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Abstract  Drying of wet unbound granular pave-
ment layers to a lower moisture content or degree of 
saturation ( S

r
 ) after compaction is one of the impor-

tant processes in road construction. The efficiency of 
this so-called dry-back process is crucial for ensur-
ing pavement stability before primer sealing. Tradi-
tional drying methods rely on solar radiation, which 
is slow and weather-dependent, leading to delays in 
construction timelines. Consequently, microwave 
drying has been explored as a rapid alternative; 
however, its effectiveness is limited by non-uniform 
moisture removal and shallow penetration depth 
(~ 50—60  mm). Hence, this study investigated the 
potential of microwave convective drying, integrat-
ing microwave energy with hot airflow to enhance the 

drying efficiency of a compacted unbound granular 
material (UGM). Laboratory-scale experiments were 
conducted to assess the influence of air temperature, 
airflow speed, airflow angle, and drying duration on 
moisture removal. Results showed that microwave 
convective drying improved surface drying efficiency 
compared to microwave drying alone, as evidenced 
by a larger dried area and wider surface temperature 
distribution. Nevertheless, both approaches exhib-
ited similar limitations in deeper moisture removal, 
resulting in non-uniform drying. Two machine learn-
ing models, Support Vector Machine (SVM) and 
Gaussian Process Regression (GPR), were trained to 
predict the final S

r
 based on experimental data. The 

models predicted the drying trends reasonably well, 
with SVM yielding a mean absolute error (MAE) of 
0.924% and GPR producing 0.006% in terms of S

r
 

ratio. These findings highlight the benefits and limi-
tations of microwave convective drying, suggesting 
the need for further optimisation for road construction 
applications.

Keywords  Microwave convective drying · Degree 
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Abbreviations 
UGM	� Unbound granular material
S
r
	� Degree of saturation (%)

OMC	� Optimum moisture content (w/w) (%)
MDD	� Maximum dry density (kg/m3)
SVM	� Support vector machine
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GPR	� Gaussian process regression
MAE	� Mean absolute error
R2	� Coefficient of determination
RMSE	� Root mean square error

1  Introduction

Unbound granular material (UGM), primarily com-
posed of crushed rock or gravel with a sufficient pro-
portion of fines, is widely used in the base and sub-
base layers of road construction. In Australia, UGM 
forms the foundation of approximately 90% of the 
road network, covered with a thin seal (Austroads 
2019). Their widespread use in road infrastructure 
is attributed to their natural availability, mechani-
cal strength and cost-effectiveness, making them a 
preferred choice for flexible pavement design (Grif-
fin 2015; Dutta et al. 2024). This UGM is compacted 
at or near its optimum moisture content (OMC) to 
achieve maximum dry density (MDD) for a given 
compaction effort. After compaction, the wet UGM 
layers are allowed to dry back to a lower moisture 
condition before primer sealing, ensuring pavement 
stability and longevity. A high moisture level in the 
compacted UGM layer can lead to a reduction in 
shear strength, loss of stiffness, and poor load-bearing 
capacity, ultimately resulting in rutting and premature 
pavement failure (Sun et  al. 2021; Sangsefidi et  al. 
2019; Maha Madakalapuge et al. 2024; Salour 2015; 
Tophel et al. 2023b). Additionally, sufficient dry-back 
of the UGM layers provides better resistance to the 
embedment of sealing aggregate into moist pavement 
layers (Midgley 2010; Kodikara et al. 2018).

In current practice, the dry-back process relies on 
solar radiation, which is highly dependent on weather 
conditions, making it time-consuming and unpredict-
able (Athmarajah et  al. 2023). Delays in achieving 
the required moisture levels can prolong construction 
timelines and incur additional costs (Kukkapalli and 
Pulugurtha 2018). To address this challenge, micro-
wave technology has been proposed as an alternative 
method to accelerate the dry-back process by rapidly 
heating and removing moisture from a compacted 
UGM (Athmarajah et al. 2025).

Microwave drying has been widely explored across 
various applications: food processing, ceramics, 
wood, pharmaceuticals and soil remediation, due to 
its unique heating mechanism (Yao et al. 2020; Brodie 

et  al. 2019b, 2020; Li et  al. 2024; Himanshu et  al. 
2010). Unlike conventional drying methods that rely 
on surface heat transfer, microwave energy penetrates 
the material and generates heat internally, leading to 
faster moisture removal (Ulloa et al. 2019). However, 
microwave drying of compacted UGM presents a 
unique challenge. Earlier experimental investigations 
on microwave drying by Athmarajah (2025) showed 
that the depth of effective energy penetration is lim-
ited to approximately 50—60  mm from the surface. 
This shallow penetration results from the depend-
ence of dielectric properties on moisture content and 
temperature, which may reduce energy absorption in 
deeper layers as drying progresses (Athmarajah et al. 
2024). In contrast, the thickness of the compacted 
unbound granular pavement layers typically ranges 
from 75 to 250 mm, depending on road authority reg-
ulations and material type (Department of Transport 
and Main Roads Queensland, 2021). These findings 
highlight that microwave drying, although effective at 
rapid heating near the surface, poses practical limita-
tions when applied to full-thickness pavement layers.

Convective drying, a well-established method, 
facilitates the removal of moisture through the move-
ment of hot air, which transfers heat and mass to 
and from the surface of a material. This method has 
been widely used in various industries such as food 
processing, wood, textiles and weed control (Deb 
et  al. 2024; Brodie 2005; Domínguez 2011; Sousa 
et  al. 2006). Further, many researchers have investi-
gated the benefits of combining microwave and con-
vective drying (Malafronte et  al. 2012; Kumar et  al. 
2017), with this hybrid approach applied to a range 
of products, including foods, ceramics, and wood. In 
these materials, convective heating has been shown 
to improve heat transfer and promote surface evapo-
ration, leading to faster moisture removal in porous 
materials (Li et  al. 2023; Izli et  al. 2022; Ouertani 
et al. 2015; Rajewska and Pawłowski 2018). Despite 
these demonstrated benefits, microwave convective 
drying has not yet been applied to a compacted UGM, 
and its potential to address the limitations observed in 
microwave drying remains unexplored.

Given the limited penetration depth of microwave 
drying and the need for more uniform drying in pave-
ment applications, this study has investigated the 
suitability of using microwave convective drying, 
which is the combination of microwave energy with 
a controlled hot airflow to enhance drying efficiency. 
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Laboratory-scale experiments were performed to evalu-
ate the impact of key parameters: air temperature, air-
flow speed, airflow angle, and drying duration on the 
drying behaviour of a compacted UGM, comparing 
results with microwave drying alone. This preliminary 
investigation provides essential insight into the funda-
mental drying response of UGM and the feasibility of 
this hybrid method for field applications.

Recent studies in geotechnical engineering have 
explored the application of machine learning models 
for predictive analysis, due to their ability to capture 
complex nonlinear behaviour and work effectively with 
limited datasets (Zhang et al. 2022; Tophel et al. 2023a; 
Elsawy et al. 2022; Shao et al. 2023; Arif et al. 2025). 
In this study, predictive models using Support Vec-
tor Machine (SVM) and Gaussian Process Regression 
(GPR) were developed to assess drying performance 
under varying experimental conditions. By system-
atically analysing experimental data and employing 
machine learning techniques, this study aimed to pro-
vide foundational insights into the potential advan-
tages and limitations of microwave convective drying, 
addressing a key gap in current research and supporting 
future development of accelerated dry-back strategies 
for pavement construction.

