
 

Journal Pre-proof

Effective Permittivity of Compacted Granular Materials: Effects of
Interfacial Polarization and Pore-filling Fluids

Xu Wang , Chongpu Zhai , Yixiang Gan

PII: S2095-0349(24)00036-9
DOI: https://doi.org/10.1016/j.taml.2024.100525
Reference: TAML 100525

To appear in: Theoretical and Applied Mechanics Letters

Received date: 19 December 2023
Revised date: 21 March 2024
Accepted date: 22 April 2024

Please cite this article as: Xu Wang , Chongpu Zhai , Yixiang Gan , Effective Permittivity of Com-
pacted Granular Materials: Effects of Interfacial Polarization and Pore-filling Fluids, Theoretical and
Applied Mechanics Letters (2024), doi: https://doi.org/10.1016/j.taml.2024.100525

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied
Mechanics.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

https://doi.org/10.1016/j.taml.2024.100525
https://doi.org/10.1016/j.taml.2024.100525
http://creativecommons.org/licenses/by-nc-nd/4.0/


 1 

Highlights: 

• The effective permittivity over the intermediate frequency range for granular materials saturated 

with fluid is studied, considering the collective influences of packing structure, stress, and material 

contrasts. 

• For given contrasts of electrical and dielectric properties between granular solid and liquid, the 

influence of the packing structure is found to be more significant than applied compressive stress. 

• Based on the training dataset from regular unit cells, the developed multi-layer ANN metamodel is 

capable of accurately predicting characteristics of effective permittivity observed from experiments. 
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Abstract: Interfacial polarization dominates the permittivity spectra of heterogeneous granular 

materials for the intermediate frequency range (i.e., from kHz to MHz). In this study, we examine the 

corresponding dielectric responses of compacted glass sphere packings saturated with pore-filling fluids 

under various compressive stresses. The effective permittivity spectra are observed to exhibit 

consistently a plateau-to-plateau drop, described by low-frequency permittivity, characteristic 

frequency, and high-frequency permittivity. The permittivity spectra under different compressive levels 

are found to be influenced by the packing structure, compressive stress, and electrical property contrasts 

between solid and fluid (specifically permittivity and conductivity). For considered measurement 

conditions, the variation of packing structure and its associated porosity is found to be more significant 

than the stress evolution in controlling the interfacial polarization, thus the permittivity spectra, as 

supported by analytical and numerical results for unit cells. Furthermore, to gain a general rule for 

dielectric responses for saturated granular materials, we train multi-layer artificial neural network 

(ANN) models based on a series of simulations for unit cells with various structures, stresses, and 

electrical and dielectric properties. The predictions with two-layer ANN agree well with experimental 

measurements, presenting errors smaller than 5% for both low-frequency and high-frequency 

permittivity. This study offers an effective predicting approach for the dielectric behaviour of 

heterogeneous and multiphase materials. 

Keywords: interfacial polarization, volumetric compression, packing structure, pore deformation, 

artificial neuron network. 
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1. Introduction 

The permittivity of granular materials is of immense significance in many technological and industrial 

applications, such as novel dielectric materials [1], sensing and detection devices [2, 3], and energy 

storage and transmission equipment [4]. Multiple phases heterogeneous mixtures often employed in 

these applications, including multilayer-structure dielectrics [5], ceramic filler and polymer matrix of 

nanocomposite material [6, 7], blood cell suspensions [8], and saturated granular materials [9-11]. At 

intermediate frequencies (i.e., from kHz to MHz), it is well accepted that interfacial polarization [11], 

which occurs at the interfaces between phases with contrasting electrical properties, will dominate the 

effective permittivity of the heterogeneous materials. On the microscopic scale, within a heterogeneous 

material characterized by spatial variations in electrical conductivity 𝜎 and permittivity 𝜀, the charge 

density in the limit of direct current is 𝜌 =  𝜎 (∇
𝜀

𝜎
∙ 𝐸). This disparity of charge distribution emerges at 

the interfaces where an abrupt change in the gradient of 𝜀/𝜎 presents. The discontinuity in electrical 

properties prompts the accumulation of positive and negative charges separated by the interfaces; 

thereby, the interfaces are polarized, resulting in additional energy storage in response to the external 

electric field [12-15]. Consequently, the effects of interfacial polarization accumulate throughout the 

system, thus leading to the variation of the effective permittivity over a certain range of frequencies. 

When external compression is introduced to the multi-phased granular materials, the complexity of 

depicting the effective permittivity increases due to the occurring variations of local pore structure [16-

18], contact force network [19-21], and interactions at solid-liquid interfaces [11, 22], However, these 

factors have been paid less attention, or partially neglected. 

