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Abstract
The construction of new buildings and the demolition of old ones generate large
quantities of waste concrete, and extracting recycled aggregates from waste con-
crete has become a solution to alleviate the resource crisis and achieve aggregate
recycling. Owing to its characteristics of selective heating, high efficiency, and
environmental friendliness, microwave heating has been increasingly applied to
the recovery of recycled aggregates. To investigate the relationship between
interfacial separation of mortar and aggregate under microwave irradiation and
the coupling of multiple physical fields, a three-dimensional two-phase mortar–
aggregate model was established using COMSOL Multiphysics software, and
the distributions of the electromagnetic field, temperature field, and stress field
were analyzed. The reliability of the numerical analysis was verified by com-
parison with microwave heating experiments. The numerical simulation results
indicate that the electric field intensity and temperature gradient reach their
maximum values at the mortar–aggregate interface; the outer side of the aggre-
gate is subjected to tension, while the inner side is subjected to compression.
Under the heating condition of 3 kW for 200 s, the first principal stress at the
mortar–aggregate interface exceeds the ultimate tensile strength of the mortar,
leading to crack initiation at the interface. As heating time increases, the cracks
gradually propagate from the interface toward the specimen edges and coalesce,
eventually causing separation of the mortar and aggregate at the interface.
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Abstract

The construction of new buildings and demolition of old structures generate sub-
stantial amounts of waste concrete. Extracting recycled aggregates from waste
concrete has emerged as a viable solution for mitigating resource scarcity and
achieving sustainable aggregate utilization. Microwave heating, characterized
by its selective heating capability, high efficiency, and environmental friendli-
ness, is gradually being applied in recycled aggregate recovery. To investigate
the relationship between mortar-aggregate interface separation and multi-field
coupling under microwave irradiation, this study establishes a three-dimensional
mortar-aggregate biphasic model using COMSOL Multiphysics software. The
distributions of electromagnetic field, temperature field, and stress field are ana-
lyzed. Numerical reliability is verified through comparison with microwave heat-
ing experiments. Simulation results indicate that both electric field intensity
and temperature gradient reach their maximum values at the mortar-aggregate
interface. Under heating conditions of 3 kW for 200 s, the first principal stress
at the interface exceeds the ultimate tensile strength of mortar, initiating inter-
facial cracking. As heating continues, cracks propagate progressively from the
interface toward the specimen edges, eventually interconnecting and causing
complete separation between mortar and aggregate.

Keywords: microwave; aggregate; multi-field coupling; temperature; thermal
stress

1. Introduction

Global infrastructure development generates enormous demand for construction
materials while simultaneously producing vast quantities of demolition waste.
Traditional methods for recovering aggregates from waste concrete, including
physical grinding, chemical acid treatment, and biological sedimentation, suffer
from significant drawbacks such as high noise levels, secondary pollution, and el-
evated costs. Microwave heating technology, widely adopted in food processing
and industrial applications due to its efficiency and uniformity, demonstrates
considerable potential for concrete recycling. Previous studies have shown that
microwave irradiation damages the mortar matrix surrounding coarse aggre-
gates, accelerating the separation process. For instance, Everaert et al. found
that microwave pretreatment (3 kW, 60 s) followed by mechanical processing
increased high-quality recycled aggregate yield from 3.5% to 33% compared to
mechanical methods alone. Similarly, Lippiatt et al. reported that microwave
treatment (2 kW, 2.45 GHz) on a single-mode test bench significantly enhanced
aggregate liberation.
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While experimental studies have validated the effectiveness of microwave-
assisted concrete recycling, accurately measuring internal electromagnetic field
distributions, stress evolution, and deformation remains challenging under
current experimental conditions. These internal mechanical characteristics are
crucial for understanding the mortar-aggregate separation mechanism. Numer-
ical simulation provides an effective solution by enabling accurate analysis of
thermal-mechanical responses within the microwave field. This study employs
COMSOL Multiphysics to develop a fully coupled electromagnetic-thermal-
mechanical model, offering detailed numerical analysis of the separation
mechanism during microwave irradiation.

