–van Santen or Böttcher mixing formula [26]. Based on the analysis outlined above, the unified mixing formula for spherical scatterer mixtures is inductively summarized in Equation (3).


      ε  eff   −  ε 0     ε  eff   + 2  ε 0  + v (  ε  eff   −  ε 0  )    =   ∑  i = 1  N    V i     ε i  −  ε 0     ε i  + 2  ε 0   + v  (  ε  eff   −  ε 0  )      



(3)







Previous mixing formulas typically assume that the component phase scatterers of hybrid materials are spherical. However, in reality, the component phase scatterers often exhibit diverse geometries and variable polarization orientations. To account for these variations, the spherical coefficient of 2 in the unified mixing formula (Equation (3)) is replaced by the scatterer shape factor u. This modification leads to the derivation of a generalized dielectric mixing model (Equation (4)) for multiphase hybrid materials.


      ε  eff   −  ε 0     ε  eff   + u  ε 0  + v (  ε  eff   −  ε 0  )    =   ∑  i = 1  N    V i     ε i  −  ε 0     ε i  + u  ε 0   + v  (  ε  eff   −  ε 0  )      



(4)








2.2. Dielectric Mixing Modeling of Semi-Rigid Base Materials


2.2.1. Semi-Rigid Base Course Material Intact


The intact cement-stabilized aggregate specimen consists of coarse aggregate minerals, cement paste (comprising fine aggregate and cement paste), and pore air, with the mass and volume of each component as shown in Figure 2 and Figure 3. The size of the cement-stabilized aggregate particles (nominal maximum particle size of 26.5 mm) is small compared to the wavelength of the decimeter-length electromagnetic waves typically emitted by ground-penetrating radar used on roads. Therefore, the scattering effect of the minerals in the cement-stabilized aggregates on the electromagnetic waves can be neglected. The material can be considered a relatively homogeneous medium, allowing the Maxwell–Garnett mixing rule (Equation (1)) to be applied to the cement-stabilized aggregates.



In Figure 3,    ε m   ,    ε b   ,    ε s    and    ε a    represent the relative permittivity constants of the cement-stabilized aggregate mixture, cementitious slurry (comprising fine aggregate and cementitious slurry), coarse aggregate mineral, and pore air, respectively. MT, Mb, and Ms denote the total mass of the cement-stabilized aggregates, the mass of the cementitious slurry, and the mass of the coarse aggregate mineral, respectively. VT, Vb, Vs, and Va represent the total volume of the cement-stabilized aggregates, the volume of the cementitious slurry, the volume of the coarse aggregate mineral, and the pore volume, respectively.



Based on the generalized dielectric mixing model, the continuous phase of cementitious slurry is treated as the background medium, with the scatterers—coarse aggregate minerals and air in the pores—uniformly distributed within this medium. The theoretical model for the dielectric mixing of cement-stabilized crushed stone material is given by Equation (5).


      ε m  −  ε b     ε m  + u  ε b  + v (  ε m  −  ε b  )    =  V a ′      ε a  −  ε b     ε a  + u  ε b  + v (  ε m  −  ε b  )    +  V s ′      ε s  −  ε b     ε s  + u  ε b  + v (  ε m  −  ε b  )     



(5)







The volume ratios,    V a ′   ,    V s ′   , and    V b ′   , occupied by the cement-stabilized crushed stone material components pore air, coarse aggregate mineral, and cementitious slurry are given in the following Equations (6), (7) and (8), respectively.


   V a ′  =     V a     V T      



(6)






   V s ′  =     V s     V T      



(7)






   V b ′  =     V b     V T     = 1 −  V a ′  −  V s ′   



(8)







The Rayleigh dielectric mixing model assumes that the scatterer is uniformly spherical (i.e., u = 2) and does not account for the effect of polarization of adjacent scatterers (i.e., v = 0). In contrast, the Böttcher dielectric mixing model also assumes that the scatterer is uniformly spherical (i.e., u = 2), but it does consider the effect of polarization of adjacent scatterers (i.e., v = 2). The relative permittivity of air is generally accepted to be 1, leading to the formulations of the Rayleigh and Böttcher dielectric mixing models for cement-stabilized crushed stone materials, as represented in Equations (9) and (10), respectively.



In practice, the components of cement-stabilized crushed stone mixtures (such as coarse aggregates, minerals, and pores) have complex and diverse shapes, with significant differences from spherical shapes. Therefore, it is necessary to optimize the component shape factor u and to account for the polarization effects of neighboring component scatterers (i.e., v = 2). This results in a comprehensive dielectric mixing model for cement-stabilized aggregates, as presented in Equation (11).


      ε m  −  ε b     ε m  + 2  ε b     =  V a ′     1 −  ε b    1 + 2  ε b     +  V s ′      ε s  −  ε b     ε s  + 2  ε b      



(9)






      ε m  −  ε b    3  ε m     =  V a ′     1 −  ε b    1 + 2  ε m     +  V s ′      ε s  −  ε b     ε s  + 2  ε m      



(10)






      ε m  −  ε b    3  ε m  + ( u − 2 )  ε b     =  V a ′     1 −  ε b    1 + ( u − 2 )  ε b  + 2  ε m     +  V s ′      ε s  −  ε b     ε s  + ( u − 2 )  ε b  + 2  ε m      



(11)








2.2.2. Semi-Rigid Base Course Material Cracking


When the intact cement-stabilized aggregates are damaged, as illustrated in Figure 4, cracks develop and become filled with air, leading to an increase in the volume of pore air within the components of the cement-stabilized base materials. The cracks in the cement-stabilized base specimens are assumed to be regular straight lines. This simplification facilitates the calculation of the pore volume created by the cracks, which is then added to the original pore volume of the specimen to determine the final porosity after cracking.