For simplification, existing studies taking account of interfacial polarization effects often use dipolar 

approximation where multipole interaction due to the complexity of granular structure is neglected in 

analysing the effective permittivity of saturated granular materials [14, 23, 24]. Structure evolutions 

under compressive loads, such as the particle rearrangement and renewing of inter-particle contact, are 

typically summarised by a single structure parameter, i.e., the varying porosity [15, 25-27]. The 

estimated permittivity spectra demonstrate apparent differences in terms of the characteristic frequency 
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and plateau permittivity at low and high frequencies. Moreover, the measurement of effective 

permittivity in porous media provides a practical method of determining porosity and saturation levels 

of granular materials [28]. This approach is particularly valuable when there are substantial contrasts in 

the electrical properties between the solid phase and the pore fluid. [23, 29]. Empirical equations have 

been developed to link effective permittivity to saturation levels [30-32], emphasizing the dominant 

role of the pore fluid permittivity. However, these empirical solutions typically only function well over 

frequencies in the microwave region [31]. For lower frequencies i.e., an intermediate range from kHz 

to MHz, where interfacial polarization at solid-liquid interfaces matters, the frequency-dependent 

effective permittivity could not be accurately interpreted, showing disparities with respect to 

experimental observations [33]. Therefore, packing structures, stress levels, microstructure 

deformations, and electrical properties of involved solids and pore fluids are all essential to gain a 

comprehensive understanding of dielectric responses of heterogeneous multiphase granular materials. 

Studies of permittivity in heterogeneous material have been advanced in conjunction with the 

development of the effective medium theory (EMT), which is a theoretical modelling approach 

employed to predict the effective properties of a composite medium, given the properties of its 

individual constituents and their respective volume fractions.  Maxwell Garnett [34] and Bruggeman 

[35] introduced the theoretical framework for dilute low-contrast interchangeable spherical dispersions. 

Followed by Hashin and Shtrikman [36], the upper and lower bounds for the effective properties of 

two-phase materials were established. Maxwell [12] first highlighted the concept of dielectric 

dispersion due to interfacial polarization through a stratified model. Wagner [26] proposed one of the 

earliest models developed to address the interfacial polarization effects of the effective permittivity of 

heterogenous materials, where spherical grains are sparsely distributed in a host medium. The effective 

complex permittivity 𝜀eff
∗  of the composite is expressed as: 

𝜀eff
∗ − 𝜀p

∗

𝜀eff
∗ + 2𝜀p

∗ =  𝜑s

𝜀s
∗ − 𝜀p

∗

𝜀s
∗ + 2𝜀p

∗  , 
(1) 

where 𝜑s is the volume fraction of the solid phase and 𝜀s
∗ and 𝜀p

∗ are the complex permittivity of solid 

and pore phases, respectively. However, these early works primarily apply to dilute concentrations 

                  



 6 

within nonconductive host media [15]. Subsequently, the differential effective medium theory (DEMT) 

emerged, combining EMT and Wagner's homogenization. DEMT constructs a composite by 

introducing infinitesimal spherical inclusions into a homogeneous medium through iterative Wagner's 

homogenization processes until the desired porosity is achieved [14]. In DEMT modelling, the shape, 

distribution and orientation of grains can be modified to a certain extent by altering the infinitesimal 

elements replaced in the homogenization process, allowing for consideration of material texture [37-

40]. The effective complex permittivity 𝜀eff
∗  with spherical grains can be expressed as 

1 − 𝜑s =  
𝜀eff

∗ − 𝜀s
∗

𝜀p
∗ − 𝜀s

∗  (
𝜀p

∗

𝜀eff
∗ )

1/3

  .   
(2) 

Notably, DEMT primarily finds its applicability in colloidal suspensions characterized by high porosity 

values, which employs the multiple scattering techniques and the single matrix approximation, focusing 

on the homogeneous equivalent medium while neglecting electrical interactions between neighbouring 

grains [24, 41]. Consequently, a gap in the literature remains where no model has been demonstrated to 

effectively account for strongly heterogeneous granular materials with porosities below 0.5 [39]. 

Furthermore, scant attention has been devoted to the exploration of the influence of both grain-level 

electrical and mechanical interactions on interfacial polarization effects [42]. This aspect becomes 

particularly pertinent when considering geological samples situated deep within the subsurface, exposed 

to substantial earth pressures, rendering the comprehension of interfacial polarization effects on 

deformed structures a challenging endeavour. Regrettably, limited research has been dedicated to this 

specific domain. Additionally, it is noteworthy that existing literature often assumes only one of the 

phases is conductive [24, 38, 43]. A comprehensive examination of the impact of conductivity and 

permittivity contrasts between the solid and pore fluid on effective permittivity variation due to 

interfacial polarization is absent.  

Advances in computational techniques have brought the integration of numerical simulations, such as 

the finite difference time domain method, finite element analysis (FEA), and pore-scale simulations, as 

potent tools for investigating the electrostatic responses of heterogeneous structures [24, 44-46]. These 

simulations have been crucial in extending our understanding beyond the confines of EMT models. 
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Researchers have delved into various factors, including inclusion size distributions [47-49], complex 

geometries [43, 44, 50], packing arrangements of inclusions [51-53], surface coatings [54, 55], etc. 