2 �  Machine Learning Approaches

2.1 �  Support Vector Machine (SVM) Model

SVM is a powerful supervised learning algorithm 
used for classification and regression tasks (Cristianini 
and Shawe-Taylor 2000; Tophel et al. 2023a). It works 
by finding the hyperplane that best separates the data 
points in a high-dimensional space (Pan et  al. 2025). 
In regression, known as Support Vector Regression 
(SVR), SVM aims to find a function that approximates 
target values within a certain margin of tolerance, 
defined by a parameter epsilon, � (Smola and Schölkopf 
2004). SVM regression works by identifying the opti-
mal hyperplane in a high-dimensional space that mini-
mises prediction error while ensuring robustness. The 
optimisation problem for SVM is thus formulated as 
(Awad and Khanna 2015)

(1)min
w,b,�,�∗

1

2
‖w‖2 + C

n�

i=1

�
�i + �∗

i

�
,

subject to

where w is the weight vector, b is the bias term, �i and 
�i
∗ are slack variables ( �i and �∗

i
≥ 0 ), C is the box 

constraint that controls the trade-off between achiev-
ing a low training error and low testing error, x and y 
are respectively the input and output response values, 
and �(x) is the kernel function that maps the input 
features into a higher-dimensional space. The kernel 
function �(x) plays a critical role in transforming the 
input space. In this study, a polynomial kernel was 
chosen which can be represented as

where � is the kernel scale, r is a coefficient and d is 
the degree of the polynomial. In this study, the SVM 
approach was chosen for its ability to handle nonlin-
ear relationships in the data, making it suitable for 
predicting the complex drying behaviour of a UGM.

2.2 � Gaussian Process Regression (GPR) Model

GPR is a non-parametric Bayesian approach used for 
regression analysis to provide a probabilistic predic-
tion model (Rasmussen and Williams 2006; Williams 
and Rasmussen 1996). It assumes that the underly-
ing function to be predicted is drawn from a Gauss-
ian process, defined by a mean function m(x) , and a 
covariance function (kernel, k(x) ) such that (Chaure 
et al. 2023)

The covariance function determines the smooth-
ness and correlation of the function over the input 
space, making GPR beneficial for capturing uncer-
tainties and modelling complex relationships. In this 
study, the Matern kernel was used as the covariance 
function which can be represented by (Dai et  al. 
2023)
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where r = |x − x�| is the Euclidean distance between 
x and x′,x is the current input parameter, x′ is another 
input with which x is being compared, l is the length 
scale that determines the smoothness of the predicted 
function, � is the standard deviation that controls the 
vertical variation of the function, Γ is the gamma 
function, K� is the modified Bessel function, and � is 
usually set equal to 3/2 (matern32) or 5/2 (matern52). 
In this study, GPR was selected for its robustness in 
providing reliable predictions and its ability to quan-
tify uncertainty, which is crucial for understanding 
the variability in the drying behaviour of a UGM.

3 � Methodology

3.1 � Material Properties and Sample Preparation

A Class 2 UGM, as classified according to Austral-
ian guidelines (VicRoads 2017), was chosen for this 
study because it is commonly used in base and sub-
base construction in Australia. Figure 1 illustrates the 
particle size distribution of the chosen UGM. The 

geotechnical properties of the selected material are 
detailed in Table 1.

The selected UGM was oven-dried at 105  ℃ 
for 24  h. Subsequently, the dried UGM was mixed 
with water to achieve the target moisture content for 
compaction. The UGM samples were compacted at 
gravimetric moisture contents ranging from 5.1% 
to 5.9%, closer to the OMC of 5.7%, to simulate 
the field compaction practices. To ensure moisture 

Fig. 1   Particle size distri-
bution of selected unbound 
granular materials (Class 2). 
The upper and lower limits 
for Class 1 and 2 unbound 
granular materials are based 
on VicRoads guidelines 
(VicRoads 2017)

Table 1   Geotechnical properties of the selected unbound 
granular materials (Class 2)

Geotechnical 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 satura-

tion [ Sr,opt,%]
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]
Fine percentage [%] 10.4 [AS-1289.3.6.1, 2009]
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uniformity, two subsamples were collected imme-
diately after mixing, and two additional subsam-
ples were obtained after compaction to determine 
the initial moisture content using the oven-drying 
method. The prepared samples were then compacted 
separately in two wooden moulds, each measur-
ing 250  mm × 125  mm × 150  mm, as illustrated in 

Fig.  2a–c. Wooden moulds were chosen for their 
compatibility with microwave drying, as metal 
moulds pose safety risks due to microwave reflec-
tion. The mould dimensions were determined based 
on numerical simulations using COMSOL Mul-
tiphysics®, ensuring effective heat dissipation within 
the compacted samples while reducing microwave 

Fig. 2   Experimental stages: a two empty wooden moulds, 
b compaction of unbound granular materials, c compacted 
unbound granular materials in two wooden moulds, d com-
bined UGM sample, e microwave convective drying of com-

pacted UGM sample, f UGM sample after microwave con-
vective drying, g split UGM sample for data collection, and h 
cross-sectional view of UGM sample after drying
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interaction with the mould and minimising potential 
boundary effects on heat and moisture transfer during 
the drying process.

The use of two separate moulds enabled the assess-
ment of temperature and moisture variations at the 
centre depth and allowed visual inspection of drying 
depth progression (Fig. 2g-h). Although this approach 
potentially introduces variability in drying behaviour, 
careful attention was paid to ensure minimal air gaps 
between the moulds, reducing potential heat loss or 
moisture escape. A rammer weighing 4.9 kg was used 
to compact the material in two layers within each 
mould, applying 300 drops per layer. After compac-
tion, the two moulds were combined to form a sin-
gle sample measuring 250 mm × 250 mm × 150 mm, 
as depicted in Fig. 2f. The prepared sample was then 
subjected to microwave convective drying, as shown 
in Fig. 2e. After drying, visual observation and meas-
urements for moisture content and temperature were 
taken to evaluate the effectiveness of the drying pro-
cess, as presented in Fig. 2f-h.

3.2 �  Experimental Equipment and Procedure

The UGM specimens were subjected to microwave 
convective drying using a small-scale microwave 
applicator combined with a heat gun (Bosch PHG 

630DCE), as illustrated in Fig.  3a. The applicator 
consisted of an open-ended horn antenna with aper-
ture dimensions of 110  mm × 55  mm, specifically 
designed to focus microwave energy onto the com-
pacted UGM. The antenna was connected to a wave-
guide (86 mm × 43 mm), powered by a 900 W mag-
netron sourced from a commercial microwave oven 
operating at 2.45 GHz, as detailed in Fig. 3. To ensure 
a safe working environment, all experiments were 
conducted in an isolated area and periodic checks 
made using a microwave leakage detector (Extech 
480,846) to confirm radiation levels remained below 
the allowable time-averaged exposure to electric 
fields of 137 V/m rms at 2.45 GHz (Australian Radia-
tion Protection and Safety Agency 2002).