Consequently, the dielectric mixing model for the cement-stabilized aggregates, based on the state of crack damage, remains as described in Equation (11). However, the formulas for porosity    V a ′    and the volume fraction of coarse aggregates    V s ′    in this equation are modified, resulting in Equations (12) and (13), respectively.


   V a ′  =     V a  +  V d     V T  +  V d     =     V   a 0   ′   V T  + l w h    V T  + l w h    =     V   a 0   ′  S H + l w h   S H + l w h     



(12)






   V s ′  =     V s  +  V d     V T  +  V d     =     V   s 0   ′   V T  + l w h    V T  + l w h    =     V   s 0   ′  S H + l w h   S H + l w h     



(13)




where    V   a 0   ′    and    V   s 0   ′    are the porosity and coarse aggregate mineral volume rate of intact cement-stabilized crushed stone specimens, respectively; S and H are the horizontal cross-sectional area and height of intact cement-stabilized crushed stone specimens, respectively, so the total volume of intact specimens    V T  = S ⋅ H  ;    V d    is the volume of cracked air occupied by the cracks, and l, w, and h are the length, width, and average depth of extension of the cracks, respectively, so    V d  = l ⋅ w ⋅ h  .



In this experiment, various widths of regular cracks are prefabricated in the middle of cylindrical cement-stabilized gravel specimens, with the cracks extending throughout the entire specimen. The horizontal circular cross-sectional area of the intact specimen is given by   S = π  r 2   , where r is the radius of the horizontal circular cross-section of the cylinder. The length of the prefabricated crack in the damaged specimen is l = 2r, and the extension depth of the crack is h = H. By substituting these relationships into Equations (12) and (13), the formulas for calculating porosity    V a ′    and the volume fraction of coarse aggregate in the cement-stabilized crushed stone, based on the damage state of the cracks, are presented in Equations (14) and (15), respectively.


   V a ′  =     V   a 0   ′  ⋅ π  r 2  H + 2 r w H   π  r 2  H + 2 r w H    =     V   a 0   ′  ⋅ π r + 2 w   π r + 2 w     



(14)






   V s ′  =     V   s 0   ′  ⋅ π  r 2  H + 2 r w H   π  r 2  H + 2 r w H    =     V   s 0   ′  ⋅ π r + 2 w   π r + 2 w     



(15)









2.3. Prediction of the Relative Permittivity Constant of the Semi-Rigid Base Course Material


The generalized dielectric mixing model for cement-stabilized aggregates is Equation (11), which can be converted into a one-dimensional cubic equation for the relative permittivity of the mix16, and the predicted value of the relative permittivity of the cement-stabilized aggregates mix is a real-number solution of the equation, with the coefficients a, b, c, and d in Equations (17)–(20), respectively.


  a  ε m 3  + b  ε m 2  + c  ε m  + d = 0  



(16)






  a = 4  



(17)






  b =    2 + 2   ε s  +   4 u − 12    ε b  − 3    V a ′    1 −  ε b    +  V s ′     ε s  −  ε b         



(18)






    c =  ε s  +   u − 4      1 +   ε s     ε b  +   u − 6     u − 2    ε b 2  − 3  V a ′    1 −  ε b     ε s      − 5  V a ′    1 −  ε b      u − 2    ε b  −  V s ′     ε s  −  ε b      3 + 5   u − 2    ε b       



(19)






    d = −  ε s   ε b  −    1 +   ε s      u − 2    ε b 2  −    u − 2   2   ε b 3  −  V a ′    1 −  ε b      u − 2    ε s   ε b      −  V a ′    1 −  ε b       u − 2   2   ε b 2  −  V s ′     ε s  −  ε b        u − 2    ε b  +     u − 2    2   ε b 2       



(20)







To express the real solutions of a cubic equation in terms of a, b, c, and d, you can usually use Caldano’s formula.



First, the equation is normalized by eliminating the squared terms. Let    ε m  = y −   b  3 a     , then, the equation becomes Equation (21):


  a     y −   b  3 a       3  + b     y −   b  3 a       2  + c    y −   b  3 a       + d = 0  



(21)







After simplification, we obtain Equation (22):


   y 3  + p y + q = 0  



(22)




where,   p =    3 a c −  b 2    3  a 2      ,   q =    2  b 3  − 9 a b c + 27  a 2  d   27  a 3      .



Second, the computational discriminant is expressed as Equation (23):


  Δ =       q 2      2  +       p 3      3   



(23)







Then, this is solved for y:



If  Δ  > 0, the equation has one real number solution and two conjugate complex number solutions. The real number solution is Equation (24):


  y =   −   q 2   +  Δ   3  +   −   q 2   −  Δ   3   



(24)







If  Δ  = 0, the equation has three real number solutions, at least two of which are equal. The real number solution is Equation (25):


  y = 3     q 2    3   



(25)







If  Δ  < 0, the equation has three distinct real solutions, and the three real solutions are expressed through trigonometric form as in Equation (26):


   y k  = 2  r 3  cos      θ + 2 k π  3     ,       k = 0 , 1 , 2  



(26)




where   r =         q 2      2  +       p 3      3     ,   θ = arccos      − q   2 r       .



Finally, the solution is converted back to    ε m   : using the solution of   y =  y k   ,    ε m  = y −   b  3 a      is substituted to obtain the real number solution of    ε m   .





3. Semi-Rigid Base Course Material Dielectric Mixing Model Design and Data Acquisition


The second section introduces the theoretical foundation of dielectric mixing models applied to semi-rigid base course materials. It establishes the principles behind the model, including the key factors influencing dielectric properties. The third section then builds upon this foundation by detailing the design of the specific dielectric mixing model for semi-rigid base materials, as well as the data acquisition process used to validate and optimize the model. Essentially, the second section provides the conceptual framework, while the third section focuses on the practical implementation, data collection, and refinement necessary for applying the model to real-world materials. Together, they form a cohesive structure, with theory leading into application.