These investigations have progressively refined our understanding of the effective permittivity of 

complex materials. In FEA simulations, the effective permittivity of samples is calculated by directly 

solving the Maxwell equation within a unit cell, and the packing states and microstructure can be 

characterized [8]. This approach provides a robust framework for studying the effects of packing 

arrangements and microstructural deformations on the effective properties of heterogeneous multiphase 

granular materials. Additionally, many emerging applications in material science using machine 

learning and artificial neural networks (ANNs) involve supervised learning [56, 57], where the models 

are trained by given input features and target outputs. Once adequately trained, these models can predict 

target values based solely on input features. Lately, many studies have unravelled the hidden details of 

transport through complex networks in porous and granular materials with the help of ANN, including 

interfacial thermal resistance [58, 59], permeability [57] and electrochemical ion and electrolyte 

transport [60, 61]. Therefore, ANN shows its potential in dealing with complexity brought by the 

heterogeneous microstructural characteristics, material and mechanical properties. 

In this paper, we first demonstrate our experimental setup, the numerical modelling processes, and the 

ANN training approach for evaluating the effective permittivity over the frequency range, dominated 

by the mechanism of interfacial polarization, for the compacted granular materials saturated with pore-

filling fluid. Then, we present the comparison results on effective permittivity characteristics due to 

interfacial polarization obtained from experimental measurements and numerical simulations focusing 

on the effects of packing arrangement, stress state, microstructure deformation, and electrical property 

contrasts. Finally, metamodels are trained by simulation results and used to predict the experimentally 

observed effective permittivity characteristics.  
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2. Methods 

2.1 Experimental section 

Monosized spherical glass particles (SiO2) with a diameter of 4 mm are randomly packed in a 

nonconductive waterproofed cylinder (Al2O3), as shown in the schematic in Fig. 1(a). The cylinder has 

dimensions of 95 mm in height (H) and 100 mm in diameter (D), topped and bottomed by two circular 

stainless-steel plates (AISI 304, grade G200) as electrodes. Subsequently, the packed glass beads are 

filled with deionized water (Lab grade 𝜎 < 5 × 10−4 s/m) . The complex impedance Z (𝑍 = 𝑍′ +

𝑍′′𝑗, where 𝑍′and 𝑍′′ are real and imaginary parts of the impedance) is measured by Agilent 4294A, 

over the frequency range from 1 kHz to 1 MHz. In our experiments, three random packings with initial 

porosity of 0.349, 0.369 and 0.379 are considered and impedance analyses are carried out at varying 

compression from 13.93 kPa to 255.85 kPa. Before each measurement, both electrodes are thoroughly 

cleaned using detergent and deionized water to ensure the measurement quality. Additionally, the 

sinusoidal wave with an amplitude of 100 mV is employed, minimizing the electrolytic process at the 

liquid-electrode interfaces. The total capacitance, 𝐶exp, of the saturated packing is derived based on the 

measured complex impedance, 𝐶exp =
imag(1 𝑍⁄ )

2π𝑓
 . Then, the modified parallel capacitor equation is 

applied to calculate the relative effective permittivity,  

𝜀eff = =
4(𝐻 − ∆𝐻)

𝜀0π𝐷2
 (𝐶exp − 𝐶corr), 

(3) 

where 𝜀0 is the permittivity of vacuum (8.85410-12 F/m), and 𝐶corr is the capacitance correction to 

exclude potential electrode polarization effects between the electrode and the tested sample [62]. Due 

to the nondimensional quantity used above, the permittivity terms reported in this study contain no 

physical unit. The obtained 𝜀eff spectra under increasing normal compression are provided in Fig. 1(b). 

For all loading levels, 𝜀eff plateaus can be observed when the frequency is below 10 kHz, followed by 

a gradual decrease. The decrease rate reaches the peak at the characteristic frequency 𝑓c. 
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Fig. 1. (a) Schematic of impedance measurements for saturated granular materials under compression; 

(b) Experimental observations of dielectric spectra under increasing normal compression for a typical 

case with initial porosity 𝜑 = 0.349 . The interfacial polarization induced low-frequency 𝜀l , 

characteristic frequency 𝑓c  and high-frequency permittivity 𝜀h  are shown, which are determined by 

Cole-Cole model fitting (as dashed lines); (c) FEA results of the distributions of electric potential (top) 

and space charge (bottom) for an uncompressed BCC unit cell at different frequencies.  
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Given the discrete nature of the effective permittivity measured in the frequency domain, the Cole-Cole 

relaxation model is employed to fit the discrete data and to extract the onset of 𝜀eff drop, high-frequency 

permittivity 𝜀l and characteristic frequency 𝑓c [15]: 

𝜀eff =  𝜀h +
𝜀l − 𝜀h

1 + (𝜔𝜏)1−α
, 𝜏 = (2π𝑓c)−1,    (4) 

where 𝜀l  and 𝜀h  represents the interfacial polarization induced low-frequency and high-frequency 

permittivity plateau, respectively. 𝜏 is the relaxation time, which is the reciprocal of the characteristic 

frequency 𝑓c. The relaxation time 𝜏 signifies the timescale at which the interfacial polarization response 

occurs. The exponent parameter 𝛼 takes a value between 0 and 1, allowing the description of different 

spectral shapes. It is consistently set at 0.25 for all experimental cases. The experimental measurements 

and fitted Cole-Cole models are provided in Fig. 1(b), demonstrating negligible errors (less than 0.05%). 

