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ABSTRACT Due to the potential for significant process benefit, microwave assisted concrete recycling

is highlighted by many scholars and engineers over the world recently. In this paper, a multi-field

model is established to simulate the microwave heating process of concrete specimen with single-particle

aggregate by using of COMSOL Multiphysics. The validation of this model is verified by comparison

with temperature from experiment. Mechanical properties of aggregate-mortar interface during microwave

heating process was experimentally investigated. Electric, temperature, stress field evolution and moisture

transformation during microwave heating process are discussed in detail. Temperature and stress gradient at

mortar-aggregate interface influenced by microwave heating power, frequency and duration are analyzed

and graphically presented, which are the dominant factors to achieve the interface debonding. Based

on the comparison between concrete absorbed energy and temperature variation, energy efficiency for

microwave heating concrete is also briefly discussed. Results of this investigation could provide a multi-field

understanding for the microwave treatment on concrete.

INDEX TERMS Microwave heating, concrete recycling, multi-field simulation, interface debonding.

NOMENCLATURE

µr relative permeability (N/A2),

E electric field intensity (V/m)

εr relative permittivity

j imaginary unit

σ electrical conductivity (S/m)

ω angular frequency (Hz)

T temperature (K)

µ0 permeability of free space (4π ·10-7 H/m)

k solid thermal conductivity (W/(m2·K))
keff effective thermal conductivity (W/(m2·K))
kc mass transfer coefficient

Ri molar production constant (J/(mol·K))
Di diffusion coefficient (m2/s)

ε0 permittivity of free space (8.85 × 10.12 F/m).

k20 wave number in the vacuum

The associate editor coordinating the review of this manuscript and

approving it for publication was Michele Magno .

c′ speed of light in vacuum (m/s)

ρ density (kg/m3)

Cp specific heat capacity (J/kg/K)

u velocity field (m/s)

Qted heat source (W/m3)

q heat flux (W/m2)
(

ρCp
)

eff
effective volumetric heat capacity at constant

pressure (J/m3K)

ci concentration of species (mol/m3)

E electric field (V/m)

Ji diffusive flux vector

H magnetic field intensity (A/m)

I. INTRODUCTION

Microwave is an electromagnetic radiation with frequencies

varies from 300MHz to 300GHz, which showed great poten-

tial in industrial and scientific practical applications [1]–[5].

Due to its potential for significant process benefit, the recent

interest in microwave processing of materials is highlighted
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by many research groups all over the world. Compared

with traditional heating methods, microwave heating offers

a rapid, volumetric and high-safety heating process. Experts

generally agree that it is a green, clean, efficient and sustain-

able energy supply. Recently, microwave heating has been

applied on concrete and rock processing, such as microwave

assisted concrete curing, rock and concrete breaking, drilling,

material pre-heating and concrete recycling.

The development of construction industry results in high

consumption of concrete and then huge volume of Construc-

tion and Demolition (C&D) waste worldwide. Many coun-

tries are currently facing shortage of natural aggregates. The

utilization of recycled concrete aggregate (RCA) has great

significance in realizing the sustainable development of the

construction industry. How to separate the mortar and aggre-

gate effectively is the critical issue for high-quality aggregate

recycling. The properties of mortar, aggregate and their inter-

face under different treatment methods is the priority for the

effective recycling.

Conventional heating approach could separate mortar and

aggregate under certain temperature. Within conventional

thermal separation, aggregates are heated to the temperature

varies from 300◦C to 600◦C. Generally, several hours are

needed to reach the required temperature through the conven-

tional heating cavity, with high energy consumed. In addition,

the high temperature under long heating duration may lead to

the performance degradation of recycled aggregate compared

with the natural aggregate. As a most common separation

method, the principle of mechanical methods for mortar and

aggregate separation is the rubbing and impact forces to

separate the adhering mortar. High dust and noise pollution

were generated, and relatively high energy was consumed,

secondary pollution will be produced.