3.1. Semi-Rigid Base Course Material Properties and Its Testing Equipment


3.1.1. Basic Properties of Semi-Rigid Base Course Materials and Their Raw Materials


Continuous grading mechanism granite aggregate is selected as the cement-stabilized gravel mix, the particle size range is 0~31.5 mm, and its performance characteristics are shown in Table 1. For the cement, Huizhou City, Guangdong Province, P.O 42.5 ordinary silicate cement is used, the main parameters and indexes of which are shown in Table 2; all meet the specifications and technical requirements.



According to the “Technical Guidelines for Construction of Highway Roadbases” [27], combined with the material parameters of cement-stabilized gravel semi-rigid base course in the actual project, different mineral gradation types of mixtures were test-mixed, and the skeleton dense mineral gradation curves were obtained, as illustrated Figure 5, alongside the specific mineral gradation upper and lower limits and synthetic gradation, as shown in Table 3. According to the “Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering” [28], a cylindrical cement-stabilized gravel base layer specimen with a diameter of 150 mm and a height of 150 mm is prepared by the static compression method, with the optimal moisture content of 5.1% and cement dose of 3%.




3.1.2. Test Equipment for Base Materials


	(1)

	
Dielectric Characterization Test Equipment







This test employs the Percometer relative permittivity tester to measure the dielectric properties of cement-stabilized aggregates and small-sized specimens. The instrument consists of a host unit connected to a sensor probe, as depicted in Figure 6. The probe features metal ring electrodes both inside and out, with the dielectric material between them forming a capacitor. The probe is placed in close contact with the surface of the medium, allowing the sensor to detect changes in capacitance between the electrodes, which are then converted into the material’s relative permittivity constant [29]. The Percometer probe (Beijing double Jet Technology Co., Ltd., Beijing, China) has an outer diameter of 6 cm and a relative permittivity range of 1 to 32 [30]. Prior to testing, the probe must be calibrated against air, ensuring that the host computer displays a relative permittivity value of 1 under normal measurement conditions. Proper alignment of the probe with the surface ensures that the internal and external ring electrodes make effective and complete contact with the material.



The components of hardened cement-stabilized aggregates, including cement mortar, minerals, and void air, are all nonpolar materials and their relative permittivities exhibit minimal variation with frequency [31,32]. Therefore, the influence of the testing frequency of the equipment on the relative permittivities of cement-stabilized aggregates can be considered negligible.


   ε m  =     C m     C a      



(27)




where    ε m    is the relative permittivity of the medium; Cm is the capacitance measured after the addition of the medium between the electrodes; and Ca is the capacitance between the electrodes in a vacuum when the capacitance is generally approximated as the capacitance of the air.



	(2)

	
Computed Tomography Scanning Equipment







Computed tomography (CT) [33] is a nondestructive testing technique utilized to detect internal structures and defects in industrial products. Industrial CT scanning equipment is based on computed tomography technology, employing data acquisition, image reconstruction, and three-dimensional imaging to construct a 3D model of the inspected object. Its core components include an X-ray source, a detector, a rotary table, and a computer control system, as illustrated in Figure 7. After the X-rays penetrate the object, the detector converts the received signals into projection data. The computer then reconstructs tomographic images using techniques such as filtered back projection (FBP) or the algebraic reconstruction technique (ART), ultimately generating a 3D model that reveals the internal structure and defects. This process enables dimensional measurement, material analysis, and reverse engineering. Industrial CT offers advantages such as high resolution and nondestructive testing, significantly enhancing the accuracy and reliability of assessments.





3.2. Test Program and Measured Data


First, the Percometer instrument was employed to quickly and directly measure the relative permittivity of the unbroken ore sourced from the mineral deposits and the cement paste specimens after 28 days of curing, as illustrated in Figure 8. This approach effectively mitigates the empirical and random variability associated with the relative permittivity values of the coarse aggregate ore and the cement paste components of the cement-stabilized crushed stone material.



Second, each group of specimens was subjected to different vibratory compaction energies to form cylindrical specimens with a diameter of 150 mm. A total of six different porosities were tested, with three parallel specimens created for each dry density, resulting in eighteen cement-stabilized gravel specimens.



Next, the specimens were trimmed to ensure smooth and flat surfaces on both the top and bottom, ensuring that the test surfaces were in close contact with the Percometer probe. This preparation effectively reduced the influence of surface roughness on the measurements. Subsequently, each cement-stabilized gravel specimen was examined using an industrial CT system, as shown in Figure 7. The number of pixels occupied by each component area in the CT images was segmented to calculate the volume fraction of each component.



After this, the specimens were bisected along the diameter using a cutting machine, and the spacing between the two halves was measured with a straight ruler, which was assumed to represent the width of the cracks. Finally, the Percometer was utilized to measure the top surfaces of both intact and precast specimens with varying crack widths. The average relative permittivity values were obtained by measuring at five different locations on the top and bottom surfaces of the intact and cracked cement-stabilized aggregate specimens, as depicted in Figure 9.



CT image segmentation of cement-stabilized crushed stone specimens involves several complex image processing steps, including preprocessing, segmentation, classification, and volumetric rate calculation, as shown in Figure 10 and Figure 11. Each step is described in detail below:




	(1)

	
The purpose of CT image preprocessing of cement-stabilized gravel specimens is to reduce image noise, enhance contrast, and improve image quality for subsequent segmentation and analysis. It consists of the following steps. Gray scale transformation: convert the CT image to a gray-scale image to reduce the computational complexity and simplify the subsequent processing steps. Denoising: use filters (e.g., Gaussian filter, median filter) to remove noise from the image and improve the smoothness of the image to reduce the interference of subsequent segmentation algorithms. Contrast enhancement: enhance the contrast of the image through histogram equalization and other techniques, so that the gray-scale value distribution of different components is more uniform, so that the boundaries of different components are clearer, which is conducive to the subsequent threshold segmentation.