The effective permittivity plateaus (𝜀l , 𝜀h ) and characteristic frequency 𝑓c  at various compressive 

stresses for experiment cases with initial porosity of 0.349 are provided in Table 1. For the considered 

loading levels, 𝜀l continuously decreases from 32.88 to approximately 32.08 as the compression 

increases from 13.93 kPa to 255.85 kPa, indicating that external compressions reduce the effects of 

interfacial polarization in the test sample. In contrast, the characteristic frequency 𝑓c  exhibits an 

opposite trend, increasing from approximately 119.25 kHz to 122.65 kHz as fewer charges are involved 

in the interfacial polarization process [63]. 

Table 1 

Fitting parameters of the Cole-Cole model for experimental case with 𝜑 = 0.349. 

Compression 

stress (kPa) 

∆𝜺𝐞𝐟𝐟 𝒇𝐜 (kHz) 𝜺𝐡 

13.93 32.88 119.25 30.28 

26.69 32.68 119.63 30.10 

64.86 32.57 121.92 30.01 

128.53 32.39 121.72 29.85 

255.85 32.08 122.65 29.58 
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2.2 Unit cell models 

To further reveal the underlying mechanism governing the dielectric responses in water-saturated 

granular packing of monosized glass spheres, numerical simulations were employed on three 

periodically structured unit cells (simple cubic, body-centred cubic, and face-centred cubic) for various 

packing arrangements, volumetric compression, conductivity and permittivity contrasts between solid 

and pore fluid. These unit cells served as representative elementary volumes for their respective regular 

packings, exhibiting distinguished porosities and coordination numbers. For considered unit cells, the 

coordination number, calculated by 𝐶𝑁 = 2
𝑁contact

𝑁particle
 and porosity, 𝜑, given as 𝜑 =

𝑣p

𝑣t
, increase from 6 

(SC) to 12 (FCC) and from 0.26 (FCC) to 0.477 (SC), respectively. It is important to highlight that the 

initial porosity of the random packing used in experiments is approximately 0.372.  

To demonstrate the simulation procedure, we initially conducted the simulation of the compaction 

process for the unit cells under increasing volumetric stress. Here, the pore water is excluded since 

reaction forces were primarily facilitated by contact forces between solid particles, and the variation of 

inter-particle force and the induced deformation are computed based on the hard contact model [64]. 

We subsequently import the deformed geometries into COMSOL Multiphysics, with the electrical 

properties of glass and water being assigned to the solid and pore spaces, respectively. An electrical 

potential difference of 1 V is applied to opposite sides of the unit cell as positive electrode and ground. 

Furthermore, we perform electric current simulations for discrete frequencies to replicate the frequency-

dependent impedance variations within these unit cells. Ultimately, the effective permittivity is 

computed based on impedance data obtained from these simulations. This comprehensive workflow 

enables us to simulate the effects of mechanical deformation in granular systems, thereby advancing 

our understanding of the intricate relationship between microstructure deformations and dielectric 

responses due to interfacial polarization.  

2.3 Artificial neural network (ANN) 

A multi-layer ANN comprises one input layer, one or more hidden layers, and an output layer; neurons 

in a given layer are fully connected to those in the subsequent layer. The training process involves 
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feeding the training dataset into the hidden layers for model training. Subsequently, the model is 

assessed by validation data to fine-tune model hyperparameters. At last, the model performance is 

evaluated using the test dataset. The weight values of each input feature are updated through the 

backpropagation training algorithm. For each training data, the output of each neuron is calculated by 

the training algorithm, and the results are fed forward to the output layer. Then, MSE is used to 

determine the error each neuron contributes to, which is backpropagated to the input layer, and the 

corresponding weights are updated based on gradient descent. In current work, the hyperbolic tangent 

(tanh) activation functions are used in all neural networks. 

In this study, we integrate modern advances in numerical modelling and statistics (ANN) to develop a 

data-driven framework tailored for multiscale and nonlinear transport phenomena in granular systems. 