Recently, microwave heating technique has be consid-

ered as the potential solution for effective recycle method

of concrete aggregate even when the materials was only

subjected to low heating energy [6]–[9]. Microwave heating

represents the transfer of electromagnetic energy to thermal

energy [10]–[13]. One principle of microwave effective heat-

ing is due to the volumetric heating process subjected to

concrete material, the materials under microwave irradiation

could be heated within few minutes [14]–[18]. Another fea-

ture is the selective heating property of microwave [19]–[23].

When concrete is irradiated under microwave, mortar, aggre-

gate and water could be heated under electromagnetic field.

Energy conversion and transfer of mortar, aggregate and

surroundings environment would happen during the whole

heating process. The heating effect is affected by dielec-

tric and thermal properties of mortar and different types of

aggregate, and also by the electric and magnetic field dis-

tribution within the heating cavity. The response of mortar

and aggregate within concrete towards microwave heating are

largely different. The difference of materials’ response lead

to different electromagnetic and thermal field, resulting in

the thermal stresses gradients between materials [24]–[27].

Precious research indicated that stress and strain of mortar,

aggregate and the interface are continuous changed during

heating period. The internal stresses may induce the fracture

especially at the interface of aggregate and mortar [28].

Many experiments have already indicated that microwave

can induce severe damage of concrete. Microwave processing

could improve the comminution properties and liberation of

both aggregate and cement. Particularly, researches proved

that boundary cracks of mortar and aggregate would form

after microwave treatment, the intergranular crack, in other

words [29]–[31]. Research demonstrated that microwave

treatment pre-treatment positively affects aggregate libera-

tion and cement matrix removal. Due to its heating charac-

teristic, even when concrete under short heating time and

low microwave power level, there are still crack generated

at the boundary of mortar and aggregate. Considering the

aspect of both aggregate effective utilization and energy

consumption, microwave heating assist aggregate recycling

could be regarded as a potential and prospective technique

for future application. However, the electromagnetic, thermal

and mechanical evolution could not be predicted or quantita-

tively described only during the experimental investigation.

The experimental research could only provide the macro sep-

aration result, the content mortar adhesion, strength, failure

mode, for example.

In last few years, numerical simulation researches were

achieved to give an insight into the complex multi-field cou-

pling of microwave treatment process [32]–[37]. As powerful

software, COMSOL Multiphysics could model microwave

heating by coupling electromagnetic, solid heating, solid

mechanics and mass transfer modules. Hong et al. [38] sim-

ulated the heating behavior of coal under microwave irradia-

tion by COMSOL Multiphysics. The effects of microwave

frequency, microwave power and sample position were

demonstrated. Similarly, Lin et al. [39] analyzed the sensi-

tivity on microwave heating of coal, with several influence

parameters incorporated in the model. However, the mass

transfer process was neglected in the analysis. The mois-

ture content, moisture distribution and heat evaporation were

ignored, which does not present the actual heating circum-

stance [40]. Fewer investigations were made subject to the

multi-field problem of concrete under microwave treatment.

There are many attempts to understand the response of con-

crete under the influence of an electromagnetic field. The

phenomena associated with the multi-field heating process-

ing are less understood. The heat and mass transfer process of

concrete under electromagnetic field has to be studied to give

a deeper insight into the microwave heating on both macro

and micro level. As the good microwave absorbed mate-

rial, the existence of water could affect the heating results

effectively. When the heating temperature reached a certain

level, the form variations of water could influence the heat-

ing phenomenon. The conversion and transformation of this

moisture would have an impact on the heating result. During

the microwave heating concrete, only the polar molecule with

high dielectric properties absorbed microwave energy, lead-

ing to the temperature increase. The polar molecule rotated
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FIGURE 1. Energy, heat and mass transfer of concrete under microwave
irradiation.

due to the microwave energy, clustering together as vapor

bubbles when the temperature reached the boiling point,

transferring from concrete phase to surrounding air phase,

shown in Fig.1. The formation process of bubbles leads to

the energy and mass transfer process in concrete. When the

bubbles transfer from concrete to air phase, the heat and

mass transfer process happened. The mass transfer process is

influenced by the heat transfer circumstance, and vice versa.