	(2)

	
CT image segmentation of cement-stabilized crushed stone specimens aims to divide the image into three parts, namely, coarse aggregate, cement mortar, and pore air, and the commonly used methods include threshold segmentation and region growing. Threshold segmentation is based on image gray-scale values, and the Otsu method automatically determines the optimal threshold by maximizing the interclass variance, which is suitable for images with obvious contrast between foreground and background. Conversely, region growing is based on pixel similarity, extends from seed points, and is suitable for images with complex backgrounds. The two methods can be used in combination to improve segmentation accuracy and provide a basis for subsequent analysis.




	(3)

	
Classification and labeling of segmented image regions to identify the different components of coarse aggregate mineral, cement paste, and pore air. Region labeling is applied to label the segmented regions to ensure that each region is uniquely identified, marking out the different connected regions. Based on the characteristics of the segmented regions (e.g., gray-scale value, shape, etc.), the regions are categorized into coarse aggregate mineral, cementitious slurry, and pore air.




	(4)

	
The volume proportions of each component in the material are calculated by first traversing each CT image of the specimen to count the number of pixels corresponding to each region, namely, the cementitious paste, coarse aggregate, and pore air. Based on the total pixel count, the volume proportion of each component is then determined, representing the fraction of the total volume occupied by each material. This method allows for a detailed analysis of the compositional structure and proportions of the material.









The initial volume rate of each component of the intact cement-stabilized gravel specimen is measured according to the above experimental steps, i.e., the volume rate of coarse aggregate mineral material    V   s 0   ′   , Cementitious slurry volume rate    V   b 0   ′   , and porosity    V   a 0   ′   . Similarly, based on Equations (14) and (15), the different crack widths w (taken as 0, 1, 2, 3, 4, 5, and 7 mm, respectively), and radius of the specimen r = 75 mm, the volume rate of coarse aggregate mineral for cement-stabilized crushed stone specimens in the crack-damaged condition is calculated    V s ′   , alongside the cementitious slurry volume rate    V b ′    and the porosity    V a ′   . Meanwhile, the relative permittivity constants of coarse aggregate mineral, cement paste, and pore air of cement-stabilized crushed stone specimens are taken as    ε s    = 8.63,    ε b    = 5.21, and    ε a    = 1, respectively. The measured relative permittivity constants of cement-stabilized crushed stone specimens in different states can be seen in Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9.



Figure 12 and Figure 13 illustrate the measured relative permittivity constants of cement-stabilized aggregate specimens in relation to crack width and porosity, respectively. The porosity of the intact specimens increases sequentially from group 1 to group 6, with the porosity of intact specimen group 1, the minimum at 2.11%, and intact specimen group 6, the maximum at 9.88%. Conversely, the measured relative permittivity of the corresponding specimens follows an opposite trend; the relative permittivity of intact specimen group 1 is 7.26 (the maximum), while that of intact specimen group 6 is 6.21 (the minimum). This inverse relationship arises because a larger porosity results in a greater volume fraction of pore air, which has a relative permittivity approximately equal to 1, lower than that of the other components. Consequently, as the volume of pore air increases, the overall relative permittivity of the specimens decreases. Additionally, the relative permittivity of the cement-stabilized gravel specimens decreases as the crack width increases. This is because a larger crack width results in a greater volume of air within the specimen, which in turn leads to a reduction in the measured relative permittivity of the specimens.



When the crack width of the cement-stabilized gravel specimens in groups 1 to 6 increases from 0 mm to 7 mm, the measured relative permittivity consistently decreases. For instance, in specimen group 1, the porosity increases from 2.11% to 7.60%, and the measured relative permittivity decreases from 7.26 to 6.91—a reduction of 0.35, corresponding to a relative deviation of 4.82%. This reduction is attributed to the fact that the relative permittivity of air in the cracks is significantly lower than that of solid materials such as cement and aggregate. As the cracks widen, the air content within the specimens increases, resulting in a decrease in the overall relative permittivity constant.



In comparison to specimen groups 1, 2, and 3, the initial void ratios of specimen groups 4, 5, and 6 are larger, with values not less than 7%. When the crack width of specimen groups 4, 5, and 6 increases from 0 to 7 mm, their relative permittivity values experience substantial decreases, of at least 0.64. Notably, when the crack width of specimen group 4 increases from 3 mm to 4 mm, its relative permittivity decreases from 6.76 to 6.10, representing a reduction of 0.56. The increase in both crack width and porosity significantly enhances the non-uniformity of the material components in the specimen groups with larger initial porosity [34], resulting in more pronounced changes in their dielectric properties. These findings indicate that crack damage has a significant effect on the dielectric properties of cement-stabilized crushed stone materials, and the relative permittivity constant of these materials in a cracked state should be appropriately corrected.





4. Optimization and Comparison of Dielectric Mixing Model Parameters for Base Materials


The third section focuses on the design of the dielectric mixing model and the data acquisition process used to gather relevant material properties for semi-rigid base course materials. Building on this foundation, the fourth section focuses on optimizing the model parameters, such as the influence coefficient and shape factor, to improve prediction accuracy. It also compares the performance of the optimized model with traditional models. Together, these sections progress from model development to its optimization and validation, ensuring its applicability and accuracy in real-world scenarios.