The heat gun featured three adjustable air-
flow speed settings and temperature settings from 
50–630  °C. It was mounted on a tripod, enabling 
precise adjustments of the airflow angle. A 75  mm 
wide nozzle was attached to the heat gun to distrib-
ute airflow uniformly across the compacted UGM 
sample surface. Microwave convective drying experi-
ments were conducted on compacted UGM samples 
by systematically varying four key parameters: air 
temperature, airflow speed, airflow angle, and drying 
duration. The selected test conditions for microwave 
convective drying experiments are summarised in 

Fig. 3   a Experimental arrangement for microwave convective drying of a compacted UGM sample, and b schematic diagram of the 
horn antenna and waveguide with dimensions as shown
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Table 2. Given the labour-intensive nature of sample 
handling, including compaction and lifting, only two 
sets of parameters for each variable were explored 
during the laboratory investigation.

3.2.1 �  Heat Gun Calibration

The test conditions presented in Table  2 required 
careful calibration of the heat gun to achieve efficient 
drying and to maintain laboratory safety. Calibra-
tion involved measuring air temperature and airflow 
speed at varying distances from the nozzle centre 
(Fig. 4) using N-type thermocouples and a hand-held 
anemometer (Protech QM1647). Prior research by 
Athmarajah (2025) indicated that the surface tem-
perature of the compacted UGM samples exceeded 
100 °C during microwave drying. To enhance drying 
efficiency while ensuring safety, preliminary calibra-
tions explored optimal hot air temperatures of around 
100 °C.

Initial calibration, as shown in Fig.  5, demon-
strated a significant drop in airflow temperature with 
distance from the nozzle. These measurements were 
conducted in open air without any sample placed in 
front of the nozzle or any obstruction in the surround-
ing testing area, allowing for characterisation of the 
natural decay of airflow temperature with distance. 
Based on these results a temperature setting of 150 °C 
was selected to achieve a target surface temperature 

Table 2   Test conditions of the microwave convective drying 
of compacted unbound granular materials

Test Air tem-
perature 
[°C]

Airflow 
angle 
[°]

Speed level of the 
airflow (Speed of the 
airflow [m/s])

Drying 
time 
[minutes]

T1 120 18 Level II (3.6) 4
T2 6
T3 45 Level II (3.6) 4
T4 6
T5 Level III (4.3) 4
T6 6
T7 150 18 Level II (3.6) 4
T8 6
T9 45 Level II (3.6) 4
T10 6
T11 Level III (4.3) 4
T12 6

Fig. 4   Schematic illustration of the measurement points from 
the centre of the nozzle during the calibration process

Fig. 5   Variation in air 
temperature with the dis-
tance from the centre of the 
attached nozzle
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of approximately 100  °C during microwave convec-
tive drying. Although initial results (Fig.  5) sug-
gested that 150 °C would be optimal, a slightly lower 
temperature of 120  °C was adopted for comparative 
experiments to prioritise safety considerations in the 
laboratory.

It should be noted that the heat gun’s lowest air-
flow setting (level I) provided airflow at a fixed tem-
perature of approximately 50  °C, which was insuffi-
cient for the intended drying experiments. Therefore, 
only speed levels II and III, which offered adjustable 
temperatures ranging from 50–630  °C, were utilised 
in this study. As the hot air temperature dropped with 
distance from the centre of the nozzle, as depicted 
in Fig.  5, the heat gun nozzle was positioned at the 
edge of the microwave horn antenna (approximately 
60  mm away from the aperture centre) during the 
laboratory experiments, as shown in Fig. 6, to ensure 
consistent drying processes. Further, speed measure-
ments were taken near the nozzle and at a distance 
of 50 mm from the nozzle’s centre using a hand-held 
anemometer. For speed level II, the measured speed 
values were 3.6  m/s near the nozzle and 2.8  m/s at 

a 50 mm distance. Similarly, for speed level III, the 
measured speed values were 4.3 m/s near the nozzle 
and 3.4 m/s at a 50 mm distance.

3.2.2 � Microwave Convective Drying Process

All of the test conditions were conducted with a con-
sistent gap of 10  mm between the antenna aperture 
and the compacted UGM surface. Figure 6 shows the 
arrangements of the heat gun for different angles of 
the airflow. Due to the design of the nozzle, main-
taining a parallel airflow angle to the surface of the 
compacted UGM sample posed a challenge in align-
ing the airflow with the gap between the antenna and 
the material surface. Consequently, adjustments were 
made to the angle of airflow (~ 18°) to align the noz-
zle opening with the gap between the antenna and 
the material surface (Fig.  6a). Before each experi-
ment, the angle with respect to the ground or surface 
of the UGM sample was carefully measured using a 
digital inclinometer, ensuring consistency in the test 
conditions.

Fig. 6   Arrangements of the heat gun for different angles of the airflow: a Angle of the airflow ~ 18°, and b Angle of the airflow ~ 45°
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After each drying process, surface temperature var-
iations were recorded using an infrared (IR) thermal 
imaging camera (FLIR B200). Thermal images were 
captured immediately after microwave convective 
drying to minimise the samples’ exposure to environ-
mental conditions. The thermal imaging camera was 
professionally calibrated prior to testing to verify the 
accuracy (± 2 ℃) (FLIR Systems 2009). Following 
the thermal imaging, the combined sample was sepa-
rated, and the post-drying moisture distribution was 
assessed by core sampling along the centreline of the 
specimen (Fig.  2h). Approximately 20  mm × 40  mm 
core samples were extracted at 50 mm intervals along 
the depth from the surface of the compacted UGM 
sample. Due to the limited volume of the visibly dried 
zone, one core sample was collected at each depth for 
gravimetric moisture determination.

The degree of saturation ( Sr ) at each depth was 
calculated based on the measured gravimetric water 
content, the known specific gravity of solids, and the 
dry density. The dry density was assumed to remain 
constant throughout the drying process due to the low 
fine content of the material and its minimal shrink-
swell potential. While special care was taken during 
sample preparation and testing, potential sources of 
error include slight moisture loss during handling and 
coring processes. A summary of initial conditions, 
including moisture content, dry density and initial Sr 
for each test condition, is provided in Table 3.

The microwave convective drying process resulted 
in a visible dried region on the surface of the com-
pacted UGM (Fig.  2f), exhibiting an approximately 
elliptical shape as illustrated in Fig.  7a. Similarly, 
the dried region over the depth (Fig. 2h) exhibited a 
semi-elliptical profile along the centreline of the com-
pacted UGM, as shown in Fig.  7b. The area of the 
dried region on the surface ( A ) and total dried vol-
ume ( V  ) were calculated based on three main meas-
urements: the major axis length ( a ), the minor axis 
length ( b ), and the drying depth ( h).

3.3 �  Machine Learning Model Development

This study explored the use of machine learning mod-
els to predict the drying behaviour of an UGM sub-
jected to microwave convective drying. Due to the 
labour-intensive and time-consuming nature of labo-
ratory experiments, the number of experimental tests 
was limited, resulting in a relatively small dataset. 
Therefore, machine learning models were employed 
to efficiently analyse the available data, identify the 
critical parameters influencing the drying perfor-
mance, and provide insights into the drying behaviour 
within and near the tested experimental conditions.

