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Abstract  Unbound granular materials (UGMs) are 
essential components in road construction, particu-
larly in the base and sub-base layers of pavements. 
After compaction, these layers undergo a dry-back 
process to reduce excess moisture before sealing, 
thereby minimising sealing aggregate embedment 
and rutting under traffic loading. Conventional dry-
back methods for compacted UGMs rely on solar 
radiation, which is time-consuming and dependent 
on climatic conditions, often delaying construction 
schedules. Microwave technology could offer a rapid 
alternative, but its implementation in road construc-
tion requires a better understanding of the complex 
permittivity (dielectric properties) of UGMs to opti-
mise energy absorption and heat generation during 
microwave dry-back. This study characterises the 

complex permittivity of Class 2 UGM as a function 
of volumetric moisture content (VMC) and tem-
perature using a Modified Free-space Transmission 
technique. Measurements were conducted across 
frequencies from 300  kHz to 4.5  GHz at controlled 
temperatures between 20 and 90  °C. The observa-
tions were fitted using exponential regression mod-
els to predict dielectric behaviour at only 2.45 GHz, 
a frequency commonly used in industrial microwave 
applications. Regression models developed incorpo-
rating both VMC and temperature achieved good pre-
dictive accuracy ( R² > 0.8). Results reveal the dielec-
tric constant ( �′

r
 ) increased exponentially with VMC. 

In contrast, dielectric loss ( �′′
r
 ) decreased, an atypi-

cal trend likely reflecting the transition from bound 
to free water. Temperature effects were also notable, 
with higher temperatures reducing dielectric loss by 
decreasing dipolar relaxation. Sensitivity analysis 
indicated that VMC had a greater influence on �′

r
 as 

compared to temperature, while both parameters con-
tributed comparably to �′′

r
 . The proposed empirical 

model provides a practical tool for predicting energy 
absorption in compacted UGMs, offering key insight 
needed to optimise microwave-based dry-back meth-
ods in pavement construction.
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Abbreviations 
UGM	� Unbound granular material
VMC	� Volumetric moisture content (v/v) (%)
OMC	� Optimum moisture content (w/w) (%)
MDD	� Maximum dry density (kg/m3)
MAE	� Mean absolute error
R2	� Coefficient of determination
ε’r	� Dielectric constant
ε’’r	� Dielectric loss
�
v
	� Volumetric moisture content (v/v) (%)

T	� Temperature (℃)
S
r
	� Degree of saturation (%)

1  Introduction

In civil engineering, road construction remains a crit-
ical domain where the mechanical and environmental 
performance of unbound granular materials (UGMs) 
plays a pivotal role in determining the longevity and 
functionality of granular pavement structures. UGMs, 
composed of crushed rock or gravel with an appro-
priate fraction of fines, are typically used in granu-
lar pavement construction. The moisture condition 
of these materials significantly affects their strength, 
stiffness, and compaction behaviour, thereby influenc-
ing overall pavement performance (Dutta et al. 2024; 
Dushmantha and Gallage 2025). Pore water within 
the voids of compacted UGMs governs matric suction 
and inter-particle bonding, which contribute to the 
overall stiffness and compaction effectiveness of the 
compacted layer (Sun et al. 2021). At optimum mois-
ture content (OMC), a reduction in suction and effec-
tive stress facilitates particle rearrangement, resulting 
in increased densification and a higher dry density 
during compaction (Hilf 1956; Kodikara 2012). Con-
versely, moisture content beyond OMC reduces 
compaction efficiency due to increased air pressure 
caused by trapped air within the voids of compacted 
UGMs (Kodikara 2012). Therefore, UGMs are gen-
erally compacted at or near their OMC to achieve 
maximum dry density (MDD) for a given compaction 
effort (Tophel et  al. 2022). However, high moisture 
levels after compaction may generate excessive pore 
water pressure within the voids under repeated or 
heavy traffic loads and reduce the strength or stiffness 
of the compacted granular layers (Austroads 2008). 
Loss of stiffness can reduce the load-bearing capacity 
and increase the risk of rutting and premature failure 

(Salour 2015; Sun et al. 2021; Asha et al. 2025). To 
mitigate these risks, the dry-back process, a crucial 
stage in road construction, involves reducing the 
moisture content of compacted, wet, unbound granu-
lar pavement layers to achieve the desired degree of 
saturation ( Sr ) before the sealing application. In cur-
rent practice, the dry-back process relies on solar 
radiation, which is time-consuming and often leads to 
construction delays due to its dependence on climatic 
conditions (Athmarajah et al. 2023; Midgley 2008).

To address these limitations, microwave energy 
has been proposed as a promising drying alternative 
for accelerating the drying of wet compacted UGMs 
(Athmarajah 2025; Athmarajah et  al., 2025). Micro-
wave drying has been widely adopted in various 
industries, including food processing, pharmaceuti-
cals, wood, agriculture, and mining, owing to its rapid 
and volumetric heating characteristics (Sethy et  al. 
2015; Yao et  al. 2020; Gulisano and Gallego 2021; 
Khan et  al. 2019). However, the effective imple-
mentation of microwave drying in road construction 
requires a fundamental understanding of the complex 
permittivity or dielectric behaviour of UGMs, which 
dictates their interaction with electromagnetic energy.

Dielectric properties refer to the ability of a mate-
rial to store and dissipate electrical energy when sub-
jected to an electromagnetic field. These properties 
are characterised by two main components: the real 
component (dielectric constant, �′

r
 ), which indicates 

the material’s capacity to store energy, and the imagi-
nary component (dielectric loss, �′′

r
 ), which reflects 

the material’s ability to dissipate energy as heat (Tri-
gos et al. 2021; Metaxas and Meredith 1983). These 
properties are influenced by factors such as moisture 
content, temperature, applied frequency, density, 
composition and particle size distribution (Kabir 
et al. 2020; Nelson 1991; Abdulraheem et al. 2024). 
Characterising these dependencies is critical for opti-
mising the microwave drying process and predicting 
its performance under varying field conditions.

While several permittivity models have been 
developed for various soils, only a limited number of 
models explicitly target pavement materials such as 
UGMs (Kishore 2023). Many of these models were 
developed for the time-domain reflectometry (TDR) 
and ground penetrating radar (GPR) applications to 
estimate the volumetric moisture content (VMC) of 
soils and UGMs (Kishore 2023; Muller 2016; Topp 
et al. 1980; Pepin et al. 1995; Malicki et al. 1996; Du 
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et al. 2025). However, they often neglect the dielec-
tric loss ( �′′

r
 ), due to its relatively small magnitude 

compared with the dielectric constant ( �′
r
 ). Further-

more, the impact of temperature on dielectric prop-
erties has not been thoroughly explored, especially at 
temperatures exceeding 60  °C, which are typical in 
microwave drying processes. Table 1 summarises the 
mathematical formulations of various existing permit-
tivity models developed for different soils and UGMs. 
Although a few models, such as those by Baran 
(1994), Ekblad and Isacsson (2007), Muller (2016), 
Kishore (2023) and Kishore et al. (2022), have been 
applied to pavement materials, they share the same 
limitations, reducing their suitability for simulating 
energy absorption and heat generation in compacted 
UGMs under microwave exposure. Furthermore, as 

shown in Table 1, the existing empirical models differ 
primarily in their fitting parameters based on soil type 
and correlate only the dielectric constant with VMC, 
without considering temperature effects. These obser-
vations highlight the need for a model that accounts 
for both �′

r
 and �′′

r
 as functions of moisture and tem-

perature, forming the basis for the predictive model 
developed in this study.