4.1. Optimization of Dielectric Mixing Model Parameters


The shape factor of the mix components primarily reflects the influence of the geometry and arrangement of different components (e.g., cement, aggregate, air, etc.) on the relative permittivity. In mixtures of cement compounds and air pores, variations in the shape factor can significantly affect the overall relative permittivity of the mixture [35].



To better determine the shape factor u of the component phase scatterers applicable to cement-stabilized crushed stone mixtures, the general dielectric mixing model of cement-stabilized crushed stone mixtures, as described in Equation (11), was used alongside its real solutions, Equations (24)–(26). Different values of the shape factor were evaluated at intervals of 0.1. Subsequently, based on the 42 sets of data presented in Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9, the relative permittivity of intact specimens and those with varying crack widths was computed. The relative error (RE) between the predicted and measured values was then calculated, leading to the determination of the average relative error (MRE) of the relative permittivity for the 42 sets of cement-stabilized rubble specimens in relation to the shape factor u. The objective function used in this optimization process was the average relative error between the predicted and measured dielectric values. The optimal shape factor corresponds to the minimum average relative error.



As Figure 14 shows, the average relative error of the relative permittivity of the cement-stabilized aggregates significantly decreases with an increasing shape factor, reaching a minimum value before gradually increasing again. When the shape factor u = 1, the average relative error of the relative permittivity of the cement-stabilized aggregates is minimized at 3.47%. By substituting the shape factor u = 1 into Equation (11), the optimized dielectric mixing model for the cement-stabilized crushed stone mixture can be obtained, as shown in Equation (28).


      ε m  −  ε b    3  ε m  −  ε b     =  V a ′     1 −  ε b    1 −  ε b  + 2  ε m     +  V s ′      ε s  −  ε b     ε s  −  ε b  + 2  ε m      



(28)







The residuals are used to characterize the deviation between the model-predicted values and the measured values [36]. The distribution of the residuals between the measured relative permittivity values of 42 groups of cement-stabilized gravel specimens and the predicted values from the optimized model is shown in Figure 15. Overall, within the same group of specimens, a larger measured relative permittivity corresponds to a smaller absolute value of the residuals. Specifically, the absolute values of the residuals for specimens with measured relative permittivity values less than 6.5 are significantly smaller than those for specimens with values greater than 6.5. The mean absolute values of the residuals for specimen groups 1 to 6 are 0.295, 0.339, 0.372, 0.289, 0.060, and 0.053, respectively, with an overall average absolute value of the residuals for the specimen groups being 0.235. These results indicate that the optimized shape factor of the dielectric mixing model can more accurately predict the relative permittivity constant of cement-stabilized aggregates in the cracked state, better reflecting the internal structural state of the base material.



The relationship between the relative errors in the predicted relative permittivities of the specimens and their porosities in the dielectric mixing optimization model for cement-stabilized aggregates is illustrated in Figure 16. Overall, smaller measured porosities within the same specimen group correspond to smaller relative errors in the predicted relative permittivities. Notably, the relative errors in the predicted relative permittivities for specimen groups 5 and 6, which have larger porosities, are significantly smaller than those of the other specimen groups. The average relative errors of the predicted relative permittivities for specimen groups 1 to 6 are 4.17%, 4.88%, 5.47%, 4.37%, 1.02%, and 0.93%, respectively, with the maximum value not exceeding 5.5%. The average relative error of the predicted relative permittivities across all specimen groups is 3.47%, remaining below 3.5%.



To validate the dielectric mixing optimization model for cement-stabilized aggregates, the Shapiro–Wilk normality test was conducted on a sample of the residuals from the predicted relative permittivity constants of each specimen [35]. The Shapiro–Wilk normality test is a statistical method used to assess whether a dataset conforms to a normal distribution. Proposed by Samuel Shapiro and Martin Wilk in 1965, it is widely employed in statistical analysis. The fundamental principle of the Shapiro–Wilk test is to determine whether a sample originates from a normal distribution by calculating a statistic for the sample and then comparing that statistic to the theoretical value of the normal distribution.



The test statistic is typically denoted as W, with its calculation expressed in Equation (29). The null hypothesis H0 posits that the overall residuals of the relative permittivity predicted by the dielectric mixing optimization model for cement-stabilized crushed stone materials follow a normal distribution. With a significance level set at  α  = 0.05, the  α -quantile of the statistic W is    W  0.05   ( 42 ) = 0.942  . The calculated value of the statistic   W = 0.964 >  W  0.05   ( 42 ) = 0.942  , thus, the null hypothesis was not rejected, as shown in Table 10. In summary, the residuals of the relative permittivity constants predicted by the optimization model for the dielectric mixing of cement-stabilized crushed stone materials generally conform to a normal distribution. This finding indicates that the optimization model exhibits high reliability.


  W =          ∑  i = 1     n / 2       a i   W     x  ( n + 1 − i )   −  x  ( i )          2      ∑  i = 1  n        x  ( i )   −  x ¯     2        



(29)




where    x  ( i )     is the i-th sample observation after the n sample observations are sorted in ascending order,   x ¯   is the sample mean, [n/2] is the integer part of n/2, and    a i  ( W )   is the test coefficient.




4.2. Comparative Analysis of Dielectric Mixing Models for Base Materials


The Rayleigh dielectric mixing model and the Böttcher dielectric mixing model are both widely applicable and offer distinct advantages; the former is particularly suitable for inhomogeneous and dispersed materials, while the latter is designed for homogeneous materials and is straightforward to compute. By comparing these two models, it is possible to analyze the dielectric properties under varying media conditions, as well as to evaluate computational complexity and prediction accuracy, thereby allowing for the selection of an appropriate model for studying base material systems.