The dataset for the machine learning models was 
derived from experimental results that included 
six features: initial Sr , air temperature, airspeed, 
airflow angle, drying time, and depth from the 

Table 3   Initial conditions 
of compacted UGM 
samples used in microwave 
convective dry-back 
experiments

Test Initial gravimetric moisture con-
tent ± 1standard deviation [(w/w), %]

Dry density
[kg/m3]

Initial degree of 
saturation, S

r,initial 
[%]

T1 5.6 ± 0.3 2379.6 91.9
T2 5.9 ± 0.1 2359.6 91.8
T3 5.9 ± 0.4 2359.9 91.7
T4 5.8 ± 0.3 2372.2 93.4
T5 5.8 ± 0.4 2363.2 91.3
T6 5.9 ± 0.3 2358.9 91.6
T7 5.1 ± 0.2 2383.6 85.6
T8 5.1 ± 0.3 2396.4 88.4
T9 5.8 ± 0.4 2362.8 91.2
T10 5.9 ± 0.3 2361.1 92.2
T11 5.9 ± 0.3 2364.7 92.8
T12 5.9 ± 0.3 2365.2 92.9
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material surface. As all experiments were conducted 
at constant microwave power, this parameter was not 
included in the analysis. Additionally, since a single 
UGM type with consistent gradation and material-
specific properties (e.g., specific gravity and Atter-
berg limits) was used across all tests, separate mate-
rial parameters were not included as model inputs. 
The target variable was the ratio between the final 
degree of saturation ( Sr,final ) and the initial degree of 
saturation ( Sr,initial ) defined as

The Sr ratio represents a normalised indicator of 
drying efficiency, allowing for meaningful compari-
sons across varying initial saturation levels. Since 
initial Sr is already included as an input, using the Sr 
ratio as the model output ensures consistency while 
preserving the impact of the starting moisture condi-
tion. The dataset consists of 84 data points, with the 
minimum, maximum, and mean values of each input 
parameter summarised in Table 4.

The SVM and GPR models were selected for this 
study due to their better handling of small datasets 
(Mountrakis et  al. 2011). Data pre-processing steps 
included normalisation and splitting of the data-
set into training (80%) and testing (20%) sets. To 

(7)Srratio =
Sr,final

Sr,initial
× 100

minimise the risk of overfitting associated with the 
limited dataset size (n = 84), a five-fold cross-vali-
dation procedure was applied during model training. 
Performance metrics such as coefficient of determina-
tion (R2) and mean absolute error (MAE) were used to 
evaluate the robustness of the models.

4 �  Results and discussion

4.1 �  Machine Learning Model Results

Figure 8 illustrates the comparison between the actual 
Sr ratio and the predicted values obtained from the 

Fig. 7   Schematic representation of dried region after microwave convective drying: a on the surface and b over the depth of the 
compacted UGM sample

Table 4   Summary of input parameters used for machine 
learning models

Input parameter Number of 
data points

Mean Minimum Maximum

Initial Sr (%) 84 89.3 85.1 93.4
Air temperature 

(°C)
84 75 0 150

Airflow angle (°) 84 22.5 0 45
Airspeed (m/s) 84 2.2 0 4.3
Drying time 

(minutes)
84 3 0 6

Depth (mm) 84 75 25 125
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SVM and GPR models. Both models effectively cap-
tured the drying trends, with GPR showing slightly 
better prediction accuracy. The optimal parameters 
obtained after training the SVM and GPR models are 
given in Table 5. In machine learning, model param-
eters refer to values learned directly from the train-
ing data (such as weights or coefficients), whereas 
hyperparameters are predefined values that control 
the learning process. Examples of hyperparameters 
include the kernel function, box constraint, and epsi-
lon in SVM, or the length scale in GPR. These are 
typically selected through a tuning process to opti-
mise model performance before the model training.

Although the selected models demonstrated high 
predictive accuracy, their use in this study also 
provided a structured framework to assess vari-
able sensitivities and interactions across different 
depths, complementing the experimental findings. 
However, the models can only be reliably applied 
within the specific conditions represented in the 
dataset. All tests were conducted on a single UGM 
type compacted under similar conditions and dried 
using a fixed microwave power. In addition, the 
trained SVM and GPR models are valid only within 
the ranges of air temperature, airflow speed, airflow 
angle, drying time, and depth represented in the 

Fig. 8   Comparison between actual S
r
 ratio and predicted S

r
 ratio: a SVM training dataset, b SVM testing dataset, c GPR training 

dataset, and (d) GPR testing dataset (MAE – mean absolute error, RMSE – root mean square error)
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dataset (Table  4), and extrapolation beyond these 
ranges or to different materials, compaction states, 
or microwave configurations is limited. Therefore, 
future work is recommended to broaden the appli-
cability of these models by incorporating larger and 
more diverse datasets.

To evaluate the predictive capability of the devel-
oped machine learning models, the predicted Sr trends 
from both the SVM and GPR models were plotted 
alongside the experimental results for selected test 
conditions. These overlays allow direct comparison of 
predicted and observed trends at specific experimen-
tal combinations. This approach enables validation of 
the models within the tested range while providing a 
clear visual comparison of model accuracy.

4.2 �  Effect of Temperature of Hot Airflow

The effect of hot air temperature on the efficiency of 
microwave convective drying was investigated under 
controlled conditions, maintaining a consistent air-
flow angle of about 45° and speed level II. Four sets 
of test conditions denoted as T3, T4, T9 and T10, 
were compared to assess the impact of varying hot 
air temperatures (120 °C and 150 °C) for drying dura-
tions of 4 and 6  min. Figure  9 shows the variations 
in Sr at the centre of the compacted UGM sample 
(Fig. 9a), IR thermal images for different test condi-
tions (Fig. 9b), and the calculated area and volume of 
the visible dried region in the compacted UGM sam-
ple after microwave convective drying (Fig. 9c).

Despite the variations in hot air temperature, the Sr 
variations at the centre of the compacted UGM sam-
ple did not exhibit noticeable differences for either 

drying duration, as can be seen in Fig. 9a. This obser-
vation suggests that, within the specified experimen-
tal parameters, alterations in hot air temperature did 
not profoundly influence the moisture removal at the 
core of the compacted UGM samples. Further exami-
nation of IR thermal images showed that after 4 min 
of drying, the maximum surface temperature reached 
102 ℃ for an air temperature of 120 ℃ and 104 ℃ 
for an air temperature of 150 ℃. After 6 min of dry-
ing the maximum surface temperatures were 119 °C 
for 120 °C air temperature and 118 °C for 150 °C air 
temperature. These results indicate that the maximum 
surface temperature after microwave convective dry-
ing was nearly identical for both air temperatures. 
However, the dried area at the surface expanded from 
81.85  cm2 at 120  °C to 97.77  cm2 at 150  °C after 
4  min of drying. Similarly, after 6  min of drying, a 
visible increase in the dried area at the surface was 
observed with higher hot air temperatures (i.e., from 
81.85 cm2 at 120 °C to 119.95 cm2 at 150 °C). This 
phenomenon indicated that higher air temperatures 
facilitated a wider drying spread at the surface of the 
compacted UGM layer.