Several techniques are available to measure the 
dielectric properties of soils and granular materi-
als, with each method suited to specific material 
types, frequency ranges, and application objectives. 
In laboratory environments, the open-ended coaxial 
probe method is one of the most commonly used 
techniques for characterising the complex permittiv-
ity of soils (Kabir et  al. 2020; Palta et  al. 2022). It 
enables measurement of both �′

r
 and �′′

r
 over a broad 

frequency range, but it requires close contact with the 
material surface and is best suited for homogeneous 
or powder samples (Skierucha et al. 2004; Vergnano 
et  al. 2020). The resonant cavity method provides 
high measurement accuracy, particularly for low-
loss materials within specific frequency range (typi-
cally 50–100  MHz), but its applicability is limited 
to small and uniform samples (Bircher et  al. 2016). 
For larger or more heterogeneous samples, the free-
space transmission method offers a non-contact alter-
native capable of operating over a wide frequency 
range (typically 3—100  GHz). This method allows 
for the measurement of flat, compacted specimens 
without requiring physical contact, which is particu-
larly advantageous when testing materials at elevated 
temperatures or with rough or rigid surfaces (Muller 
and Scheuermann 2016; Wee et  al. 2009; Ali et  al. 
2024). It also reduces the potential for measurement 

Fig. 1   Particle size distribution of selected unbound granular 
material (UGM) in this study

Table 2   Geotechnical 
properties of selected UGM 
in this study

Property Value Standard

MDD modified [kg/m3] 2345 AS-1289.5.2.1 (2017)
OMC modified [(w/w), %] 5.7 AS-1289.5.2.1 (2017)
Optimum degree of saturation [ Sropt, %] 85 AS-1289.5.2.1 (2017)
Specific gravity [ Gs , g/g] 2.78 AS-1289.3.5.1 (2006)
Liquid limit [LL, %] 22 AS-1289.3.1.1 (2009)
Plastic limit [PL, %] 17.5 AS-1289.3.1.1 (2009)
Plastic index [PI, %] 4.5 AS-1289.3.1.1 (2009)
Gravel [%] 55.7 AS-1289.3.6.1 (2009)
Sand [%] 34 AS-1289.3.6.1 (2009)
Fine content [< 0.075 mm, %] 10.4 AS-1289.3.6.1 (2009)
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disturbance, making it more appropriate for granular 
pavement materials compacted at field-representative 
densities.

To address the identified research gaps, this 
study aims to experimentally characterise the com-
plex permittivity of compacted UGM as a function 
of volumetric moisture content and temperature 
using a modified free-space transmission method. 
Dielectric properties were measured over a broad 
frequency range (300  kHz–4.5  GHz) to capture 
the full response of the material. The results were 
used to develop empirical models for �′

r
 and �′′

r
 at 

2.45  GHz, a frequency commonly used in indus-
trial microwave applications. This model is essen-
tial, as it provides the dielectric input parameters 
for coupled electromagnetic, heat, and moisture 
simulations of microwave dry-back in UGM. Such 
simulations are needed to assess drying perfor-
mance, estimate energy requirements, and opti-
mise operational parameters such as power level, 
exposure time, and antenna configuration. Beyond 
simulation, the model also offers practical insights 
into how moisture and temperature affect dielectric 
behaviour, which is critical for designing field-scale 
microwave drying systems.

2 � Methodology

2.1 � Material Properties and Sample Preparation

Class 2 type UGM, the most common type of pave-
ment material in Australia, and so typically used in 
constructing base and sub-base layers of roads, was 

selected for this study. The UGM, with a nomi-
nal maximum particle size of 20  mm, was supplied 
from the Boral Wollert Quarry located in Victoria, 
Australia. Figure  1 shows the particle size distribu-
tion of the selected UGM determined using a com-
bination of wet and dry sieving in accordance with 
AS-1289.3.6.1 (2009). Following VicRoads guide-
lines (VicRoads 2017), the upper and lower limits 
for Class 1 and 2 UGMs are shown as dashed lines 
in Fig. 1. Key geotechnical properties of the selected 
UGM are outlined in Table 2.

2.2 � Design and Selection of Sample Box for 
Dielectroscopy Measurements

To ensure the accuracy of permittivity measure-
ments, careful consideration was given to the 
selection of an appropriate sample box size. The 
geometry of the sample box plays a critical role 
in influencing the propagation and reflection of 
electromagnetic waves during the measurements. 
Finite-difference time-domain (FDTD) simula-
tions were performed using the GPRMax 2D soft-
ware to evaluate the impact of box dimensions. 
Two empty wooden box configurations with inter-
nal dimensions of 250 mm × 250 mm × 100 mm and 
300 mm × 300 mm × 100 mm were modelled under 
identical conditions as shown in Fig. 2. The geom-
etry of the sample box was chosen based on find-
ings from previous dielectric measurement studies 
reported in the literature, as well as practical con-
siderations for easy manual handling of the com-
pacted specimens (Muller and Scheuermann 2016; 
Kishore 2023).

Fig. 2   Schematic repre-
sentation of the simulated 
measurement setup show-
ing the plywood sample 
box, transmitter (Tx) and 
receiver (Rx) configuration
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The 2D simulation domain consisted of the ply-
wood sample box and surrounding air, with material 
properties assigned as �′

r
 = 1 for air and �′

r
 = 2.5 for 

the plywood walls. A 2.45 GHz Ricker wavelet was 
used as the excitation source, and the transmitter and 
receiver were positioned to match the experimental 
setup. All boundaries employed GPRMax’s recur-
sive integration complex-frequency-shifted perfectly 
matched layer (RIPML), which provides an efficient 
media-agnostic absorbing boundary condition and 
prevents artificial reflections from the model edges.

Figure  3 shows the temporal variation of the 
field strength recorded at the receiver. The results 
demonstrated that a sample box with dimen-
sions of 250  mm × 250  mm × 100  mm was unsuit-
able for dielectric measurements, as reflections 
from the sidewalls and a double reflection from the 
base arrived nearly simultaneously, overlapping 
with the direct wave and compromising the clar-
ity of the reference signal. On the other hand, the 
300  mm × 300  mm × 100  mm box provided slightly 
improved temporal separation between the direct 
wave and subsequent reflections from sidewalls and 

the bottom surface, reducing unwanted reflections. 
Additionally, modelling the reference condition using 
only a 300  mm × 300  mm plywood sheet (no side 
edges) showed a substantial reduction in spurious 
reflections compared to an empty box.

These findings indicated that increasing the 
box size from 250  mm × 250  mm × 100  mm to 
300 mm × 300 mm × 100 mm improved the temporal 
separation between the direct and reflected signals, 

Fig. 3   Simulation results illustrating the influence of box dimensions on electromagnetic wave behaviour: a Field distribution snap-
shots for three different configurations, and b Corresponding field strength recorded at the receiver as a function of time

Table 3   Summary of initial volumetric moisture contents and 
achieved dry densities of compacted UGM samples used in 
complex permittivity measurements

Sample no Initial volumetric 
moisture content 
[%]

Dry den-
sity [kg/
m3]

% Deviation from 
maximum dry 
density

1 13.7 2340.0 0.21
2 13.6 2339.6 0.23
3 11.9 2321.1 1.02
4 9.3 2275.2 2.98
5 4.0 2321.1 1.02
6 0.3 2275.2 2.98
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thereby enhancing the clarity of the reference wave-
form (Fig.  3). Although larger box dimensions 
could potentially further reduce boundary reflec-
tions, their increased sample weight (around 30  kg) 
would make manual handling difficult. The chosen 
300 mm × 300 mm × 100 mm configuration, therefore, 
represents an appropriate balance between minimis-
ing side-wall reflections and maintaining a manage-
able sample size. In addition, this box volume allows 
the material to be compacted to dry densities between 
2100 and 2300  kg/m3, producing a sample mass of 

approximately 20–23 kg, which is practical for man-
ual handling during repeated measurements. Hence, 
the 300 mm × 300 mm × 100 mm box was adopted for 
all dielectric property measurements.