2. Numerical Model Development

2.1 Specimen Model and Microwave Equipment Numerical simulations
were conducted using COMSOL Multiphysics. Microwave heating experiments
were performed using a CY-MU1000C-L microwave system (Changyi Microwave
Technology Co., Ltd.), consisting of a microwave generation system, heating cav-
ity, and external cooling system. The heating cavity connects to a 2.45 GHz
WR340 rectangular waveguide. A three-dimensional geometric model was estab-
lished based on the actual equipment dimensions, with the specimen positioned
at the cavity center. Model dimensions are detailed in .

The dielectric properties of materials were measured using a vector network
analyzer (PNA37020) with a coaxial probe and support structure via the single-
ended open method. Tests were conducted on basalt and mortar specimens
across 2.4–2.6 GHz to determine the dielectric constant variation. The obtained
dielectric parameters at 2.45 GHz serve as simulation inputs, with other material
parameters derived from relevant literature. Numerical simulation parameters
for mortar and basalt are summarized in .

2.2 Model Assumptions To ensure computational efficiency while main-
taining physical realism, the following assumptions were adopted: - Thermal
radiation from the specimen to the surroundings is neglected; model boundaries
are assumed thermally insulated - Mortar and basalt models are dense with
no internal pores - Both materials are dry, and pressure from water vapor is
not considered - Specific heat capacity is treated as constant pressure values
- Dielectric parameters and thermal conductivity are temperature-independent
constants - Both materials are non-magnetic, ignoring magnetic field coupling
effects - For solid mechanics fields, the specimen bottom surface is directionally
constrained to restrict vertical movement from thermal expansion, while other
boundaries remain unconstrained

2.3 Multi-Field Coupling Theory The thermal response under microwave
irradiation represents a coupled electromagnetic-thermal-mechanical behavior.
The theoretical framework comprises Maxwell’s equations, heat transfer theory,
and solid mechanics, with coupling relationships illustrated in
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Figure 3

Figure 1: Figure 3

.

Electromagnetic Field Theory: Maxwell’s equations describe fundamen-
tal electromagnetic relationships. For this model, they are simplified to the
Helmholtz vector equation:

∇ × 𝜇−1
𝑟 (∇ × E) − 𝑘2

0(𝜖𝑟 − 𝑗𝜎
𝜔𝜖0

)E = 0

where E is electric field intensity (V/m), 𝜇𝑟 is relative permeability, 𝜖𝑟 is relative
permittivity, 𝜎 is conductivity (S/m), 𝜔 is angular frequency (rad/s), 𝑘0 is free-
space wavenumber, and 𝜖0 = 8.85 × 10−12 F/m is vacuum permittivity. By
specifying input frequency and power, the electromagnetic field distribution in
the cavity and specimen is obtained.

Heat Transfer Theory: Microwave energy conversion to heat couples with
the specimen’s heat transfer equation through the thermal balance:

𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡 + ∇ ⋅ (−𝑘∇𝑇 ) = 𝑄𝑒

where 𝑄𝑒 represents microwave-generated heat source (W/m3), 𝜌 is density
(kg/m3), 𝐶𝑝 is specific heat capacity (J・kg−1・K−1), 𝑘 is thermal conductiv-
ity (W・m−1・K−1), and 𝑇 is temperature (K). This yields the temperature
distribution.

Solid Mechanics Theory: Temperature changes cause thermal expansion and
stress. The temperature-strain relationship is:

𝜀𝑇 = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓)

where 𝜀𝑇 is thermal strain, 𝛼 is thermal expansion coefficient, and 𝑇𝑟𝑒𝑓 is ref-
erence (zero-strain) temperature. Total strain comprises elastic and thermal
components:

𝜀 = 𝜀𝜎 + 𝜀𝑇

with stress expressed as 𝜎 = D𝜀𝜎, where D is the constitutive tensor. These
equations enable stress-strain calculation throughout the domain.

chinarxiv.org/items/chinaxiv-202602.00013 Machine Translation

https://chinarxiv.org/items/chinaxiv-202602.00013


2.4 Boundary Conditions Ideal electric conductor boundaries define waveg-
uide and cavity walls. The rectangular waveguide entrance uses a port boundary
condition with propagation constant 𝛽 = √𝑘2

0 − ( 𝑚𝜋
𝑎 )2 − ( 𝑛𝜋

𝑏 )2, where 𝑓𝑚𝑛
𝑐 is

cutoff frequency for mode numbers 𝑚, 𝑛, and 𝑎, 𝑏 are waveguide dimensions.
Impedance boundaries are applied to inner walls.