Contrary to surface observations, analysis of cross-
sectional images (Fig. 9c) revealed that the depth of 
visible drying remained around 24  mm—28  mm 
after 4  min of drying and 32  mm—37  mm after 
6  min of drying for both air temperatures, indicat-
ing that increasing air temperatures had no substan-
tial impact on the dried depth within the compacted 
UGM samples. This discrepancy between the surface 
and depth indicates that while higher hot air tem-
peratures may enhance surface drying, they do not 
necessarily correspond to deeper moisture removal 

Table 5   Optimal hyperparameters found for the selected Support Vector Machine (SVM) and Gaussian Process Regression (GPR) 
machine learning models after training

Machine learn-
ing model

Hyperparameter Value Description

SVM Epsilon 0.5899 Insensitive margin within which no penalty is given for training error
Kernel function Polynomial Defines the transformation applied to input data
Kernel polynomial order 3 Degree of the polynomial kernel
Kernel scale 1.85 Affects the width of the decision boundary in the transformed space
Box Constraint 5.89 Controls trade-off between smoothness and training error

GPR Kernel function Matern52 Defines the covariance structure of the model
Length scale 2.7378 Controls the smoothness of the function being estimated
Standard deviation 0.1298 Influences the vertical scale (range) of predicted values
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Fig. 9   Comparison of the effect of air temperature on the dry-
ing efficiency of test conditions T3, T4, T9 and T10: a Varia-
tion in S

r
 at the centre, b IR thermal images, and c Comparison 

of area and volume of the dried region after microwave con-

vective drying process of compacted UGM samples (T3 and 
T4 represent air temperature 120 ℃, while T9 and T10 corre-
spond to air temperature of 150 ℃)
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within the compacted UGM samples. However, it is 
noteworthy that despite the limited drying depth, the 
increased dried area at the surface resulted in a higher 
overall dried volume of the sample for higher hot air 
temperatures.

4.3 �  Effect of Angle of Hot Airflow

The impact of the airflow angle on the efficiency of 
microwave convective drying of compacted UGM 
samples was also explored. The study comprised two 
sets of drying durations (4 and 6 min) conducted at 
two distinct angles of airflow: 18° (T1 and T2) and 
45° (T3 and T4), all carried out at a constant hot air 
temperature of 120 °C and speed level III, as shown 
in Fig. 10.

Analysis of the Sr at the centre of the compacted 
UGM samples revealed notable differences based on 
the angle of the airflow, as shown in Fig.  10a. Spe-
cifically, an increase in the airflow angle from 18° to 
45° led to noticeable variations in Sr near the surface 
of the compacted UGM samples, indicating enhanced 
drying in the surface layers. Further examination of 
IR thermal imaging indicated that for 4 min of dry-
ing, the maximum surface temperature remained 
nearly identical at 102  °C for an 18° airflow angle 
and 100  °C for a 45° airflow angle. However, with 
an extended drying duration of 6 min, the maximum 
surface temperature increased to 108  °C at an 18° 
airflow angle and 119 °C at a 45° airflow angle. This 
result suggests that increasing the airflow angle may 
enhance the heat distribution at the surface, but only 
over extended drying periods.

Visual inspection of the plan and sectional images 
of dried UGM samples (Fig. 10c), along with the cal-
culated area and volume measurements for the vis-
ible dried region in the compacted UGM sample after 
drying, supports the findings. After 4 min of drying, 
increasing the airflow angle from 18° to 45° led to an 
expansion of the dried area at the surface from 34.10 
cm2 to 81.85 cm2. Likewise, after 6  min, the dried 
area grew from 68.19 cm2 at 18° to 87.87 cm2 at 45°, 
demonstrating more pronounced drying of the surface 
at a higher airflow angle. Despite these improvements 
in surface drying, there was no significant enhance-
ment in the depth of the visible dried region, as 
shown in Fig. 10c, suggesting that changes in airflow 
angle primarily influenced only the drying near the 
surface of the compacted UGM sample.

Overall, the experimental investigation indicated 
that a higher airflow angle facilitated more efficient 
removal of moisture near the surface of the com-
pacted UGM samples, particularly over extended dry-
ing durations. However, it is important to note that 
while changes in the airflow angle benefit surface 
drying, they did not significantly impact the depth of 
the visible dried region. These findings emphasise the 
potential of higher airflow angles during microwave 
convective drying for enhancing surface drying in the 
compacted UGM layer, which could have beneficial 
implications for pavement dry-back processes.

4.4 �  Effect of Speed of Hot Airflow

The influence of the speed of the hot airflow on the 
efficiency of microwave convective drying was inves-
tigated by keeping a constant hot air temperature of 
150 °C and an angle of airflow of 45°. The test condi-
tions considered in this analysis were T9 and T10 at 
airflow speed level II (3.6 m/s) with drying times of 
4 and 6 min, and T11 and T12 at airflow speed level 
III (4.3 m/s) with drying times of 4 and 6 min. As dis-
cussed in the previous section, a higher airflow angle 
led to enhanced drying near the surface of the com-
pacted UGM sample. Therefore, the effect of speed 
level III was explored at the airflow angle of 45° to 
minimise labour-intensive work during the laboratory 
experiments. Variations in Sr along the depth of the 
compacted UGM sample, IR thermal images and the 
area and volume of the dried region after microwave 
convective drying are presented in Fig. 11.

After 4  min of microwave convective drying, an 
increase in the airflow speed from 3.6 m/s (Level II) 
to 4.3 m/s (Level III) resulted in enhanced drying near 
the surface of the sample, as evidenced by the vari-
ations in Sr along the depth of the compacted UGM 
samples (Fig. 11a). This result can be attributed to the 
higher airflow speed facilitating more efficient mois-
ture removal from the surface layers of the sample. 
However, no significant differences were observed in 
Sr along the centre of the sample after 6 min of dry-
ing for both airflow speeds, suggesting a potential 
equilibrium state in moisture removal. Moreover, it 
should be noted that other factors: initial Sr and den-
sity of the compacted UGM samples may also have 
affected the efficiency of the microwave convective 
drying of the compacted UGM samples.



Geotech Geol Eng (2026) 44:45	 Page 15 of 29  45

Vol.: (0123456789)

Fig. 10   Comparison of the effect of airflow angle on the dry-
ing efficiency of test conditions T1, T2, T3 and T4: a Variation 
in S

r
 at the centre, b IR thermal images, and c Comparison of 

area and volume of the dried region after microwave convec-

tive drying process of compacted UGM samples (T1 and T2 
represent an airflow angle of 18°, while T3 and T4 correspond 
to the airflow angle of 45°)
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Fig. 11   Comparison of the effect of airflow speed on the dry-
ing efficiency of test conditions T9, T10, T11 and T12: a Vari-
ation in S

r
 at the centre, b IR thermal images, and c Compar-

ison of area and volume of the dried region after microwave 

convective drying process of compacted UGM samples (T9 
and T10 represent airspeed level II of 3.6 m/s, while T11 and 
T12 correspond to airspeed level III of 4.3 m/s)
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Interestingly, IR thermal images shown in Fig. 11b 
presented another dimension to this phenomenon. 
After 4  min of drying, the maximum surface tem-
perature was 104 ℃ at speed level II and 100 ℃ at 
speed level III, being slightly lower at the higher air-
flow speed. A similar drying trend was observed after 
6  min of drying, with maximum surface tempera-
tures of 118 ℃ for speed level II and 105 ℃ for speed 
level III. This observation could be explained by the 
increased speed of airflow, enhancing the removal of 
moisture near the surface, resulting in higher evapo-
rative cooling near the surface of the material and 
reducing the surface temperature of the compacted 
UGM sample (Tuffour et al. 2014).