2.3 � Sample Preparation

The UGM selected for this study was oven-dried at 
105°C for 24  h. Subsequently, the dried UGM was 
mixed with water (OMC) and then compacted inside 
the wooden mould in two layers using a modified 
Proctor hammer (4.9 kg), with 650 drops applied to 
each layer. The study by Kishore (2023) demonstrated 

Fig. 4   Representative infrared (IR) thermal images of the compacted UGM sample at each target temperature (room temperature, 
30 °C, 40 °C, 60 °C, 80 °C and 90 °C)

Table 4   Summary of 
surface temperature 
statistics extracted from 
IR thermal images, 
including maximum 
(Tmax), minimum (Tmin) 
and the resulting surface 
temperature variation (ΔT), 
at each target temperature

Target tempera-
ture [℃]

Maximum surface tempera-
ture observed [ T

max
 , ℃]

Minimum surface tempera-
ture observed [ T

min
,℃]

Difference 
[ ΔT = T

max
− T

min

,℃]

20 18.9 17.6 1.3
30 29.5 27.1 2.4
40 39.3 7.3 2.0
60 58.6 54.2 4.4
80 76.6 71.6 5.0
90 86.2 80.1 5.4
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that density has a weak correlation with the com-
plex permittivity of UGMs (correlation coefficient of 
0.17), whereas volumetric moisture content exhibited 
a strong positive correlation with a correlation coeffi-
cient of 0.92. Therefore, the effect of density was not 
considered in this study. Instead, all measurements 
were conducted at a constant dry density, the maxi-
mum dry density (MDD), to reflect field-compacted 
conditions used in pavement construction.

Six UGM samples were first compacted at OMC 
to achieve MDD and were subsequently air-dried 
for several days to obtain different initial moisture 
contents for testing. This approach was intended to 
increase the compaction effectiveness at OMC and 
maintain similar density throughout the experimen-
tal period. A summary of initial conditions, includ-
ing volumetric moisture content and dry density for 
each sample, is provided in Table  3. Each sample, 
representing a specific initial moisture level, was then 
tested at multiple temperature levels (room tempera-
ture, 30°C, 40°C, 60°C, 80°C, 90°C). After each per-
mittivity measurement, samples were tightly wrapped 
and sealed with aluminium foil to minimise moisture 

loss. The samples were then kept in an oven for at 
least two days to increase their temperature incre-
mentally to the specified temperature. The upper limit 
of 90  °C was selected to avoid the phase change of 
pore water at atmospheric pressure, which may cause 
rapid moisture loss, making it difficult to maintain 
steady-state conditions for accurate dielectric prop-
erty determination.

Before each dielectric measurement, the gravi-
metric moisture content of the sample was deter-
mined by weight to account for any potential mois-
ture loss during heating. Despite the precautions 
taken to minimise moisture losses during each 
measurement, difficulties in maintaining the initial 
moisture content caused slight variations (approxi-
mately 4 to 5% of the initial moisture content) from 
initial moisture contents when subjected to vary-
ing temperatures. Thermal images were captured 
using an infrared (IR) thermal imaging camera 
to ensure that the sample reached the target tem-
perature. Measurements were taken soon after the 
samples were taken out of the oven to minimise 
their exposure to the environment and prevent any 

Fig. 5   Illustration of the experimental setup for the Modified free-space transmission method a Reference measurement with empty 
plywood box, b UGM sample characterisation, and c Photo of the experimental arrangement
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significant temperature reduction. Representative IR 
images for each temperature level are presented in 
Fig.  4. The maximum ( Tmax ) and minimum ( Tmin ) 
surface temperatures extracted from these images 
were used to quantify the variation in surface 
temperature ( ΔT = Tmax − Tmin ), as summarised 
in Table  4. These variations were small at lower 
temperatures ( ΔT  ≈ 1—2.4  °C at 20—40  °C) and 
increased at elevated temperatures ( ΔT  ≈ 4—5 °C 
at 60—90  °C). The larger ΔT  values at elevated 
temperatures indicate increased thermal variability 
at higher heating levels. Although the IR measure-
ments captured only the surface temperature distri-
bution, the observed variation in Fig.  4 provides a 
reasonable indication of the thermal uniformity.

2.4 � Measurement Technique of Complex 
Permittivity of UGM

A modified free-space transmission measurement 
technique (Fig.  5) was used to determine the die-
lectric properties of UGM over a range of frequen-
cies from 300 kHz to 4.5 GHz. The modified free-
space transmission measurement technique enables 
a non-destructive estimation of complex permit-
tivity by measuring the relative changes in phase 
and amplitude of electromagnetic signals passing 
through a dielectric material with a known thick-
ness placed in between two antennas (Muller and 
Scheuermann 2016). Generally, these measurements 
are determined from obtained scattering parameters 
(S-parameters) using a vector network analyser 
(VNA) before and after the insertion of the sample. 
S-parameters are denoted as Smn , where, m and n are 
the receiving and transmitting ports of the VNA, 
respectively. The S-parameters such as input reflec-
tion coefficient ( S11 ), forward transmission coef-
ficient ( S21 ), reverse transmission coefficient ( S12 ) 
and output reflection coefficient ( S22 ) were obtained 
using a two-port VNA in this study. The real ( �′

r
 ) 

and imaginary ( �′′
r
 ) components of the complex 

permittivity for low-loss materials can be obtained 
using

(1)�
�

r
≈

(

1 +
ΔΦ�0

360d

)2

where ΔΦ is the measured phase shift in degrees, 
�0 is the free space wavelength (m), d is the mate-
rial thickness (m), and ΔA is the attenuation due to 
the insertion of the sample (dB). Equations  (1) and 
(2) require both phase (degrees) and amplitude (dB) 
components of S21 , therefore the S-parameter S21 was 
obtained to estimate the complex permittivity of the 
UGM in this study.

Before starting the measurements, the VNA 
was calibrated using the Short, Open, Load, Thru 
(SOLT) technique (Keysight Technologies 2021). 
After calibration, measurements were taken using 
materials with known permittivity values (i.e., 
water at room temperature and Teflon) to ensure 
the accuracy of complex permittivity measurements 
of UGM using a modified free-space transmis-
sion measurement technique. The results showed 
that both the dielectric constant and dielectric loss 
of permittivity remained consistent with theoreti-
cal values within the frequency range of 1 GHz to 
2.75 GHz, confirming this range as the stable oper-
ating window. Detailed calibration results are pro-
vided in Appendix A.

After comparing the measured permittivity val-
ues with the known permittivity values of water 

(2)�
��

r
≈

ΔA�0

√

�
�

8.686�d

Fig. 6   Unwrapped phase signals and phase differences meas-
ured for relatively wet and dry UGM samples at 30 °C. Refer-
ence indicates measurements taken with an empty wooden box 
(i.e., without a UGM sample)
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and Teflon, a systematic approach was employed to 
measure the complex permittivity of the UGM. Ini-
tially, a reference signal S21 was ascertained within 
a wooden box without any samples, as exhibited in 
Fig.  5a. Subsequently, S21 parameters were retrieved 
for the compacted UGM sample within the wooden 
box (Fig.  5b). The acquired parameters were ana-
lysed, where the phase values were unwrapped to 
ascertain the true signal delay through the samples. 
Phase unwrapping is a signal processing technique 
used to reconstruct the true phase shift of a wave by 
correcting discontinuities caused by wrapping. Since 
phase values are typically measured within a range of 
–π to + π (or –180° to + 180°), abrupt jumps can occur 
when the phase exceeds these limits. The unwrapping 
process removes these artificial jumps by adding or 

subtracting integer multiples of 2π, thereby produc-
ing a continuous phase profile (Kaplan and Ulrych 
2007; Gdeisat and Lilley 2011). This step is crucial 
for accurately estimating the time delay of electro-
magnetic waves as they pass through the material. 
Figure  6 depicts the material response in terms of 
unwrapped phase and phase change for representative 
moisture conditions namely relatively dry and rela-
tively wet states. The selected moisture contents in 
Fig. 6 represent the upper (13.3%) and lower (3.7%) 
bounds of the test range at 30 °C, allowing for a clear 
comparison of dielectric response between contrast 
moisture conditions. Furthermore, the positions of the 
transmitting and receiving antennas were kept fixed 
throughout the experiment to eliminate any phase 
shift ambiguity.

Following the measurement of complex permit-
tivity, the data were analysed to establish empirical 
relationships between VMC, temperature, and dielec-
tric parameters. Exponential regression models were 
subsequently developed to predict the �′

r
 and �′′

r
 at 

2.45 GHz. The frequency of 2.45 GHz was selected 
for analysing the complex permittivity of UGM, as 
this frequency is commonly used in both industrial 
and laboratory microwave drying processes and lies 
within the stable calibration window (Khan et  al. 
2019; Kumar et al. 2017; Shen et al. 2020). The aver-
aged permittivity values corresponding to each VMC-
temperature combination were used for model fitting 
(Sect.  3.2), and the predictive accuracy of the regres-
sion was evaluated using the coefficient of determi-
nation (R2) and mean absolute error (MAE). A sub-
sequent sensitivity analysis was also performed to 
quantify the relative influence of VMC and tempera-
ture on the �′

r
 and �′′

r
 of the selected UGM (Sect.  3.5).