Convective heat exchange between specimen surface and air causes heat loss:

−n ⋅ q = ℎ(𝑇𝑠 − 𝑇𝑎𝑖𝑟)

where ℎ = 20 W/(m2・K) is the convection coefficient and 𝑇𝑎𝑖𝑟 = 25°C. The
specimen bottom contacting the cavity is thermally insulated. For solid me-
chanics, the bottom surface has directional constraints (𝑢𝑧 = 0 mm) while other
boundaries are free.

2.5 Mesh Quality Assessment The model mesh must satisfy 𝐿𝑚𝑎𝑥 < 𝜆/5,
where 𝜆 is wavelength. The cavity maximum element size is 24 mm, specimen
maximum size is 5 mm. The final mesh contains 23,463 elements with average
quality of 0.664, exceeding the required threshold of 0.15 and ensuring accurate
simulation results.

3. Model Validation

Before numerical analysis, model accuracy was validated using thermocouple
surface temperature measurements. Two heating protocols were compared: 2
kW for 600 s and 3 kW for 300 s. Experimental and simulated temperature evo-
lutions show consistent trends, though simulated values are typically higher due
to idealized assumptions reducing heat losses. Root-mean-square error (RMSE)
between experimental and simulated data is calculated as:

𝑅𝑀𝑆𝐸 =
√√√
⎷

1
𝑁

𝑁
∑
𝑖=1

(𝑇𝑠𝑖 − 𝑇𝑚𝑖)2

where 𝑇𝑠𝑖 and 𝑇𝑚𝑖 are simulated and measured temperatures, respectively.
RMSE values for mortar and basalt are 16.7°C and 20.7°C at 2 kW, and 13.1°C
and 19.7°C at 3 kW, all below the 25.2°C reference threshold, confirming high
model reliability.

4. Results and Analysis

4.1 Electric Field Distribution Microwave heating effectiveness depends
strongly on electric field distribution. In the empty cavity, electromagnetic
waves reflect and refract, creating regions of high and low field intensity. Metal
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wall interference and waveguide position affect field patterns. When the spec-
imen is inserted, the field redistributes—intensity decreases overall while high-
field and low-field positions shift, primarily due to microwave energy absorption
by the specimen.

Internal monitoring reveals peak electric field intensity at the basalt center and
mortar-basalt interface [FIGURE:6c]. The small specimen size allows wave pen-
etration and internal convergence, producing higher field strength in basalt that
increases with input power. Dielectric property differences between materials
cause significant field attenuation across the interface, creating substantial field
intensity gradients that influence heating rates.

Frequency fluctuations affect microwave absorption efficiency. The absorption
rate varies significantly across 2.40–2.50 GHz, reaching minimum (30.86%) at
2.46 GHz and maximum (77.96%) at 2.43 GHz. Frequency changes alter wave-
length, affecting energy distribution and penetration depth. Simulations across
this range show diverse high-field zone patterns: at 2.40 GHz, strong fields con-
centrate at the specimen center; at 2.48 GHz, fields shift to the lower X-axis
region; at 2.50 GHz, fields appear along the Y-axis midsection. This demon-
strates that frequency variations significantly impact heating efficiency and in-
ternal field distribution.

4.2 Temperature Distribution and Gradient Temperature fields show
distinct high-temperature regions [FIGURE:8a]. Large temperature gradients
arise due to non-uniform energy absorption, with maxima occurring at the
mortar-basalt interface where field intensity is highest. Temperature gradient
distributions [FIGURE:8d] reveal that longer irradiation increases both temper-
ature and gradient magnitude, with more pronounced changes in mortar than
basalt due to basalt’s uniform heating characteristics.