Our approach distinguishes itself from past efforts [15, 24, 33] in two aspects. First, our investigation 

delves into the critical factors exerting substantial influences on dielectric responses of saturated 

granular material across the kHz to MHz frequency range. These factors encompass packing 

configurations, microstructure deformations, and electrical property contrasts, which are studied 

through a combination of experimental and numerical methods and then compared with theoretical 

models to assess their applicability in low-porosity heterogeneous systems. Second, we fuse numerical 

simulations with an artificial neural network to establish a data-driven metamodel. This metamodel 

enables incorporating the aforementioned factors as input features, facilitating the prediction of 

effective permittivity characteristics arising from interfacial polarization. This synergistic approach 

enhances our understanding of complex granular systems and provides a robust predictive tool for their 

dielectric behaviours.  
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3. Results and Discussion 

3.1 Effective permittivity variation dominated by interfacial polarization 

In general, the effective permittivity 𝜀eff experiences a decrease with frequency for the glass sphere 

packing saturated with deionized water under all levels of compression in the experiments. For example, 

the 𝜀eff of the sample subjected to 13.93 kPa compressive stress decreases from approximately 32.88 at 

1 kHz to approximately 30.08 at 1 MHz as shown in Fig. 1(b). These observed enhanced polarizability 

at lower frequencies is attributed to the buildup charges due to the electrical property discrepancies 

between glass and deionized water, occurring at the solid-water interfaces of the experiment sample. As 

frequency increases, there is less time available for charges to accumulate at the interfaces due to the 

rapidly changing electric field direction, leading to a diminished interfacial polarization effect at higher 

frequencies. These charge accumulations at phase boundaries at low frequencies can also be observed 

in FEA simulations. This shifts the electric field distribution due to the charge buildup until a state of 

equilibrium is reached in terms of current density within the two phases [45]. As frequency increases, 

interfacial polarization diminishes, and the electric field distribution changes dramatically. Fig. 1(c) 

elucidates the electric field distribution and space charge density of a BCC unit cell at 1 kHz, 100 kHz 

and 1 MHz, respectively. It shows that owing to the rise of interfacial polarization, the intensification 

of the electric field and space charge density on the interfaces is significant at lower frequencies. To 

further reveal the underlying mechanism of interfacial polarization, the corresponding low-frequency 

permittivity 𝜀l , characteristic frequency 𝑓c  and high-frequency permittivity 𝜀h  obtained from FEA 

simulation are compared with experimental and theoretical modelling predictions, as shown in Fig. 2. 
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Fig. 2. Effects of porosity 𝜑, normalized compressive stress 𝑆vol/𝐸s, electrical conductivity contrast 

𝜎s/𝜎p  and permittivity contrast 𝜀s/𝜀p  (Column 1-4) on low-frequency effective permittivity 𝜀l , 

characteristic frequency 𝑓c  and normalized high-frequency effective permittivity 𝜀h/𝜀s  (Row 1-3): 

comparison among experiment measurements (hollow circles with different colours stand for different 

initial porosity), FEA unit cells (cross for SC, triangles for BCC, and squares for FCC), and theoretical 

models (solid and dash lines). For the effect of porosity on normalized high-frequency permittivity 

𝜀h/𝜀p, experiment and simulation results are compared with effective medium theory models. 

 

3.2 Effects of porosity and mechanical compression  

To study the effect of the packing porosity on effective permittivity variations induced by interfacial 

polarization, we summarize the results of three different unit cells in Fig. 2(a)- (b). Predictions based 

on two theoretical models: Wagner’s theory and Hanai’ s model, corresponding to Eqs. (1) and (2), 

respectively, are also plotted. It is shown that, in general, the low-frequency permittivity 𝜀l decreases as 

the packing becomes denser (lower porosity 𝜑) among theoretical modelling, unit cell simulation and 

experiments observation, indicating a strong porosity effect on effective permittivity variation due to 
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interfacial polarization. Discrepancies exist between the theoretical modelling and experimental results, 

which can be attributed to the assumption in the theory where the electrical interactions between 

neighbouring particles was neglected. Hanai’s model assumes that the mixture remains in a dilute 

condition after adding each infinitesimal grain in the previous step [15]. Consequently, the added 

infinitesimal grain at each iterative step does not exert any electrical influence on the existing grains in 

the mixture [24]. This assumption can be violated as the packing becomes denser (lower porosity), 

where the particles move closer, and electrical interactions between particles become more vigorous, 

leading to large deviations. As for the 𝑓c variations shown in Fig. 2(b), the trend obtained by the Wagner 

equation contradicted that of Hanai’s model, experimental and numerical observations, indicating its 

unsuitability for concentrated porosity (𝜑 < 0.5). It is worth mentioning that the compression-induced 

porosity change shows substantial effects on both 𝜀l and 𝑓c in all three experiment groups with different 

initial porosities. The phenomenon can also be observed in Fig. 1(b) as external compression has a 

significant impact on low-frequency plateau 𝜀l of effective permittivity, indicating a less pronounced 

manifestation of interfacial polarization as the sample undergoes compaction. Consequently, a 

noticeable right shift in the characteristic frequency is observed with increasing compression.  