To demonstrate the superiority of the optimized model for the dielectric mixing of cement-stabilized aggregates, the prediction accuracies of the optimized model, Böttcher’s model, and Rayleigh’s model for the dielectric properties of cement-stabilized aggregate specimens are comprehensively compared. The parameter values, including volume and dielectric properties of the cement-stabilized aggregate specimens and their components, as presented in Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9, are substituted into the optimized dielectric mixing model (Equation (28)), Böttcher’s dielectric mixing model (Equation (10)), and Rayleigh’s dielectric mixing model (Equation (9)). The predicted values of the relative permittivity constants from the corresponding models for different cement-stabilized aggregate specimens are calculated, and the comparative results are displayed in Figure 17.



As Figure 17 shows, the data points from all three models fall near the contour line, indicating a high accuracy in predictions for each model. For specimens with large relative permittivity constants (>6.5), the predicted values are consistently lower than the measured values. Among the models, Böttcher’s model exhibits the closest alignment with the contour line, with a mean absolute error (MAE) of 0.206 and a mean relative error (MRE) of 2.98%. The Rayleigh model follows, with MAE and MRE values of 0.268 and 3.87%, respectively, while the optimized model shows MAE and MRE values of 0.346 and 5.00%, respectively. Conversely, for specimens with small relative permittivity constants (<6.5), the overall predicted values are generally higher than the measured values. Notably, the predicted values from the optimized model are significantly closer to the contour line, yielding MAE and MRE values of 0.072 and 1.22%, respectively. The Rayleigh model ranks next, with MAE and MRE values of 0.238 and 4.01%, followed by Böttcher’s model, which has MAE and MRE values of 0.301 and 5.08%. The goodness of fit R2 values for the optimization model, Böttcher’s model, and Rayleigh’s model, based on the predicted and measured values of the relative permittivity of the cement-stabilized aggregate specimens, are 0.8890, 0.8857, and 0.8807, respectively. The corresponding MAE values are 0.235, 0.245, and 0.255, while the MRE values are 3.47%, 3.83%, and 3.93%, respectively. The optimized model demonstrates the highest goodness of fit and the smallest mean absolute error and mean relative error compared to the Böttcher and Rayleigh models, especially for the relative permittivity of the stabilized base material less than 6.5, indicating that the predicted values of the dielectric properties from the optimized model align more closely with the measured values.



The relationship between the average relative errors of the relative permittivity constants of cement-stabilized aggregates and the crack widths for different models is presented in Table 11 and Figure 18. As the crack width of the specimens increases, the average relative errors in the predicted dielectric properties of cement-stabilized base specimens from the different models exhibit a general upward trend. Notably, the optimized model shows an inflection point at a crack width of 4 mm; beyond this point, the accuracy of the dielectric property measurements decreases due to the impact of cracks on the uniformity of the specimen components. The presence of cracks affects the consistency of each component within the entire specimen, leading to a reduction in the measurement accuracy of the dielectric properties and an increase in the model’s prediction errors. For intact specimens (with a crack width of 0 mm), the accuracy of the predicted dielectric properties is high, with average relative errors of 2.67%, 2.64%, and 2.82% for the optimization model, Böttcher’s model, and Rayleigh’s model, respectively, all remaining below 3%. When the crack width exceeds 7 mm, the average relative errors for the predictions from the optimization model, Böttcher’s model, and Rayleigh’s model increase to 4.60%, 5.67%, and 5.63%, respectively. The average relative errors of the models for predicting the dielectric properties of specimens with relatively narrow crack widths (≤3 mm) are similar across the models. However, the optimization model demonstrates a significant improvement in prediction accuracy for specimens with wider crack widths (≥4 mm). These results show that caution should be exercised when applying the optimization model to predict cement-stabilized base dielectric properties for crack widths exceeding 7 mm.



In summary, the dielectric mixing model with the optimized shape factor demonstrates superior performance compared to the Böttcher and Rayleigh dielectric mixing models. When the relative permittivity of the cement-stabilized base specimen exceeds 6.5 or the crack width is less than 4 mm [37], the predictive accuracy of the optimized model is comparable to that of the Böttcher and Rayleigh models. In such cases, either model can be utilized to estimate the dielectric properties of the cement-stabilized base. However, in other scenarios, the predictive error of the optimized model is significantly lower than that of the Böttcher and Rayleigh models. Therefore, the optimized model is recommended for estimating the dielectric properties of the cement-stabilized base in these instances.





5. Conclusions


A general dielectric mixing model for multiphase mixed materials is derived based on electromagnetic mixing theory. The volume and dielectric property parameters of the cement-stabilized base material specimens are obtained using an industrial CT scanner and a Percometer tester. The crack damage state of the cement-stabilized base material is considered, and the phase shape factors of the cement-stabilized base material components are optimized, leading to the establishment of an optimized dielectric mixing model for cement-stabilized crushed stone base material. The main conclusions are as follows:




	(1)

	
To account for the complexity of the morphology of the mixed material components, the shape factor u of the component phases is introduced into the Böttcher dielectric mixing model of traditional multiphase composites. Based on the volume and dielectric properties of the base material specimens in both intact and cracked states, the optimal value of u in the dielectric mixing model for cement-stabilized gravel base material is determined to be 1. Consequently, the dielectric mixing optimization model for cement-stabilized gravel base material is constructed to be applicable to the cracked state of semi-rigid base course material.




	(2)

	
Compared to the Böttcher and Rayleigh dielectric mixing models, the optimization model for cement-stabilized aggregate base material exhibits the smallest goodness-of-fit, average absolute error, and average relative error, with values of 0.8890, 0.235, and 3.47%, respectively. This indicates that the optimization model is more suitable for predicting the dielectric properties of cement-stabilized aggregate base material.