3 � Results and Discussion

3.1 � Complex Permittivity of UGM

Figure  7 presents the dielectric constant ( �′
r
 ) and 

dielectric loss ( �′′
r
 ) of UGM at 30°C with differ-

ent VMCs in the frequency range from 1 to 3 GHz. 
The �′

r
 values exhibit a clear decreasing trend with 

increasing frequency and decreasing VMC. This 
inverse relationship with frequency follows a non-
linear (exponential) pattern at each moisture content 
level, indicating the complex interaction between the 

Fig. 7   Complex permittivity of UGM at 30°C and different 
moisture contents: a dielectric constant and b dielectric loss 
(VMC–volumetric moisture content, Dashed lines represent 
the fitted curve, and points represent the measured data)
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electromagnetic waves and the material. The �′′
r
 varia-

tions depicted in Fig. 7b, also show a similar decreas-
ing trend with increasing frequency and decreasing 
VMC. However, �′′

r
 data exhibit noticeable variability 

relative to �′
r
 . This behaviour is consistent with pre-

vious dielectric studies on UGMs measured at room 
temperature (Kishore 2023; Müller et  al. 2012) and 
reflects the sensitivity of the �′′

r
 to measurement noise 

or the inherent heterogeneity of UGMs. Temperature 
fluctuations in the specimen and the surrounding air 
may have further contributed to the scatter observed 
in �′′

r
 readings (Fig. 7b).

Figure  7 also indicates that the dielectric prop-
erties of UGM ( �′

r
 ) exhibit a notable increase after 

reaching a 9% volumetric moisture content. This 
phenomenon can be explained using the Soil Water 
Retention Curve (SWRC) for the tested material 
(Fig.  8), which describes the relationship between 
the moisture content and matric suction of unsatu-
rated soils, providing insight into how water can 
be retained within the pore structure under vary-
ing suction conditions (Fredlund 2006; Fazel Moj-
tahedi et al. 2024). As shown in Fig. 8, the SWRC 
for unsaturated soils and UGMs is typically divided 
into three distinct zones: boundary effect zone, 
transition zone and residual zone (Fredlund 2006; 

Azoor et  al. 2019). In the boundary effect zone, 
water is held by capillary forces within structural 
pores, where the air phase is occluded, allowing rel-
atively free water movement. In contrast, the resid-
ual zone contains tightly bound water (below resid-
ual state VMC) held by physicochemical forces in 
textural pores, making it largely immobile (Saaren-
keto 1998). Between these two zones lies the tran-
sition zone, characterised by the largest changes 
in moisture content for a given change in suction. 
The inflection point within this zone represents the 
VMC or suction at which both water and air phases 
are continuous, marking the shift in dominant pore 
drainage mechanisms (Azoor et al. 2019).

The SWRC for the tested material, shown in Fig. 8, 
identifies the inflection point at approximately 8.9% 
VMC, which corresponds to the onset of free water 
availability. An increase in VMC from the residual 
state gradually increases the dielectric properties of 
UGM due to the limited contribution of bound water 
to polarisation. However, beyond the inflection point, 
the higher mobility of free water molecules within the 
interconnected structural pores leads to a sharper rise 
in dielectric properties (refer Fig. 7). This behaviour 
reflects the dominant influence of free water on the 
material’s electromagnetic response, as free water 

Fig. 8   Soil Water Reten-
tion curve (SWRC) for 
Class 2 UGM used in 
this study, illustrating the 
continuity and discontinuity 
of the water and air phases 
within different zones. 
These include: the bound‑
ary effect zone, where 
most pores remain filled 
with water, the transition 
zone, where large changes 
in VMC occur with small 
changes in suction and the 
inflection point (~ 8.9% 
VMC) marks the onset of 
continuity of air and water 
phases; and the residual 
zone, where water is tightly 
bound in textural pores
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is more polarisable and contributes substantially to 
changes in the dielectric properties of UGM. In the 
lower frequency range (below 100 MHz), ionic con-
duction is the dominant mechanism of electric field 
dispersion, while at microwave frequencies (above 
1  GHz), dipolar relaxations become more signifi-
cant (Athmarajah et  al. 2024). As a result, at these 
frequencies (1  GHz—3  GHz), microwave energy 
absorption by water is predominant, leading to higher 

dielectric properties at higher moisture contents due 
to the transition from bound to free water.

3.2 � Regression Model for UGM at 2.45 GHz 
Frequency

This section presents the development of a regression 
model to describe the complex dielectric permittivity 
of compacted Class 2 UGM as a function of volumet-
ric moisture content and temperature at 2.45  GHz, 
which represents the standard industrial microwave 
frequency used in heating and drying applications.

To ensure the reliability and accuracy of the 
regression model at 2.45 GHz, the following data pro-
cessing approach was adopted. For each combination 
of VMC and temperature, multiple permittivity meas-
urements were obtained under the same conditions 
using the modified free-space transmission method. 
As presented in Fig.  7 from the previous section, a 
representative set of frequency-dependent measure-
ments was used to illustrate the general trend. For the 
regression model, the permittivity values at 2.45 GHz 
were extracted from these repeated measurements. 
For the 31 distinct VMC-temperature combinations 
tested in this study, the number of replicate measure-
ments collected under each condition is summarised 
in Table 5.

Due to the observed variability, particularly in 
the dielectric loss ( �′′

r
 ), a screening process was 

conducted to remove extreme outlier values. These 
outlier points were identified based on their signifi-
cant deviation from surrounding values and refer-
ence values reported in the literature for UGMs. For 
each VMC-temperature condition, the mean ( x ) and 
standard deviation ( � ) of �′

r
 and �′′

r
 were computed 

from the replicate measurements. A replicate was 
classified as an outlier when either its real or imagi-
nary component deviated from the mean by more 
than two standard deviations, as

where xi is the individual replicate value. Replicates 
exceeding this threshold were removed, and the 
remaining values were then averaged to obtain rep-
resentative dielectric constant and dielectric loss val-
ues, along with their corresponding standard devia-
tions (± 1 � ) to reflect experimental variability.

(3)Deviation = xi − x > 2𝜎

Table 5   Summary of the number of replicate measurements 
collected under each volumetric moisture content-temperature 
combination

Volumetric moisture content 
[VMC, %]

Temperature [℃] Number 
of repli-
cates

13.6 20 3
13.5 30 3
5.7 40 3
4.6 60 3
1.5 80 3
0.3 90 4
13.7 20 3
13.3 30 3
12.8 40 3
11.9 60 4
10.1 80 5
7.1 90 4
11.6 30 6
11.3 40 6
10.0 60 7
8.5 80 7
6.7 90 7
4 20 6
3.7 30 6
3.1 40 7
2.3 60 7
9.3 20 6
9 30 7
8.6 40 7
7.9 60 7
5.7 80 8
4 90 7
0.3 20 7
0.1 40 7
0.1 60 7
0.1 80 7
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Table 6   Estimated coefficients and ± 95% confidence intervals for exponential regression model at different temperatures (MAE- 
Mean Absolute Error)

20°C 30°C 40°C 60°C 80°C 90°C

Dielectric constant ( �′
r
) A′ 2.90 ± 0.77 3.02 ± 1.28 2.70 ± 0.94 2.05 ± 1.07 2.03 ± 1.90 1.50 ± 0.69

B′ 2.89 ± 0.62 3.15 ± 0.97 3.34 ± 0.46 3.35 ± 0.74 3.37 ± 1.11 1.27 ± 0.40
C′(%) 12.32 ± 1.18 12.88 ± 2.76 10.71 ± 1.36 11.05 ± 2.87 11.46 ± 2.66 8.59 ± 1.67
R
2 0.99 0.89 0.97 0.96 0.99 0.87