Simulations were employed to investigate the dielectric spectra of current unit cells subjected to 

compressive stress, similar to the experiment, to examine the effect of mechanical compression on the 

effective permittivity variation induced by interfacial polarization. The results reveal that mechanical 

compression has only a minor impact on the interfacial polarization of regularly packed samples. The 

obtained 𝜀l and 𝑓c are compared with the experimental observations for packings with different initial 

porosities shown in Fig. 2(d)- (e), which states that compression stress has less pronounced effects on 

both 𝜀l and 𝑓c for unit cells than random packing used in the experiment within the applied stress range 

(below 1 MPa). This can be attributed to the structural stability of unit cells made of crystal structures 

under volumetric compression, maintaining their ordered packing configuration throughout the 

compression process. Under high compressive stress, mechanically stable packings (unit cells) 

experience minimal to no particle rearrangements [65, 66]. Additionally, both changes in porosity and 

the contact region microstructure deformation for unit cells during the compression process are 
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relatively small, thereby having a limited impact on 𝜀l and 𝑓c. However, for random packing used in 

experiments, the variation of 𝜀l  and 𝑓c  against the compressive stress are substantial, which can be 

attributed to the particle rearrangement as compressive stress increases, a phenomenon absents in unit 

cells. As external compression increases, the glass particles tend to rearrange themselves to 

accommodate the increased pressure [16, 67, 68], involving a shift in particle positions to reduce the 

pore space. This is supported by the comparison of porosity changes between regular packed unit cells 

and the experiment sample in Fig. 2(a), where a similar compressive stress is applied. The observed 

variations in the low-frequency effective permittivity 𝜀l and characteristic frequency 𝑓c indicates that 

the effects of particle arrangements in terms of porosity and particle connectivity outweigh 

microstructure deformation when assessing interfacial polarization effects on effective permittivity 

variations in water-saturated randomly packed spherical samples. Additionally, there existed a 

subnetwork of force chain for the sample under test in the experiment that carry a significant portion of 

applied external stress [21, 69], where the particle-particle contacts in the force chain contain a 

concentrated stress. As external compression increases, the contact area between particles on the major 

force chain tends to increase, forming a more compact structure and facilitating the flow of free charges 

within the solid phase [28, 55, 70]. Though enhancing the conductivity, the more compact structure may 

reduce the interface charge accumulations, thus mitigating the effects of interfacial polarization on the 

effective permittivity. In our experimental range of compressive stress, the increases in contact area are 

constrained, implying that the improvement in solid contact conductivity might be marginal. 

Nevertheless, the specific area could undergo more significant changes, as the particles are inclined to 

reposition themselves in response to external compression. This rearrangement facilitates an increased 

interface area for free charges to reside between the solid and the pore fluid. 

The high-frequency effective permittivity 𝜀h corresponds to the plateau observed at frequencies above 

1 MHz in a dielectric spectrum, as shown in the experimental measurements in Fig. 1(b). This plateau 

primarily arises from material dipolar polarization, where the interfacial polarization due to electrical 

properties mismatch is absent.  Comparisons of normalized high-frequency effective permittivity 𝜀h/𝜀s 

between the numerically simulated unit cells and two theoretical models: Maxwell-Wagner model and 
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Hanai’s DEMT model are presented in Fig. 2(c). It is apparent the simulated and experimentally 

observed 𝜀h/𝜀s fall within the bounds defined by those two models, with a relatively small difference 

compared with the predictions of the effective medium theories. The porosity of the sample 

demonstrates the dominating effect on the 𝜀h/𝜀s, suggesting that high-frequency permittivity decreases 

with porosity for a given composition. The comparisons of normalized high-frequency effective 

permittivity 𝜀h/𝜀s between simulations and experiments subjected to comparable compressive stress 

are presented in Fig. 2(f). Notably, mechanical compression exhibits a negligible impact on 𝜀h/𝜀s. The 

variations observed during the compression primarily stem from the deformation of solid particles and 

pore space due to particle-particle contacts, even though contact region deformations under the current 

stress level are relatively small.  

3.3 Effects of electrical property contrasts  

Simulation results and theoretical predictions for low-frequency permittivity 𝜀l , characteristic 

frequency 𝑓c  and normalized high-frequency permittivity 𝜀h/𝜀s  under the effect of electrical 

conductivity contrast 𝜎s/𝜎p and permittivity contrast 𝜀s/𝜀p between grains and pore phases are shown 

in Fig. 2(g)- (l). Generally, theoretical models exhibit similar trends for 𝜀l, 𝑓c and 𝜀h/𝜀s compared to 

numerical simulations, though discrepancies emerge with significant two-phase electrical property 

contrasts. It is apparent that 𝜎s/𝜎p significantly influences low frequency plateau, demonstrating a 103 

fold increase in 𝜀l  as 𝜎s/𝜎p  increases from 1 to 105  as shown in Fig. 2(g). The enlargement in 𝜀l 

indicates that more charges accumulated on the solid-liquid interfaces due to interfacial polarization, 

which requires more time to react and redistribute to external electrical field variations, leading to a 

substantial decrease in 𝑓c . Notably, both 𝜀l  and 𝑓c  discrepancies between simulation results and 

theoretical modelling increase with higher 𝜎s/𝜎p, emphasizing the importance of considering stronger 

interparticle electrical interactions for high conductivity contrast systems. However, the conductivity 

contrast shows no effects on normalized high-frequency permittivity 𝜀h/𝜀s  in Fig. 2(i). This is because 

the dielectric behaviour dominates under high frequency, and the conduction loss is neglectable [70-