	(3)

	
The optimization model for the dielectric mixing of cement-stabilized aggregates significantly enhances the accuracy of predicting the dielectric properties of base materials with high porosity, achieving an average absolute error and average relative error of only 0.072 and 1.22%, respectively. Additionally, the prediction accuracy of the optimization model is influenced by the crack damage state of the base material; as the crack width increases, the average relative error of the optimization model in predicting the dielectric properties of the base material also increases.









In future research, we plan to expand the optimization model by including the effects of temperature, moisture, various types of aggregates, and a broader range of porosity and crack width specimens. This will enhance the robustness and applicability of our model, allowing for a more comprehensive understanding of the dielectric properties of cement-stabilized base materials in practical scenarios. The research approach of the optimization dielectric mixing model for cement-stabilized base materials can be extended to other pavement structural layers, such as asphalt mixtures or subgrade soils, offering significant and wide-ranging application value. For engineers and researchers working in this area, we emphasize the critical importance of accurately obtaining the volume and dielectric parameters of each component in the cement-stabilized base materials. These parameters directly impact the predictive accuracy of the dielectric mixing model.
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Figure 1. Representation of an isotropic, homogeneous two-phase sparse mixed material [22]. 
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Figure 2. Composition of cement-stabilized aggregate base material. 
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Figure 3. Mass and volume composition of cement-stabilized aggregates. 
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Figure 4. Cracked Cement-Stabilized Gravel Base Material. 
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Figure 5. Mineral synthetic grading curves for cement-stabilized crushed stone semi-rigid base course. 
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Figure 6. (a) Percometer tester, (b) schematic diagram of probe detection principle [22]. 
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Figure 7. Industrial CT equipment scanning semi-rigid base course material. 
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Figure 8. Uncrushed raw rock dielectric properties test of the ore used in the basement. 
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Figure 9. Measured dielectric properties of intact and damaged cement-stabilized aggregates specimens. (a) intact specimens (b) Cracked specimen. 
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Figure 10. CT diagram of cement-stabilized gravel specimens. 
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Figure 11. Component segmentation diagrams of cement-stabilized crushed stone specimen CT images. (a) Mineral (grayish white). (b) Cementitious slurry (blue). (c) Gaps (yellow). (d) Mixing of components. 
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Figure 12. Relative permittivity constant versus crack width for cement-stabilized aggregates specimens. 
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Figure 13. Relative permittivity constant versus porosity for cement-stabilized specimens. 
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Figure 14. Relationship between the shape factor of the base material and the average relative error sum of its relative permittivity constant prediction. 
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Figure 15. Residual distribution of relative permittivity for specimens predicted by the optimized model. 
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Figure 16. Relative error of relative permittivity of specimens predicted by the optimized model as a function of their porosity. 
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Figure 17. Measured relative permittivity of the base material versus the relative permittivity predicted by different models. 
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Figure 18. Mean relative error of relative permittivity constant prediction for base specimens with different width cracks. 
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Table 1. Performance parameters of the chosen aggregates.
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	Normative
	Stone Crush Value
	Content of Needle and Flake Particles
	Dust Content Below 0.075 mm (in %)
	Soft Rock Content
	Plasticity Index
	Organic Matter Content (%)
	Sulfate Content (%)





	Results
	13.2
	14
	0.8
	2.4
	13
	1.1
	0.08










 





Table 2. Performance parameters of the chosen cement.
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MgO

(%)

	
SO3

(%)

	
Burning Vector (%)

	
Cl−

(%)

	
Surface Area (m2)

	
Fineness (%)

	
Setting Time (min)

	
Flexural Strength (MPa)

	
Compressive Strength (MPa)




	
Initial Setting

	
Final Setting

	
3d

	
28d

	
3d

	
28d






	
≤5.0

	
≤3.5

	
≤3.5

	
≤0.06

	
300

	
≤8.0

	
≥45

	
≤600

	
≥6.5

	
≥5.5

	
≥56.0

	
≥2.5











 





Table 3. Upper and lower limits of mineral grades and synthetic grades.






Table 3. Upper and lower limits of mineral grades and synthetic grades.





	Sieve size (mm)
	31.5
	26.5
	19
	9.5
	4.75
	2.36
	0.6
	0.075



	Upper limit of gradation
	100
	100
	86
	60
	35
	18
	15
	5



	lower limit of gradation
	100
	90
	68
	38
	22
	26
	8
	0



	Synthetic gradation
	100
	100
	80.4
	48.4
	30.3
	20.8
	11.6
	4.4










 





Table 4. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 1 (initial porosity 2.11%).






Table 4. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 1 (initial porosity 2.11%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	1-1
	5.21
	33.81
	8.63
	64.08
	1
	2.11
	0
	75
	7.26



	1-2
	5.21
	33.52
	8.63
	63.54
	1
	2.93
	1
	75
	7.21



	1-3
	5.21
	33.24
	8.63
	63.01
	1
	3.74
	2
	75
	7.15



	1-4
	5.21
	32.97
	8.63
	62.49
	1
	4.54
	3
	75
	7.09



	1-5
	5.21
	32.70
	8.63
	61.98
	1
	5.32
	4
	75
	7.06



	1-6
	5.21
	32.43
	8.63
	61.47
	1
	6.10
	5
	75
	6.99



	1-7
	5.21
	31.91
	8.63
	60.49
	1
	7.60
	7
	75
	6.91










 





Table 5. Volumetric and dielectric properties parameter values for cement-stabilized gravel specimen group 2 (initial porosity 3.63%).