MAE 0.21 0.67 0.68 0.61 0.37 0.52
Dielectric loss ( �′′

r
) A′′ 1.26 ± 0.09 1.06 ± 0.77 0.98 ± 0.18 0.77 ± 1.30 0.80 ± 0.30 0.59 ± 4.83

B′′ 0.04 ± 0.05 0.06 ± 0.15 0.10 ± 0.13 0.10 ± 0.33 0.12 ± 0.27 0.11 ± 4.78
C′′(%) 4.76 ± 1.82 5.42 ± 0.48 6.31 ± 2.69 6.96 ± 2.17 7.28 ± 3.27 2.09 ± 1.31
R
2 0.98 0.90 0.98 0.90 0.99 0.31

MAE 0.04 0.09 0.05 0.07 0.04 0.01

Fig. 9   Complex permittivity of Class 2 UGM at 2.45  GHz 
frequency, different volumetric moisture contents and tempera-
tures a dielectric constant and b dielectric loss (RT- room tem-
perature ~ 20°C). Error bars represent ± 1 standard deviation

Table 7   Temperature-dependent models and fitted parameters 
with their 95% confidence intervals for regression coefficients 
A
′ , B′ , C′ , A′′ , B′′ , and C′′ [T- temperature (°C)]

Coefficient Model Parameter Fitted model R2

A′ a�
1
× T + a�

0
a′
0

3.42 ± 0.5 0.92
a′
1

-0.02 ± 0.01
B′

b�
0
− b�

1
e

(

T

b�
2

)

b′
0

3.00 ± 0.91 0.73

b′
1

0.0004 ± 0.01
b′
2

11.08 ± 2.07
C′(%) c�

1
× T + c�

0
c′
0

13.34 ± 2.84 0.58
c′
1

-0.04 ± 0.05
A′′ a��

1
× T + a��

0
a′′

0
1.34 ± 0.22 0.90

a′′
1

-0.01 ± 0.003
B′′

b��
0
− b��

1
e

(

−
T

b��
2

)

b′′
0

0.12 ± 0.08 0.93

b′′
1

0.21 ± 0.10
b′′

2
20.47 ± 3.69

C′′(%) c��
1
× T + c��

0
c′′

0
4.46 ± 1.47 0.88

c′′
1

0.04 ± 0.09

Table 8   Summary of the dataset division and validation set-
tings used for model validation

Total number of data points 31
Training dataset size 80% of the full dataset (n = 25)
Testing dataset size 20% of the full dataset (n = 6)
Validation method k-fold cross-validation
Number of folds 5
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To model the variation of dielectric constant and 
dielectric loss with respect to VMC at different tem-
peratures, exponential regression models were fitted 
to the measured values. The general form of the fit-
ted model for the complex permittivity of UGM was 
assumed as

where A′ , B′ , and C′ are coefficients for dielectric 
constant, A′′ , B′′ , and C′′ are coefficients for dielectric 
loss that are functions of temperature, as shown in 
Table 6, and VMC is the volumetric moisture content 
(%). The coefficients in Table 6 show that the expo-
nential model achieved consistently high R² values 
(> 0.8) for both �′

r
 and �′′

r
 across the tested tempera-

ture range, confirming a strong correlation between 
measured and fitted values. The lower R² value at 
90  °C indicates greater variability in the dielectric 
loss data at elevated temperatures. This behaviour 
might be attributed to the reduced stability of meas-
urements under higher temperatures. The wider 

(4)�
�

r
= A�

+ B�e

(

VMC

C�

)

(5)�
��

r
= A��

− B��e

(

VMC

C��

)

confidence intervals at 80 °C and 90 °C, particularly 
for the dielectric loss coefficients, further indicate 
increased variability and reduced parameter stability 
at elevated temperatures.

The variations of complex permittivity of a Class 
2 UGM at 2.45 GHz frequency, with different volu-
metric moisture contents and temperatures, are 
shown in Fig. 9. The data points represent measured 
values, while the dashed lines represent the model 
predictions. The fitted models demonstrate a good 
agreement with experimental values across differ-
ent temperatures and moisture levels. Building upon 
the regression models for dielectric constant and 
dielectric loss at various temperatures, the analy-
sis was extended to develop a comprehensive model 
that incorporates both volumetric moisture content 
and temperature. The coeficients A′ , B′ , C′ , A′′ , B′′ , 
and C′′ were modeled as functions of temperature, as 
summarised in Table 7 and combined with the fitted 
exponential regression model for dielectric constant 
(Eq.  (4)) and dielectric loss (Eq.  (5)) of a Class 2 
UGM. The fitted temperature-dependent models in 
Table 7 show generally stable parameter trends with 
temperature (R2 > 0.7).

Fig. 10   Comparison of the developed regression model’s 
dielectric properties prediction with measured dielectric prop-
erties for a dielectric constant ( �′

r
 ) and b dielectric loss ( �′′

r
 ). 

The black dashed indicates the 1:1 line, and the grey solid lines 
represent the 95% prediction interval
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The coefficients incorporating both volumetric 
moisture content and temperature effects (Eqs. (4) 
and (5), and Table 7) were then used to generate the 
combined regression model. The predicted values of 
dielectric constant and dielectric loss were compared 
against the measured data to evaluate the model’s 
predictive capability. To validate the models, the full 
dataset was randomly divided into training (80%) and 
testing (20%) subsets. A summary of the dataset divi-
sion and validation settings is provided in Table  8. 
The model performance was assessed by compar-
ing predicted values against the measured data, and 
quantified using the coefficient of determination (R2) 
and mean absolute error (MAE). The results shown 
in Fig.  10 demonstrate a good agreement (R2 > 0.8) 
between predicted and measured values, confirming 
the robustness and predictive accuracy of the com-
bined regression models.

The variations in dielectric constant or real com-
ponent ( �′

r
 ) of the complex permittivity increase 

with increasing moisture contents for all tempera-
tures (Fig.  9a). This indicates that the presence of 
more free water molecules substantially contributes 
to the increased dielectric constants at higher volu-
metric moisture contents (Taheri et  al. 2018). The 
dielectric constants of Class 2 UGM at 2.45  GHz 
frequency also exhibited a notable dependence 
on temperature. It can be observed in Fig.  9a that 
beyond 8% of volumetric moisture content, the 
dielectric constant decreases with increasing tem-
perature from 40 to 90°C at the same moisture 

level. This decrease in dielectric constants with ris-
ing temperature at higher moisture content levels 
could be attributed to Debye relaxation behaviour. 
As the temperature rises, the relaxation time of 
polar molecules (water) decreases due to enhanced 
molecular mobility (Gezahegn et  al. 2021; Andry-
ieuski et  al. 2015). This shift moves the relaxation 
peak to higher frequencies, resulting in a reduced 
�
′

r
 at the fixed frequency of 2.45  GHz. However, 

at lower moisture contents, the dielectric constants 
within the temperature range from room tempera-
ture (~ 20 °C) to 80 °C did not show substantial dif-
ferences with varying temperatures. This stability is 
likely due to the dominance of bound water, whose 
restricted molecular movement leads to relatively 
consistent dielectric constants across different tem-
peratures. Additionally, the dielectric constant of 
UGM at 90°C was the lowest among the measured 
values across all moisture levels. This could be due 
to increased thermal energy at higher temperatures, 
leading to lower dielectric constants, or it may 
reflect measurement inaccuracies at these elevated 
temperatures. Given the increased thermal variabil-
ity observed at 90  °C (Sect.   2.3), these measure-
ments carry higher uncertainty and should be inter-
preted with caution.