72].  
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The effect of permittivity contrast ratio 𝜀s/𝜀p on effective permittivity variations is shown in Fig. 2(j)- 

(i). It is clear that both low-frequency permittivity 𝜀l and normalized high-frequency permittivity 𝜀h/𝜀s 

increase with decreasing the value of 𝜀s/𝜀p  (0 < 𝜀s/𝜀p < 1 ). The increase of 𝜀l  indicates a more 

significant charge accumulation on the interfaces, which is promoted by the difference in polarization 

levels between the two phases. The greater the permittivity contrast, the stronger the interfacial 

polarization effect, and hence a more significant impact on the effective permittivity. These observations 

show the rate of charge transfer (controlled by 𝜎s/𝜎p) and the ability to store charges (controlled by 

𝜀s 𝜀p⁄  ) collectively determine the effective permittivity variation due to interfacial polarization. 

Moreover, this also sheds light on designing potential metamaterials with gigantic permittivity using 

interfacial polarization, which is likely to manifest in the presence of conductivity and permittivity 

contrasts between grain and pore phases [73].  

3.4 Metamodel training and prediction 

As discussed previously, it is evident that effective permittivity due to interfacial polarization is under 

the combination of effects from porosity, external compression, and electrical property contrasts. Given 

the limitations in theoretical modelling for low porosity grain-contacted samples and the intricacies of 

finite element simulation, it is challenging to accurately predict the low-frequency permittivity 𝜀l , 

characteristic frequency 𝑓c  and high-frequency effective permittivity 𝜀h  considering the 

aforementioned factors. Therefore, employing ANN metamodel offers a promising guideline for 

predicting 𝜀l, 𝑓c and 𝜀h once trained by the above features properly. 
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Fig. 3. (a) Schematic of an artificial neural network (ANN) consisting of two hidden with four input 

features (F) and three targets (T). (b) Cross-correlation coefficients between each pair of input and 

output features. F1 to F4 represent the conductivity contrast, permittivity contrast, porosity, and 

volumetric stress. T1 to T3 represent the target outputs as lg ((𝜀l − 𝜀h) 𝜀h⁄ ), lg (𝑓c) and 𝜀h/𝜀p. (c) ANN 

predictions on all three outputs from (I) one hidden layer with 10 neurons, (II-IV) two hidden layers 

with 5, 10 and 20 neurons each layer. The blue and red circular scatters represent the training and testing 

data, respectively. The black dashed line indicates that the predictions are equal to observations. 

 

The objective of training the ANN model is to identify the optimal combination of hyperparameters that 

minimizes the MSE cost function. Therefore, scaling transformations are crucial for effective model 

performance, as training algorithms struggle when input features exhibit significant scale differences 
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[58]. For example, the input conductivity contrast ranges from 1 to 105, while the porosity ranges from 

0.24 to 0.48, then the cost function is elongated in the conductivity contrast domain, which is hard for 

MSE to converge. Therefore, logarithm transformations are applied to conductivity and permittivity 

contrasts to minimize the data range. In addition, pseudo-log transformation is used for normalized 

compression to account for the zero stress, where a small positive offset (10−5) is added. Consequently, 

min-max scaling feature normalizations are conducted for all input features, rescaling the values 

between -1 and 1 since the hyperbolic tangent activation function expected input values from -1 to 1. 

Eight different values of conductivity (𝜎s/𝜎p) and five permittivity contrast (𝜀s/𝜀p) are applied to all 

deformed cases to generate the training data with different combinations of conductivity and 

permittivity contrasts, porosities and compression. In total, 720 different datasets are calculated. Then, 

the standard correlation coefficients between every pair of attributes are calculated to better understand 

the correlation between input features and target output. However, it is worth noting that current ANN 

models are trained particularly to conclude the effects of conductivity and permittivity contrast, porosity, 

and compressive stress. Any new added feature to the training set requires to combine all existing 

training features. For example, if grain sphericity is considered, and five aspect ratio values are selected, 

then the training data will be expanded 10-fold, which will require extensive computational efforts. The 

calculated correlation coefficients vary from -1 (strong negative correlation) to 1 (strong positive 

correlation), which are shown in Fig. 3(b). Seven attributes are used in the coefficient study, where 

conductivity and permittivity contrast, porosity and normalized stress (F1-F4) are features and 

lg ((𝜀l − 𝜀h) 𝜀h⁄ ), lg (𝑓c) and 𝜀h/𝜀p (T1-T3) are the target values. The values in the upper-left to lower-

right diagonal represent the attributes themselves and, therefore, have positive values of 1. In Fig. 3(b), 

it is observed that conductivity contrast (F1) shows strong correlations on T1 and T2, where the 

coefficients are higher than 0.5, which agrees with the observations shown in Fig. 2. Furthermore, the 

porosity (F3) and permittivity (F2) contrast show a relatively strong correlation (0.7) with T3. However, 

the correlation coefficients between input features remain low (less than 0.25). Therefore, all datasets 

are randomly divided into training validation and test datasets with portions of 80%,10%, and 10%, 

respectively, then, feed to the ANN models. 
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Four different ANN models are trained to predict the three target values. The first ANN model has only 

one hidden layer with 10 neurons, while the rest has two hidden layers with 5 (schematically shown in 