Cross-sectional temperature profiles [FIGURE:8c] show basalt temperatures ex-
ceeding mortar temperatures because basalt’s superior dielectric properties
enable greater microwave absorption. The interfacial transition zone, having
higher porosity and water-cement ratio, absorbs energy more rapidly when ex-
posed to microwave radiation, creating larger temperature gradients that facili-
tate interfacial separation.

4.3 Stress and Strain Distribution Temperature gradients induce non-
uniform thermal expansion, generating thermal stresses. The first principal
stress evolution [FIGURE:9a] shows tensile stresses concentrated at the mortar-
basalt interface and basalt exterior, while compressive stresses appear in basalt
interior regions. With measured tensile strengths of 7.4 MPa for basalt and 4.65
MPa for mortar, the interface reaches mortar’s ultimate tensile strength first at
3 kW, 100 s. As heating continues, the tensile zone expands from the interface
outward through the mortar, while compressive regions remain relatively stable.

Stress variations along a monitoring line [FIGURE:9b] show maximum tensile
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stress at the interface, with basalt interior experiencing compression. Due to
different thermal expansion coefficients, basalt and mortar expand at different
rates under the same temperature, creating interfacial tensile stresses. When
these exceed interfacial strength, separation occurs. However, excessive heating
time may damage the aggregate itself, as basalt tensile stresses also increase
and can reach its strength limit.

Strain distributions [FIGURE:9c] show larger strains in high-temperature basalt
regions, with interface strains resulting from combined high stress and temper-
ature effects. The constrained deformation at mortar and basalt edges limits
expansion, intensifying internal stresses.

5. Discussion of Multi-Field Coupling and Separation Mechanism

Microwaves generated by magnetrons propagate through waveguides into the
resonant cavity, forming standing waves through repeated reflection. In un-
treated specimens, no cracks appear. When irradiated, electromagnetic waves
penetrate and converge within the specimen due to its smaller size relative to
penetration depth. Basalt, as a dielectric material, converts microwave energy
to heat through dielectric loss, raising specimen temperature.

Dielectric constant differences between mortar and basalt create varying mi-
crowave absorption capacities, leading to significant field attenuation at the
interface. This produces maximum temperature gradients at the mortar-basalt
interface. When the maximum principal stress exceeds mortar’s tensile strength
(4.65 MPa), cracks initiate at the interface and propagate outward. At 3 kW,
100 s, the interface reaches mortar’s strength limit; by 200 s, cracks extend
throughout the mortar region; at 300 s, mortar detaches from basalt. Optimal
separation occurs at 200–300 s, removing external mortar while preserving in-
ternal aggregate integrity. Excessive duration (400 s) causes basalt damage as
both materials reach their strength limits.

6. Conclusions

This study develops a multi-physics coupled mortar-aggregate model validated
against experimental temperature data. Key findings include:

1. Electromagnetic Field: The cavity exhibits coexisting high and low
electric field regions. Specimen insertion redistributes the field, reducing
cavity intensity while creating peaks at the mortar-basalt interface and
basalt center. Frequency fluctuations significantly affect microwave ab-
sorption, with maximum absorption (77.96%) at 2.43 GHz and minimum
(30.86%) at 2.46 GHz. Increasing frequency shifts strong field zones from
the specimen interior toward the surface.

2. Temperature Field: Maximum temperature gradients occur at the
mortar-basalt interface, with basalt temperatures exceeding mortar
temperatures due to superior dielectric properties. Longer irradiation
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increases both temperature and gradient magnitude, with more significant
gradient changes in mortar than basalt.

3. Stress Field: Maximum tensile stresses appear at the interface, with the
tensile zone expanding from the interface to the specimen exterior over
time. The interface first reaches mortar’s ultimate tensile strength, initi-
ating cracking. Compressive stresses dominate in basalt interior regions.

4. Separation Mechanism: Optimal irradiation time of 200–300 s at 3
kW effectively removes surface mortar while preventing aggregate damage.
The combined effects of electromagnetic field concentration, temperature
gradient, and thermal stress at the interface drive the separation process.
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