To further interpret the observed trends, the appli-
cability of a dielectric mixing model for predicting 
dielectric constant variations with volumetric mois-
ture content and temperature was evaluated using 
the Birchak mixing model (Birchak et al. 1974). The 

Fig. 11   Comparison 
of measured dielectric 
constants ( �′

r
 ) of Class 2 

UGM with predictions from 
the Birchak mixing model 
across different volumet-
ric moisture contents and 
temperatures
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Birchak mixing model estimates the effective dielec-
tric constant of a mixture by considering the volume 
fractions and dielectric properties of its components 
(Birchak et al. 1974). It is expressed as.

where �eff  is the effective dielectric constant of 
the mixture, vi is the volume fraction of the ith com-
ponent, �i is the dielectric constant of the ith compo-
nent, and � is an empirical parameter typically set 
to 0.5 for many soils (Dobson et  al. 1985; Orangi 
2019). Figure 11 illustrates the comparison between 
the experimentally measured dielectric constants 
and the predictions from the Birchak mixing model, 
which incorporates temperature-dependent dielec-
tric constants for free water. The Birchak mixing 
model demonstrates a consistent decline in dielec-
tric constant with increasing temperature at a given 
VMC, reflecting the well-established reduction in 
the polarisability of water molecules at elevated 
temperatures. It also predicts negligible temperature 
sensitivity at low moisture contents (VMC < 4%), 
where the contribution of water to the effective 
permittivity is minimal. A comparable trend was 
observed in the experimental data, wherein the 
dielectric constant values remained relatively close 
across all temperatures at low VMC. However, 
notable deviations from the model were observed at 
higher moisture contents. Specifically, the measured 
permittivity values at 20 °C and 30 °C were lower 
than those recorded at 40  °C, 60  °C and 80  °C, 
contrary to the expected monotonic trend. In addi-
tion, the measurements at 90 °C were substantially 
lower than the corresponding model predictions, 
whereas values at intermediate temperatures gener-
ally exceeded those predicted by the Birchak mixing 

(6)�
�

eff
=

n
∑

i=1

vi�
�

i

model. These discrepancies are likely attributed to 
the simplified nature of the Birchak mixing model, 
which assumed a three-phase system consisting of 
air, free water, and solids, and did not account for 
the bound water. Given that the dielectric behaviour 
of bound water is influenced by its local molecular 
environment (i.e., adsorption forces, temperature 
variations, and surface interactions) and is not eas-
ily quantified, its omission may contribute to the 
observed inconsistencies. In addition, the power 
value � in the Birchak mixing model is a material-
specific parameter, and its assumed value of 0.5 
may not accurately represent the dielectric behav-
iour of the compacted UGM used in this study 
(Orangi et al. 2020). This could be another contrib-
uting factor to the deviations observed between the 
measured and modelled dielectric constant values. 
Other influencing factors may include thermal gra-
dients, moisture redistribution, and increased meas-
urement uncertainty at elevated temperatures.

To further examine the deviations observed 
between the measured dielectric constants and the 
Birchak mixing model predictions with � = 0.5 
(Fig.  11), a quick fitting analysis was conducted for 
each temperature. Table  9 summarises the fitted � 
values for the Birchak mixing model and correspond-
ing R2 values for the tested UGM at different tem-
peratures. The resulting � values ranged from 0.63 
to 0.9 for temperatures up to 80  °C, with generally 
high R2 values (> 0.8), indicating a good agreement 
between the model and measurements. At 90  °C, 
substantial scatter and deviation from the model pre-
vented reliable fitting, likely due to increased meas-
urement uncertainty at elevated temperatures. The 
systematic departure of � from 0.5 can be interpreted 
as an empirical adjustment compensating for micro-
structural features of compacted UGM that are not 
explicitly represented in the simplified three-phase 
model. In compacted UGM, the dense granular skel-
eton and fines content create a heterogeneous struc-
ture in which a portion of the water is expected to 
exist as thin, surface-bound films at low VMC and 
gradually transition to free water as VMC increases. 
Because the permittivity and volumetric fraction of 
bound water cannot be readily quantified, both bound 
and free water were treated as a single phase in this 
study. Under this simplification, the fitted � implic-
itly accounts for the reduced dielectric contribu-
tion of bound water in the mixture. The temperature 

Table 9   Fitted values of the Birchak mixing model parameter 
� for the tested UGM at different temperatures

Temperature (°C) Fitted α value R2

20 0.63 0.97
30 0.72 0.79
40 0.90 0.88
60 0.83 0.90
80 0.89 0.95
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dependence of the fitted � values further suggests 
that � is temperature-dependent for the tested UGM. 
Increasing temperature weakens hydration forces, 
thins bound-water layers, increases molecular 
mobility, and reduces the dielectric constant of free 
water, collectively influencing the effective mixture 
response. The results also highlight the limitations 
of representing the UGM–air–water system using a 
simple three-phase formulation. A four-phase con-
ceptual approach that distinguishes bound water from 
free water, in addition to the solid and air phases, may 
provide a more physically realistic representation 
of the dielectric behaviour of the compacted UGM. 
Future work may therefore consider developing or 
applying mixing models that explicitly incorporate 
bound-water behaviour and temperature dependence 
to improve physical realism and predictive accuracy.

The dielectric loss or imaginary component ( �′′
r
 ) 

decreases with increasing volumetric moisture con-
tents across all temperatures, as shown in Fig.  9b. 
Water molecules are bound to the material’s surface 
at lower moisture contents and exhibit significant 
relaxation losses, contributing to higher dielectric 
loss. As moisture content increases, the proportion of 
free water molecules increases. Free water has a lower 
dielectric loss compared to bound water because the 
free water molecules can reorient more freely under 
an alternating electric field without as much energy 
loss (Abdulraheem et al. 2024; Chauhan et al. 2024). 
Similar to dielectric constant variation, the dielectric 
loss of UGM decreases with increasing temperature. 
This observation is consistent across all temperatures 
from room temperature (~ 20 °C) to 90 °C. At higher 
temperatures, reduced dipolar rotation of water mol-
ecules due to thermal agitation decreases friction 
between dipolar molecules and reduces dielectric loss 
(Vijay et al. 2015).

In contrast to the observed variation in dielectric 
constants at lower moisture levels, dielectric losses 
show a noticeable difference between the various 
temperatures, with the highest losses occurring at 
room temperature. It can also be seen from Fig.  9 
that both dielectric constant and dielectric loss show 
minimal variation with increasing moisture content 
up to 8% of VMC. This could be due to the limited 
mobility of bound water molecules at lower moisture 
contents, which results in relatively stable dielectric 
properties of UGM across all temperatures.

The increasing trend of dielectric constant with 
moisture content is well-documented and aligns with 
previous studies (Kishore 2023; Muller and Scheu-
ermann 2016; Cihlar and Ulaby 1974). However, 
the observed decrease in dielectric loss with increas-
ing moisture content is unusual and not commonly 
reported in the literature. Several mechanisms may 
have contributed to this atypical behaviour. Typically, 
dielectric loss is expected to increase with moisture 
content due to the greater presence of free water, 
which generally contributes to higher energy dissipa-
tion. As discussed previously, the observed decrease 
could be attributed to the transition from bound water 
to free water within the material’s structure. The grad-
ual drying process during sample preparation might 
have caused structural changes (e.g., moisture redis-
tribution and slight variations in porosity) in the com-
pacted UGM sample, which might have influenced 
the variation of dielectric loss with moisture content. 
Moreover, it is crucial to consider potential errors 
during measurement. Rapid changes in temperature 
during the measurements, especially at elevated tem-
peratures, might have influenced the observed trend. 
In addition, experimental artefacts such as potential 
internal reflections or from surroundings, small air 
gaps or inconsistencies in the experimental setup, 
may have contributed to the unexpected decrease in 
dielectric loss of UGM at 2.45 GHz frequency (Mul-
ler and Dérobert 2013).

In summary, the regression model for Class 2 
UGM at 2.45  GHz, incorporating temperature-
dependent coefficients, provided a comprehensive and 

Fig. 12   Loss tangent of Class 2 UGM at 2.45 GHz frequency 
with varying volumetric moisture contents and temperatures
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good prediction of dielectric properties across a range 
of volumetric moisture contents and temperatures. 
This approach simplified the analysis and enhanced 
the model’s applicability for practical implementa-
tions, such as numerical simulations and optimisation 
of microwave drying processes.

3.3 � Loss Tangent of UGM at 2.45 GHz Frequency

The loss tangent ( tan � ) is defined as the ratio of the 
dielectric loss and dielectric constant according to

where � is the phase angle. The loss tangent indicates 
the capability of the material to convert the micro-
wave energy into heat (Pongsuwan et al. 2014). This 

(7)tan � =

�
��

r

�
�

r

parameter is particularly important for evaluating 
the heating efficiency of materials exposed to micro-
wave energy, making it a critical factor in optimising 
microwave drying performance for civil engineering 
applications (Barba and D’Amore 2012).