While increasing the airflow speed resulted in a 
larger visible area of the dried region, as shown in 
Fig.  11c, indicating improved surface drying, there 
was no substantial impact on the depth of the vis-
ible dried region within the sample. Despite this, the 
increased area of the dried region and slight vari-
ations in depth contributed to an overall increased 
volume of the dried region with the increasing air-
speed. However, although the area of the dried region 
increased for higher airflow speeds for 6 min of dry-
ing, the depth of the dried region was reduced com-
pared to lower airflow speeds, resulting in a lower 
volume of the dried region. This discrepancy could 
be attributed to potential errors during the laboratory 
experiments, such as the manual positioning of the 
microwave applicator and heat gun and differences in 
initial material conditions of the UGM such as Sr and 
density.

In summary, increasing airflow speed may benefit 
the dry-back process in road construction by promot-
ing enhanced surface drying of compacted granular 
layers while concurrently reducing surface tempera-
tures. However, it is important to note that while 
higher airflow speeds improved surface drying effi-
ciency, they did not substantially impact the depth of 
drying within the sample.

4.5 �  Effect of Drying Time

The effect of drying time on the drying efficiency of 
microwave convective drying of compacted UGM 
samples was studied by maintaining a constant air 
temperature of 150 °C and speed level II. The study 
included two sets of drying durations (4 and 6 min) 

conducted at two distinct angles of airflow: 18° (T7 
and T8) and 45° (T9 and T10).

As illustrated in Fig.  12a, extending the duration 
of microwave convective drying resulted in notice-
able enhancements in drying efficiency, particularly 
at the surface of the samples, for both angles of the 
airflow. This observation is aligned with expectations, 
as increased drying time allows for more moisture 
removal from the material. However, it is essential to 
note that test conditions T7 and T8 exhibited lower 
initial moisture contents than T9 and T10, result-
ing in a lower final Sr at the centre after the drying. 
The thermal images depicted in Fig. 12b illustrate an 
increase in the maximum surface temperature of the 
compacted UGM samples with longer drying dura-
tions. Moreover, analysis of plan and sectional images 
yielded that the area of the visible dried region 
increased proportionally with drying time, indicating 
improved surface drying. After 4 min of drying, the 
dried area measured 97.88 cm2 at 18° and 97.77 cm2 
at 45°, but with an extended drying time of 6 min, it 
expanded to 118.96 cm2 and 119.95 cm2, respectively. 
Notably, the depth of the dried region also increased 
as depicted in Fig.  12c, ranging from 24 to 30  mm 
after 4 min to 37 mm after 6 min, demonstrating that 
longer drying durations contribute to improved mois-
ture extraction not just at the surface, but to some 
extent, at greater depths as well.

While the previous sections observed that factors 
including air temperature, angle and airflow speed 
did not enhance the drying at the core of the com-
pacted UGM samples at different drying durations, 
further comparative analysis between the efficiency of 
microwave drying and microwave convective drying 
of UGM at different durations is required to under-
stand the drying dynamics across varying drying 
conditions.

4.6 �  Comparative Analysis of the Efficiency of 
Microwave‑only and Microwave Convective 
Drying

This comparative analysis explored the efficiency of 
microwave-only and microwave convective drying 
of compacted UGM samples for 4- and 6-min dura-
tions. For the reference microwave drying tests, a 
similar procedure was followed, but only the small-
scale microwave applicator was used without the heat 
gun. In contrast, for the microwave convective drying 
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analysis, test conditions such as T3 (air temperature 
120 °C and speed level II), T5 (air temperature 120 °C 
and speed level III), T9 (air temperature 150 °C and 
speed level II), and T11 (air temperature 150 °C and 
speed level III) were selected over a 4-min duration 
(Fig. 13). For the 6-min drying duration, test condi-
tions such as T4 (air temperature 120  °C and speed 
level II), T6 (air temperature 120 °C and speed level 
III), T10 (air temperature 150 °C and speed level II), 
and T12 (air temperature 150 °C and speed level III) 
were chosen for the comparative analysis (Fig.  14). 
All tests conducted at an airflow angle of 45° were 
considered for both drying durations.

Across both drying durations, the IR thermal 
images (Fig.  13a and Fig.  14a) show that the maxi-
mum surface temperatures were generally similar 
between the two drying methods. However, a notice-
ably wider temperature distribution was observed 
under microwave convective drying, indicating that 
the addition of hot airflow promoted a greater heat 
distribution across the sample surface. This broader 
region of elevated surface temperature distribution 
reflects the combined effect of volumetric microwave 
heating and the influence of forced convection, which 
can enhance heat transfer at the surface.

The surface images (Fig.  13b and Fig.  14b) con-
sistently show that microwave convective drying 
produced a larger visibly dried region compared 
with microwave-only drying for both drying dura-
tions. This confirms that the convective component 
enhanced surface evaporation and increased the lat-
eral spread of drying. However, the sectional images 
(Fig. 13c and Fig. 14c) reveal that the depth of visible 
drying remained almost identical between the two 
approaches. For both 4-min and 6-min tests, the depth 
of the dried region was confined to approximately 
20—37  mm, indicating that the improved surface 
drying efficiency achieved through hot airflow did 
not translate into deeper moisture removal within the 
compacted UGM layer. Extending the drying duration 
from 4 to 6  min increased the dried area and dried 

volume under both drying methods, but did not mean-
ingfully increase drying depth.

Overall, the comparative analysis confirmed that 
microwave convective drying enhanced surface mois-
ture removal more effectively than microwave drying 
alone, as evidenced by the larger dried area and wider 
temperature distribution at the surface. Nevertheless, 
both methods exhibited similar limitations in drying 
depth, leading to non-uniform moisture distribution 
within compacted UGM samples—a challenge also 
observed in current solar dry-back practices (Ath-
marajah et  al. 2023). Despite this limitation, micro-
wave drying techniques demonstrated substantially 
faster drying rates than solar drying, making them a 
promising alternative for accelerating near-surface 
moisture removal in compacted granular pavement 
layers. While the solar dry-back process typically 
takes 3—4 days during summer conditions to achieve 
the required moisture levels (60% of Sr ) in compacted 
UGM layers, and can extend up to 10 days under win-
ter conditions, the microwave-based drying methods 
investigated in this and previous studies achieved 
comparable near-surface moisture reduction within 
4—6 min (Athmarajah 2025).