Table 5. Volumetric and dielectric properties parameter values for cement-stabilized gravel specimen group 2 (initial porosity 3.63%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	2-1
	5.21
	33.29
	8.63
	63.08
	1
	3.63
	0
	75
	7.15



	2-2
	5.21
	33.01
	8.63
	62.55
	1
	4.44
	1
	75
	7.11



	2-3
	5.21
	32.73
	8.63
	62.03
	1
	5.24
	2
	75
	7.06



	2-4
	5.21
	32.46
	8.63
	61.52
	1
	6.02
	3
	75
	6.97



	2-5
	5.21
	32.19
	8.63
	61.01
	1
	6.79
	4
	75
	6.93



	2-6
	5.21
	31.93
	8.63
	60.52
	1
	7.55
	5
	75
	6.88



	2-7
	5.21
	31.42
	8.63
	59.55
	1
	9.03
	7
	75
	6.79










 





Table 6. Volumetric and dielectric property parameter values for cement-stabilized gravel specimen group 3 (initial porosity 5.42%) (initial porosity 5.42%).






Table 6. Volumetric and dielectric property parameter values for cement-stabilized gravel specimen group 3 (initial porosity 5.42%) (initial porosity 5.42%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	3-1
	5.21
	32.69
	8.63
	61.89
	1
	5.42
	0
	75
	6.97



	3-2
	5.21
	32.41
	8.63
	61.37
	1
	6.22
	1
	75
	6.92



	3-3
	5.21
	32.14
	8.63
	60.86
	1
	7.00
	2
	75
	6.87



	3-4
	5.21
	31.88
	8.63
	60.35
	1
	7.77
	3
	75
	6.85



	3-5
	5.21
	31.62
	8.63
	59.86
	1
	8.53
	4
	75
	6.81



	3-6
	5.21
	31.36
	8.63
	59.37
	1
	9.27
	5
	75
	6.76



	3-7
	5.21
	30.86
	8.63
	58.42
	1
	10.72
	7
	75
	6.65










 





Table 7. Volumetric and dielectric properties parameter values for cement-stabilized gravel specimen group 4 (initial porosity 7.04%).






Table 7. Volumetric and dielectric properties parameter values for cement-stabilized gravel specimen group 4 (initial porosity 7.04%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	4-1
	5.21
	32.17
	8.63
	60.79
	1
	7.04
	0
	75
	6.89



	4-2
	5.21
	31.90
	8.63
	60.28
	1
	7.82
	1
	75
	6.85



	4-3
	5.21
	31.63
	8.63
	59.78
	1
	8.59
	2
	75
	6.79



	4-4
	5.21
	31.37
	8.63
	59.28
	1
	9.35
	3
	75
	6.76



	4-5
	5.21
	31.11
	8.63
	58.79
	1
	10.09
	4
	75
	6.10



	4-6
	5.21
	30.86
	8.63
	58.32
	1
	10.82
	5
	75
	6.00



	4-7
	5.21
	30.36
	8.63
	57.38
	1
	12.25
	7
	75
	5.83










 





Table 8. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 5 (initial porosity 8.76%).






Table 8. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 5 (initial porosity 8.76%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	5-1
	5.21
	31.63
	8.63
	59.61
	1
	8.76
	0
	75
	6.32



	5-2
	5.21
	31.37
	8.63
	59.10
	1
	9.53
	1
	75
	6.25



	5-3
	5.21
	31.11
	8.63
	58.61
	1
	10.28
	2
	75
	6.19



	5-4
	5.21
	30.85
	8.63
	58.13
	1
	11.03
	3
	75
	6.07



	5-5
	5.21
	30.59
	8.63
	57.65
	1
	11.76
	4
	75
	6.01



	5-6
	5.21
	30.35
	8.63
	57.18
	1
	12.47
	5
	75
	5.83



	5-7
	5.21
	29.86
	8.63
	56.26
	1
	13.88
	7
	75
	5.68










 





Table 9. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 6 (initial porosity 9.88%).






Table 9. Volumetric and dielectric properties parameter values for cement-stabilized aggregate specimen group 6 (initial porosity 9.88%).





	Number
	     ε b     
	    V b ′     (%)
	     ε s     
	    V s ′     (%)
	     ε a     
	    V a ′     (%)
	w

(mm)
	r (mm)
	     ε r     





	6-1
	5.21
	31.29
	8.63
	58.83
	1
	9.88
	0
	75
	6.21



	6-2
	5.21
	31.03
	8.63
	58.33
	1
	10.64
	1
	75
	6.16



	6-3
	5.21
	30.77
	8.63
	57.84
	1
	11.38
	2
	75
	6.09



	6-4
	5.21
	30.52
	8.63
	57.36
	1
	12.12
	3
	75
	5.98



	6-5
	5.21
	30.27
	8.63
	56.89
	1
	12.84
	4
	75
	5.84



	6-6
	5.21
	30.02
	8.63
	56.43
	1
	13.55
	5
	75
	5.75



	6-7
	5.21
	29.54
	8.63
	55.53
	1
	14.93
	7
	75
	5.56










 





Table 10. Shapiro–Wilk normality test for residuals of predicted relative permittivity of cement-stabilized gravel specimens.






Table 10. Shapiro–Wilk normality test for residuals of predicted relative permittivity of cement-stabilized gravel specimens.





	Parameters
	W
	     W  0.05    ( 42 )     
	Conclude





	result
	0.964
	0.942
	No rejection of the original hypothesis










 





Table 11. Relationship between the average relative errors of different dielectric mixing model predictions and specimen crack widths.






Table 11. Relationship between the average relative errors of different dielectric mixing model predictions and specimen crack widths.





	Crack Width of Specimen (mm)
	Optimization Models (%)
	Böttcher Model (%)
	Rayleigh Models (%)





	0
	2.67
	2.64
	2.82



	1
	2.93
	2.87
	3.07



	2
	3.20
	3.03
	3.26



	3
	3.66
	3.52
	3.77



	4
	3.32
	4.21
	4.13



	5
	3.91
	4.86
	4.80



	7
	4.60
	5.67
	5.63
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