Figure 12 illustrates the variation of the loss tan-
gent of the selected UGM at 2.45 GHz across dif-
ferent moisture contents and temperatures. The data 
points represent the calculated loss tangent values, 
while the dashed lines indicate the best-fit lines 
developed for the measured data at each tempera-
ture to illustrate the overall trend. The loss tangents 
decreased with increasing moisture content and tem-
perature. Further, the calculated loss tangents show a 
negative linear relationship with moisture content at 
each temperature. This observation may be due to the 
transition of bound water to free water, leading to a 
negative correlation between loss tangent and mois-
ture content. Alternatively, it could be attributed to 
potential measurement errors during the experiments. 
Moreover, it can be observed that the loss tangent val-
ues decrease with increasing temperature at a given 
moisture level (except at 90⁰C). Overall, the loss tan-
gent decreased with both VMC and temperature, indi-
cating reduced energy dissipation at higher tempera-
tures. This may also imply slower volumetric heating 
compared to lower temperatures, though further 
heating-rate experiments are required to verify this 
behaviour. Future studies should investigate whether 
these changes influence the uniformity and efficiency 
of microwave heating in UGM.

Fig. 13   Comparison of 
the developed dielectric 
constant model ( �′

r
 ) with 

existing permittivity models 
for different soils and 
UGMs at room temperature 
(UGM – unbound granular 
materials)

Table 10   Error statistics for different permittivity models 
[MAE – mean absolute error, RMSE – root mean square error]

Model MAE [%] RMSE [%]

Topp et al. (1980) – Mineral soils 12.2 12.6
Topp et al. (1980) – Organic soils 19.1 19.2
Baran (1994) – UGM 2.1 2.4
Muller (2016) – UGM 3.5 3.9
Kishore et al. (2022) – UGM (Empiri-

cal)
1.5 2.8

Kishore (2023) – UGM 4.2 4.6
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3.4 � Comparison of the Developed Dielectric 
Constant Model with Existing Permittivity 
Models

As discussed, existing complex permittivity models 
for GPR and TDR have been primarily developed for 
moisture measurements at room temperature. These 
models often neglect the dielectric loss due to its 
relatively small magnitude compared to the dielectric 
constant. Moreover, none of the current models con-
sider the combined effects of both moisture content 
and temperature variations. Therefore, the dielectric 
constant model developed at room temperature was 

compared in Fig. 13 with existing complex permittiv-
ity models developed for UGMs or pavement materi-
als, along with the widely used Topp model for differ-
ent soil types, which serves as a general benchmark 
for moisture content estimation in current practice. To 
support the comparison between the developed model 
and previous permittivity models, a quantitative error 
evaluation was performed. Table  10 summarises the 
MAE and RMSE for each model across the tested 
VMC range.

The developed model in this study and other 
existing permittivity models show a consistent trend 
of increasing dielectric constant with increasing 

Fig. 14   Parametric study showing the variation of complex 
permittivity with respect to different variables: a dielectric 
constant variation with volumetric moisture content, b dielec-

tric loss variation with volumetric moisture content, c dielec-
tric constant variation with temperature, and d dielectric loss 
variation with temperature
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moisture content. However, Fig.  13 indicates that 
the existing permittivity models are material-specific 
and overestimate the moisture content when applied 
to Class 2 UGM used in this study. For instance, 
Topp’s model for mineral and organic soils substan-
tially overestimates the VMC (MAE 12.2 -19.1%; 
RMSE 12.6—19.2%), mainly due to the fundamen-
tal difference between the uncompacted soils and 
compacted UGMs. Models developed for UGMs 
show lower errors but still exhibit systematic devia-
tions. The models by Baran (1994) and Muller (2016) 
yield MAE values of 2.1–3.5%, which may be attrib-
uted to differences in aggregate mineralogy, fines 
content, grading, compaction state, and measure-
ment approaches. The empirical model proposed by 
Kishore et al. (2022), also developed using modified 
free-space transmission technique, provides the clos-
est agreement (MAE = 1.5%), where some deviations 
were observed at low moisture content (VMC ≤ 5%).

Overall, the model developed in this study was 
calibrated specifically for Class 2 UGM compacted 
under controlled laboratory conditions. Variability 
in material composition (e.g., sand and clay content, 
particle shape, fines content) and possible meas-
urement uncertainties may explain the differences 
observed relative to existing models. While the exist-
ing empirical models and the current model in this 
study perform well for the materials and conditions 
for which they were developed, their direct applica-
tion to other soils or UGMs without calibration may 
reduce accuracy. Additionally, the developed model’s 
incorporation of varying moisture content and tem-
perature effects makes it a valuable tool for assessing 
the microwave drying behaviour of the UGM in the 
current research context.

3.5 � Parametric Study and Sensitivity Analysis

A parametric study was performed to explore how 
variations in specific parameters influence the 

behaviour of the developed permittivity model. The 
analysis involved altering one input variable at a time 
while keeping the others fixed at their average val-
ues (Kiani et al. 2016). The parametric study results 
depicted in Fig.  14 show that with an increase in 
VMC, there is a consistent rise in the dielectric con-
stant of the UGM. Conversely, the dielectric loss of 
the UGM decreased with increasing VMC, as shown 
in Fig. 14b. In addition, both dielectric constant and 
dielectric loss of the UGM decreased with an increase 
in temperature, following a non-linear trend. How-
ever, dielectric loss exhibited a pronounced drop 
with increasing temperature compared to the dielec-
tric constant. Notably, the dielectric constant indi-
cated a sharp drop beyond 80 °C (Fig. 14c), indicat-
ing possible changes in material behaviour at higher 
temperatures.

Sensitivity analysis also referred to as Variable 
Importance (VI), was then employed to quantify the 
effect of each input variable on the model’s output. 
This analysis helped to understand the influence of 
individual features on the predictive performance 
of the developed permittivity model. In this study, 
the sensitivity of each parameter ( i ) was evaluated 
by examining the change in model output ( Li ) when 
the input parameter was varied from its maximum 
( imax ) to its minimum ( imin ) value, while the other 
input parameters were kept constant at their mean 

Table 11   Summary of input variables for Variable Importance 
Analysis

Input variable Number of 
data points

Mean Minimum Maximum

Temperature (°C) 31 55 20 90
VMC (%) 31 6.9 0.1 13.7

Fig. 15   Sensitivity analysis of each input variable on the vari-
ation of complex permittivity of the selected UGM
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values [Eq.  (8)] (Tophel et  al. 2023, 2025; Kiani 
et al. 2016). The VI was calculated as the percent-
age of each obtained output difference for each 
parameter, as shown in

where the minimum, maximum, and mean val-
ues of each input parameter used in this analysis are 
summarised in Table 11. The minimum, maximum, 
and mean values in Table 11 represent the range of 
the experimental measurements, which also define 
the input data range for the developed model. Using 
these ranges, a sensitivity analysis was performed to 
assess the influence of each parameter on the pre-
dicted complex permittivity of Class 2 UGM, as 
presented in Fig. 15. The analysis reveals that VMC 
is the most significant factor influencing both the 
dielectric constant and dielectric loss of the selected 
UGM. Specifically, the impact of VMC on the 
dielectric constant was notably high, with a vari-
able importance (VI) value of 0.65. In contrast, the 
effect of temperature on the dielectric constant, with 
a VI of 0.35, was considerably lower, indicating a 
substantial difference in their respective influences. 
Additionally, the influence of VMC and temperature 
on dielectric loss was nearly comparable, with VI 
values of 0.53 and 0.47, respectively. In summary, 
both the parametric study and variable importance 
analysis confirmed that VMC is the predominant 
factor affecting the dielectric properties of the 
UGM, particularly the dielectric constant. At the 
same time, temperature also plays a substantial role, 
especially in influencing the dielectric loss.

4 � Conclusions

This paper presented the experimental characterisa-
tion and empirical modelling of the complex permit-
tivity of Class 2 unbound granular material (UGM) as 
a function of volumetric moisture content (VMC) and 
temperature at 2.45 GHz.