To further assess the feasibility of microwave 
convective drying, a comparative energy analysis 
was conducted for the near-surface zone (0–50 mm), 
where both solar and microwave-based methods 
exhibited the highest moisture removal. The meth-
odology, climatic dataset, and moisture–depth pro-
files for the solar dry-back field experiments used in 
this comparison have been documented in Athmara-
jah et  al. (2023), Athmarajah et  al. (2024) and Ath-
marajah (2025). In the present study, the total energy 
required to remove 1 kg of water was calculated using 
an equivalent reference volume of 1 m × 1 m × 0.05 m. 
Under these conditions, the microwave convective 
drying system required approximately 0.3 – 0.5 MJ/
kg of water removed, based on a combined microwave 
and convective power input of 2.9 kW over 4–6 min 
of drying. In contrast, solar dry-back over the same 
depth and reference volume required approximately 
4–10 MJ/kg of water removed, depending on climatic 
conditions and drying duration. These results indicate 
that, within the surface layer, microwave convective 
drying is substantially more energy-efficient than 
solar drying, despite its higher instantaneous power 
demand and limited near-surface drying region. 
While this preliminary comparison offers an initial 

Fig. 12   Comparison of the effect of drying duration on the 
drying efficiency of test conditions T7, T8, T9 and T10: a 
Variation in S

r
 at the centre, b IR thermal images, and c Com-

parison of area and volume of the dried region after microwave 
convective drying process of compacted UGM samples (T7 
and T9 represent a drying duration of 4 min, while T8 and T10 
correspond to 6 min)

◂
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Fig. 13   Comparative analy-
sis between microwave-only 
drying and microwave 
convective drying of 
compacted UGM samples 
after 4 min of drying: a IR 
thermal imaging, b Visible 
dried area at surface and c 
Visible dried region along 
the depth at centre
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Fig. 14   Comparative analy-
sis between microwave-only 
drying and microwave 
convective drying of 
compacted UGM samples 
after 6 min of drying: a IR 
thermal imaging, b Visible 
dried area at the surface, 
and c Visible dried region 
along the depth at centre
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indication of the energy consumption of compacted 
UGM under microwave convective drying, further 
research is required to develop an energy-efficient 
and field-ready dry-back method. The energy values 
reported here are based on laboratory-scale experi-
ments using a small-scale microwave applicator and 
a heat gun. The scalability of the proposed technique 
to real-world conditions, along with the associated 
sustainability, safety, and cost implications, has yet 
to be evaluated and remains a critical area for future 
investigation.

In practice, several strategies could be imple-
mented to improve the feasibility of this technology. 
For instance, increasing microwave power, redesign-
ing antenna configurations, and optimising convec-
tive airflow are potential avenues to enhance energy 
penetration. In addition, multi-pass or staged dry-
ing systems, similar to roller compaction, may also 
promote progressive drying of deeper layers. This 
approach is well established in microwave treat-
ment of soils and food products, where intermittent 
heating cycles facilitate upward moisture migration 
between exposures, thereby enhancing overall drying 
efficiency (Vorhauer et  al. 2019; Kumar et  al. 2017; 
Khan et al. 2019). For large-scale applications, vehi-
cle-mounted arrays of horn antennas with controlled 
hot airflow could operate in parallel to cover full lane 
widths, similar to multi-source microwave drying 
systems used in industrial processing (Brodie et  al. 
2019a; Gao et al. 2017). Use of lower microwave fre-
quencies, such as 915  MHz, has also been reported 
to increase penetration depth in porous materials 
(Brodie et al. 2019b; Liao et al. 2024). Alternatively, 
the combined effect of microwave convective drying 
with conventional solar drying may increase the dry-
ing depth of the compacted granular pavement layers. 
Future improvements should therefore prioritise pilot-
scale trials to evaluate these strategies and assess the 
energy efficiency, safety, cost, and overall practicality 
of microwave convective drying in large-scale road 
construction.

4.7 �  Parametric Study and Variable Importance 
Analysis

A parametric study was conducted using the trained 
machine learning models: SVM and GPR, to sys-
tematically investigate the influence of individual 
input parameters on the predicted drying behaviour 

of compacted UGM. This approach enabled a struc-
tured evaluation of variable sensitivity within the 
tested range of experimental conditions. In the anal-
ysis, one input variable was varied at a time while 
the remaining variables were held constant at their 
mean values according to the methodology of Kiani 
et  al. (Kiani et  al. 2016). Within the tested range, 
a parametric study was conducted to explore new 
combinations of drying conditions that had not been 
experimentally tested, providing additional insights 
without requiring further laboratory work.

Variable importance (VI), often referred to 
as sensitivity analysis, evaluates the effect of 
each input parameter on the model’s output. This 
approach provided insights into the contribution of 
each input parameter to the predictive performance 
of the machine learning model. In this study, the 
sensitivity of a given input parameter ( i ) was deter-
mined by assessing the variation 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 values such that (Tophel et  al. 2023a, 
2025; Kiani et al. 2016).

where f
(
imax

)
 and f

(
imin

)
 are the model outputs when 

the input parameter i is set to its maximum and mini-
mum values, respectively. The VI for each parameter 
was expressed as a percentage of its contribution to 
the total output variation, as calculated by

The results of the parametric study and variable 
importance analysis of each input variable at dif-
ferent depths from the material surface are shown 
in Fig.  15 and Fig.  16, respectively. Accordingly, 
Fig. 15a indicates that higher initial Sr led to higher 
final Sr across all depths, suggesting that compacted 
UGMs with higher initial Sr retain more mois-
ture after drying. This effect is more pronounced 
at deeper layers, where moisture removal is slower 
due to limited energy penetration and reduced 
evaporation rates. The sensitivity analysis shown in 
Fig.  16a further supported this observation, show-
ing that initial Sr had an increasing influence with 
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Fig. 15   Parametric study showing the variation of average S
r
 after drying with respect to each input variable at different depth from 

the surface: a Initial S
r
 , b Air temperature, c Angle of the airflow, d Speed of the airflow, and e Drying time
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Fig. 16   Variable importance of each input parameter on the variation of average S
r
 (after drying) at different depths from the sur-

face: a Initial S
r
 , b Air temperature, c Angle of the airflow, d Speed of the airflow, and e Drying time
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depth. Near the material’s surface, water movement 
was primarily driven by evaporation and capillary 
rise. At deeper depths, however, gravitational drain-
age governs redistribution, and water movement 
depends on hydraulic conditions due to the absence 
of strong evaporative forces (Ochsner et  al. 2019). 
High initial Sr reduces matric suction and weakens 
capillary forces, thereby limiting hydraulic gra-
dients and moisture migration within the sample, 
making initial moisture a critical factor in drying 
response (Castillo et al. 2015).

Increasing air temperature showed a noticeable 
variation in the average Sr (Fig. 15b), especially at a 
shallower depth (25  mm), indicating enhanced sur-
face drying. The variable importance of air tempera-
ture also confirmed that the importance diminished 
with depth, as presented in Fig.  16b. Further, the 
higher airflow angle and increased airspeed depicted 
in Fig. 15c and Fig. 15d, respectively, did not show a 
substantial variation in the final Sr across all depths. 
Besides, the sensitivity of both airflow angle and 
airspeed was higher at surface levels, particularly at 
25 mm depth, resulting in improved drying efficiency 
near the surface of the material. However, airflow 
angle had a reduced influence compared to other 
input features across all depths, as shown in Fig. 16. 
These trends are consistent with convective heat- 
and mass-transfer theory, as air temperature, airflow 
angle, and airspeed primarily influence surface mois-
ture removal, while their effects diminish rapidly with 
depth due to the limited penetration of airflow and 
heat into the compacted UGM (Khan et al. 2022).