Fig. 3(a), 10, and 20 neurons in each layer, respectively. Bayesian regularization training method is used 

to prevent overfitting. The predicted target value  lg (𝑓c) from four ANN models are shown in Fig. 3(c). 

The prediction results from ANN-5-5 have a MSE of 0.0038, which is significantly worse than the other 

denser models. It can also be observed that the performances of the other two hidden layer ANN models 

are better than the one-layer ANN-10 model (MSE = 0.0018). The MSEs for ANN-10-10 and ANN-20-

20 are 1.80e-4 and 1.30e-4, respectively. Therefore, it is convincible that the ANN model of two hidden 

layers with 20 neurons each gives the best permittivity variation prediction performance with negligible 

MSE values.  

 

Fig. 4. Comparison between experimental observations (markers with different colours stands for 

different initial porosity) and metamodel (ANN-20-20) prediction on 𝜀l, 𝑓c and 𝜀h. The black solid and 

dashed represent the perfect predictions and 10% error, respectively, while he respective grey shade 

region represents a 5% error in ANN prediction.  

 

In Fig. 3(c), we present the metamodel selections, which are based solely on results generated from 

numerical simulations for both training and validation. Once the chosen ANN-20-20 metamodel is 

adequately trained, it is applied to predict experimental observations, which differ from the simulations 

due to the random packing arrangement of the samples instead of the uniform unit cell lattices used in 
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the training. The comparisons illustrated in Fig. 4(a)- (c) comparisons demonstrate that the ANN-20-20 

metamodel not only captures the correct trend of effective permittivity variation caused by interfacial 

polarization under increasing compressive stress but also yields satisfactory predictions of low-

frequency and high-frequency plateaus with an error of less than 5%. Although the trend of 

characteristic frequency 𝑓c can be predicted by selected ANN metamodel correctly, the obtained values 

are not as accurate as other two features, which can be attribute to its sensitivity to the electrical 

conductivity contrast in the experiments that can be easily disturbed by the impurities in the pore fluid 

[22]. 

It is important to highlight the predictability of the present metamodel, which has been trained using 

solely the numerical results of simplified unit cells. The predictions were compared quantitatively with 

the independent experimental dataset, with only essential material and state variables. We attribute the 

observed discrepancies between the ANN predictions and the experimental observations to the inherent 

heterogeneity nature of the random packings, which differs from idealized unit cell lattices considered 

in simulations and training data. The unit cell models focus on the deformation due to the compression 

and cover the range of porosity by changing the lattice structures. The heterogeneity in granular packing 

can be considered with the discrete element method, where the ANN metamodel demonstrates a broader 

potential for providing equivalent circuit models for interparticle impedance responses [20, 70, 74]. 

Moreover, the current study focuses on the saturated state of granular media, for partially saturated 

states, similar approaches can be extended for the coexistence of more than one pore fluid phase. The 

key challenge remains the complex distributions of wetting fluids in the pore space (e.g., in the unit 

cells), where coalescence and hysteresis of the wetting phase are present [75]. 

4. Conclusion 

This study investigates the effective permittivity of saturated granular materials under compression for 

the frequency range dominated by interfacial polarization. In the experiments, the effective permittivity 

spectra measured under various compressive stresses consistently exhibit a plateau-to-plateau drop, 

characterized by the low-frequency permittivity characteristic frequency, and high-frequency 
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permittivity. Current study reveals that packing configuration, stress state, and contrasts of electrical 

properties between solid and pore fluid all contribute to the effective permittivity. We have shown that 

the effects of external compression induced particle rearrangement and porosity change outweigh the 

interparticle contact deformation in determining the effective permittivity variations due to interfacial 

polarization.  

To integrate the effects of all these material and state parameters, we establish the multi-layer ANN 

metamodel trained based on a series of simulations with various unit cells, stress levels, and electrical 

properties. The developed ANN metamodel is capable of accurately predicting the experimental 

measurements within a 5% error margin for both low-frequency and high-frequency permittivity 

plateaus, offering a promising pathway for forecasting the dielectric behaviour of heterogeneous and 

multiphase materials. For further considering the realistic heterogeneity and its evolution in granular 

packing, the present development of metamodel can benefit particle-scale modelling and explore the 

interplay between the granular rearrangement and deformation. 
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