Key findings highlighted that both parameters 
significantly influence the dielectric constant and 

(8)Li =
|

|

|

f
(

imax
)

− f
(

imin
)

|

|

|

(9)VI =
Li

∑j=n

j=1
Lj

dielectric loss, with VMC emerging as the most dom-
inant factor. An increase in VMC led to a consistent 
rise in the dielectric constant, enhancing the mate-
rial’s capacity to store energy. Conversely, the dielec-
tric loss decreased with increasing VMC, indicating 
reduced energy dissipation. Temperature also had 
a substantial impact, particularly on dielectric loss. 
Increased temperature resulted in a notable reduc-
tion in dielectric loss, likely due to decreased dipo-
lar relaxation and reorientation of water molecules 
within the material. Moreover, while the dielectric 
constant showed an expected increase with rising 
VMC, the dielectric loss exhibited an unusual decline 
with increasing moisture content- a trend not com-
monly reported in past studies. This uncharacteristic 
behaviour may be attributed to structural changes 
during the drying process of the compacted UGM, 
and potential measurement errors might have con-
tributed to this trend. Moreover, at 90℃, the measure-
ments exhibited increased variability, consistent with 
the higher thermal differences observed at this tem-
perature. Therefore, the dielectric properties at 90 °C 
carry greater uncertainty and should be interpreted 
with caution. Minor variability may also arise from 
the use of tap water, due to the dissolved ionic con-
tent, and these aspects warrant further investigation.

Additionally, the measured dielectric constants 
were compared with predictions from the Birchak 
mixing model. While general agreement was found 
at lower VMCs, substantial deviations occurred at 
higher moisture levels and elevated temperatures. 
These differences may stem from the model’s sim-
plified three-phase assumption (air, solid, and free 
water) and its fixed exponent � = 0.5, which may not 
accurately represent the dielectric behaviour of com-
pacted UGM. A separate fitting analysis in this study 
yielded � values ranging from 0.63 to 0.90 for tem-
peratures up to 80 °C, confirming that � is both mate-
rial and temperature dependent.

Comparing the developed permittivity model with 
existing models developed for different soils and 
UGMs revealed similar trends with increasing mois-
ture contents. However, deviations in the predicted 
dielectric constant in this study, compared to exist-
ing permittivity models, could be attributed to differ-
ences in material characteristics, compaction level, 
and experimental setup. Alternatively, the potential 
measurement error due to interference by reflections 
from the surroundings during experiments may have 
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contributed to higher predictions of relative permit-
tivity values.

Overall, the developed permittivity model, which 
incorporates the combined effects of VMC and tem-
perature, provides a practical tool for designing and 
optimising microwave dry-back systems for com-
pacted granular pavement layers. By predicting the 
dielectric behaviour of the tested UGM, the model 
can be directly integrated into numerical simula-
tions to assess drying performance, estimate energy 
requirements, and optimise operational parameters 
such as power level, exposure time, and antenna 
configuration. In addition, the developed model is 
valuable for predicting drying efficiency and depth 
during these stages, supporting informed decisions 
for equipment design, process control, and field 
implementation.

While the developed model and analysis provide a 
comprehensive understanding of the dielectric behav-
iour of UGM under controlled laboratory conditions, 
future work should focus on validating these relation-
ships under broader moisture and temperature ranges. 
Expanding the experimental scope to include additional 
material types would further enhance the model’s gen-
eral applicability. Future research could also explore the 
coupled influences of frequency, density, and micro-
structural characteristics on dielectric response to 
improve predictive accuracy. In particular, further work 
is required to validate dielectric behaviour at elevated 
temperatures, where the increased thermal variability 
observed in this study highlights the need for improved 
measurement reliability across the full thermal range 
relevant to microwave applications. Finally, integrat-
ing the developed model into coupled heat and mois-
ture transfer simulations will support the optimisation 
of microwave-based drying systems for practical road 
construction applications.
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Appendix A

Calibration Results

The permittivity values of water and Teflon were 
measured using a modified free-space transmission 
measurement technique to validate the experimental 
setup and ascertain the stable measurement range of 
frequency.  Figures 16 and 17 illustrate the variations 
in the real and imaginary components of the complex 
permittivity of these calibration materials across the 
frequency range of 300 kHz to 4.5 GHz.

In Fig.  16a, the dielectric constants ( �′
r
 ) of water 

and Teflon are plotted against frequency. At lower 
frequencies, specifically from 300 to 500  kHz, both 
materials exhibited higher permittivity values, with 
water surpassing the anticipated value of 80 and 
Teflon exceeding 2.1. This discrepancy is attributed 
to the polarisation effects of dipolar molecules and 
potential measurement noise at these lower frequen-
cies. The dipolar nature of water molecules allows 
them to align with the electric field more effectively 
and respond more readily to changes in the electric 
field. This increased ability to polarise at lower fre-
quencies resulted in higher values of permittivity, as 
the molecules require less energy to align with the 
electric field. Consequently, �′

r
 is elevated at these 

lower frequencies (Debye 1929; Kishore 2023). As 
the frequency was increased, the permittivity values 
stabilised, approaching the known values of 80 for 

https://sparchub.org.au
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water and 2.1 for Teflon within the frequency range 
of 1–4.5 GHz.

It can be seen from Fig. 16a that there is a drop in 
the real component of complex permittivity of water 
from the anticipated value of 80 after 2.75  GHz. 
Water exhibits dielectric relaxation, a process where 
the polarisation of the water molecules cannot keep 
up with the rapidly changing electric field at higher 
frequencies. The primary relaxation frequency of 
water is around 17 GHz, but the effects start becom-
ing significant at frequencies above a few GHz 
(Kaatze 2015). As the frequency increases, the ability 
of water molecules to orient themselves in response 
to the alternating field diminishes, leading to a 
decrease in �′

r
 (Frohlich 1958). In addition, there may 

be limitations in the measurement setup or calibration 
accuracy at higher frequencies, leading to inconsist-
encies in the measured permittivity values. Overall, 

the measured dielectric constant of both water and 
Teflon was within the desired range (Mean values for 
water and Teflon are respectively 80.2 and 2.3) in the 
frequency range of 1  GHz to 2.75  GHz (Fig.  16b), 
indicating the reliability of the measurement setup in 
this frequency band.

Figure 17a presents the variation of dielectric loss 
( �′′

r
 ) for water and Teflon. Similar to the real compo-

nent, the imaginary component of permittivity values 
is higher than expected at lower frequencies, reflect-
ing increased dielectric losses. As the frequency is 
increased, �′′

r
 values decrease and align more closely 

with theoretical expectations, particularly in the range 
of 1 GHz to 2.75 GHz. This trend further substanti-
ates the effectiveness of the measurement setup in 
this higher frequency range.

Figures  16b and 17b emphasise the permittivity 
values within the selected stable measurement range 

Fig. 16   Real component of complex permittivity for calibra-
tion measurements using modified free space transmission 
measurement technique, a Variations in dielectric constants of 
water and Teflon across the frequency spectrum, and b Varia-
tions in dielectric constant of calibration materials within the 
selected stable frequency measurement range

Fig. 17   Imaginary component of complex permittivity for cal-
ibration measurements using modified free space transmission 
measurement technique, a Variations in dielectric loss of water 
and Teflon across the frequency spectrum, and b Variations in 
dielectric loss of calibration materials within selected stable 
frequency measurement range
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(1–2.75  GHz). Within this range, both the real and 
imaginary components of the permittivity of water 
and Teflon remain consistent with the known values, 
indicating minimal measurement distortion and reli-
able data acquisition. This validation confirmed that 
the modified free-space transmission technique was 
robust and accurate for the frequency range from 1 to 
2.75 GHz.

The calibration process is crucial for ensuring the 
reliability of subsequent measurements of the selected 
UGM. By establishing a stable measurement range 
and validating the setup with materials of known per-
mittivity, the accuracy of the complex permittivity 
data for the UGM can be confidently assessed. This 
procedure forms a foundation for further analysis of 
the UGM’s dielectric properties as a function of tem-
perature and moisture content, which is essential for 
understanding their behaviour under various applica-
tions (e.g., microwave treatment).
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