Figure  15e demonstrates that drying time is 
another critical factor, leading to a progressive reduc-
tion in Sr across all depths. Unlike other parameters, 
drying time had a consistent impact at both shallow 
and deeper depths, suggesting that prolonged expo-
sure to microwave energy combined with hot airflow 
facilitated moisture to migrate from deeper layers. 
Extended drying times increase internal vapour gen-
eration and enhance vapour pressure gradients, which 
are the dominant driving forces for moisture transport 
during microwave convective drying (Kumar et  al. 
2017). Figure 16e confirmed this, ranking drying time 
as the most important factor across all depths. This 
emphasised that longer drying durations are crucial 
for enhancing moisture removal over depth, making 
it the most effective parameter in the drying process.

Overall, the parametric study and variable impor-
tance analyses were mostly aligned, showing that dry-
ing time and initial Sr were the dominant factors influ-
encing the drying efficiency of the compacted UGM 
samples under microwave convective drying. At 
25 mm depth, initial Sr and air temperature exhibited 
nearly the same importance (around 0.15), but their 
influence diverged with depth. Initial Sr became more 
dominant at greater depths (~ 0.65 at 125 mm), while 
air temperature decreased in importance to ~ 0.07 at 
the same depth. This result indicates that temperature 
mainly affects surface drying, while initial moisture 
conditions dictate deeper moisture retention. In con-
trast, while airflow angle and speed showed minor 
surface drying improvements in the parametric study, 
their overall influence on drying efficiency remained 

Fig. 17   Variable importance of input variables on the final S
r
 variation at a depth of 25 mm based on two different machine learning 

models: a SVM and b GPR
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low in the variable importance analysis. These find-
ings suggest that convective parameters were limited 
to surface drying, reinforcing the need for an optimi-
sation process to improve drying uniformity.

Figure  17 illustrates the impact of all factors on 
the final Sr variation at a depth of 25  mm based on 
the SVM (Fig. 17) and GPR (Fig. 17b) models. The 
comparison at 25 mm depth was selected because the 
parametric study and variable importance analysis of 
each input feature at the different depths depicted in 
Fig. 15 and Fig. 16 indicate that air temperature, air-
flow angle, and airspeed had more influence at shal-
lower depths. Both the SVM and GPR models agree 
that drying time was the dominant factor, with an 
importance value of approximately 0.65 in SVM and 
0.67 in GPR, confirming that drying time played the 
most important role in influencing moisture removal 
efficiency. Initial Sr was the second most important 
factor, with a variable importance value of around 
0.16 in SVM and 0.15 in GPR. This aligns with previ-
ous findings, indicating that higher initial Sr results in 
greater moisture retention after drying. However, its 
variable importance was substantially lower than dry-
ing time, highlighting that time-dependent moisture 
migration plays a greater role than initial moisture 
conditions at this depth.

Interestingly, despite the experimental results 
showing no major differences in final Sr with vari-
ations in air temperature, both models exhibited a 
noticeable level of importance for this variable (~ 0.16 
in SVM and 0.15 in GPR), being slightly higher than 
the initial Sr in the SVM model. Alternatively, airflow 
angle and airspeed showed minimal importance in 
both models, with values below 0.05, confirming that 
these parameters have a negligible impact on drying 
efficiency at 25 mm depth.

While the machine learning models highlighted 
drying duration as the dominant parameter at all 
depths, they also identified initial Sr and air tem-
perature as influential variables, particularly near the 
surface. However, caution must be exercised in inter-
preting these variable-importance results due to the 
small dataset size, which may limit their robustness 
and generalisability. Future studies should therefore 
further investigate the roles of these variables with 
larger datasets and consider validation techniques to 
improve model reliability.

5 �  Conclusion

This study investigated the efficiency and effective-
ness of microwave convective drying of compacted 
unbound granular material (UGM) used in pavement 
construction through a limited number of controlled 
laboratory experiments. Comparative analyses were 
conducted with microwave drying to evaluate poten-
tial improvements in drying uniformity and surface 
moisture removal. The experimental results demon-
strated that microwave convective drying substan-
tially enhanced surface drying efficiency, increasing 
the dried surface area when compared to microwave 
drying alone. However, it was observed that effective-
ness of moisture removal decreased markedly with 
depth, limiting the drying effect to approximately 
30–50  mm. This poses a significant constraint for 
applying microwave convective drying in standard 
pavement layers, which exceed 75  mm in thickness. 
The limited depth of moisture removal was attributed 
to the constrained penetration of microwave energy 
and the surface-focused nature of convective heating.

To supplement the experimental findings and 
investigate parameter sensitivity, machine learn-
ing models, including the Support Vector Machine 
(SVM) and Gaussian Process Regression (GPR) were 
developed using the available experimental dataset, as 
these two models are better for small datasets com-
pared to other machine learning models. Both models 
demonstrated promising predictive performance, with 
GPR showing particularly high accuracy (mean abso-
lute error, MAE = 0.006%). However, the predictive 
capability of these models is limited to the specific 
UGM type, compaction state, and microwave–con-
vective drying setup represented in this study, and 
their use outside these conditions is limited. There-
fore, future research should validate and expand 
these models using larger and more diverse datasets 
to assess their robustness, improve generalisability 
across broader experimental conditions, and reduce 
concerns related to potential overfitting.

The study identified drying duration as the most 
critical parameter influencing moisture removal 
across different depths. Parameters such as hot air 
temperature, airflow angle, and airflow speed primar-
ily influenced surface drying, with minimal impact 
on deeper moisture removal. Given these findings, 
future research should focus on strategies to enhance 
deeper penetration of microwave energy and improve 
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uniformity in moisture extraction. Possible avenues 
include adjustments in microwave power inten-
sity, antenna design, or hybrid drying strategies that 
combine microwave convective drying with other 
technologies.

Due to the labour-intensive nature of sample 
preparation, compaction, and testing, experimental 
repetitions were not performed, and the number of 
test conditions per variable was limited. Although 
consistent procedures were followed, manual setup 
and measurement constraints may have introduced 
variability. Repeated trials under identical condi-
tions are therefore recommended in future work 
to better quantify experimental uncertainty and 
confirm parameter sensitivities. Moreover, further 
work should also explore translating laboratory-
scale results to field conditions, including pilot-
scale studies under realistic construction scenarios. 
Lastly, this study did not assess the economic and 
environmental viability of microwave convective 
drying, being critical considerations for broader 
adoption. Future research should thus investigate 
these factors, evaluating energy consumption, oper-
ational costs, and sustainability in comparison to 
traditional drying practices.

In conclusion, while this study was preliminary in 
nature, it provides essential insights into the benefits 
and challenges of microwave convective drying for 
a compacted UGM. The method showed promise as 
an accelerated drying technique, particularly for sur-
face layers or thin pavement layers. However, poten-
tial challenges remain regarding deeper moisture 
removal, practical scalability, and cost-effectiveness. 
Addressing these aspects in future research is essen-
tial to determine the feasibility and potential benefits 
of adopting this novel drying approach in pavement 
construction in a real field application.
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