Therefore, the further understanding of moisture variation

within concrete under microwave irradiation is the primary

consideration. Additionally, the mechanical field simulation

is needed for the study of mechanical mechanism during

the heating process. The stress and stain lead to interface

debonding are needed to be clarified. The energy efficiency

of heating process needs to be considered for the possible

effective aggregate recycling.

The aim of current research is to present a 3D simulation

to study the multi-field coupling process of concrete under

microwave treatment. Multi-field simulation for microwave

heating of concrete is firstly performed and verified by exper-

imental temperature results. A simplified concrete model

is employed to investigate the response of aggregate and

mortar under microwave irradiation and also the interaction

between the two materials. Although the real shape, size and

location of aggregate could not represent in the simplified

model, the heating response of mortar and aggregate could

be captured, and the microwave heating mechanism could be

investigated. Push-out tests are conducted after microwave

heating process to investigate the interface the mechanical

behavior of aggregate-mortar interface after microwave heat-

ing. Four physical fields are used in numerical simulation,

the mechanical field, electromagnetic field, thermal field and

mass transfer field to illustrate the complex and more practi-

cal multi-field heating process of concrete.

Themicrowave was generated through the electromagnetic

generation and electromagnetic losses. The electric, thermal

and stress field are analyzed firstly, shown in Fig.2.The

moisture evolution and phase change of sample during

heating process and the internal mechanism are discussed.

The influence factors relating to the microwave processing

FIGURE 2. Research approach.

efficiency are illustrated, including microwave heating fre-

quency, power and time. The heating efficiency is studied

quantitatively subjected to different microwave frequency.

Particularly, the mortar-aggregate interface properties such as

temperature difference, stress variation and mutation under

microwave heating are discussed subject to the interface

debonding.

II. MULTI-FIELD SIMULATION

A. METHODOLOGY

The COMSOL Multiphysics is employed to simulate the

multi-field heating process in mortar-granite concrete under

microwave irradiation. With COMSOL Multiphysics, con-

ventional models for only one circumstance of physics could

be easily extended into multiphysics models, which could

solve the multi-field problems. COMSOL Multiphysics can

model microwave heating by coupling electromagnetic and

heat transfer physics. The software solves the numerical mod-

els using finite element method (FEM).

B. GEOMETRY OF MULTI-FIELD MODEL

The model geometry is established based on the microwave

oven model in COMSOL Multiphysics application gallery,

as shown in Fig. 3. Heating sample was placed at the bottom

center of oven. Microwave sources were transfer through the

waveguide into microwave oven. The microwave oven and

waveguide are filled with air. The concrete was simplified as

a single aggregate concrete, which was composed by granite

and mortar. Granite was chosen as the typical kind of aggre-

gate. Granite and mortar were acted as the inclusion and host

part, respectively. The diameters of heating cavity, waveguide

and sample were tabulated in Table 1. The heat and mass

transfer process and themechanical field evolution for granite

andmortar phases could be both simulated through themodel.

Particularly, the heating characteristic of interface between

granite and mortar could be clearly observed.
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FIGURE 3. Geometry of heating model.

TABLE 1. Model parameters.

TABLE 2. Thermo-physical properties of mortar and granite and the
initial conditions.

The thermo-physical and dielectric properties of mortar

and granite are considered as a constant under various tem-

perature. The properties of mortar and granite were tableted

in Table 2, which was obtained from related literature. Initial

temperature of sample and air were 298.15 K, that is 25 ◦C.
Mesh size and quality has important impact on the accuracy

of the finite element analysis. The model is built with ‘‘fine

element’’ size, and the maximum mesh size was set to 1/5th

of the microwave wavelength. The quality evaluation of mesh

element is shown in Fig.4. There are 27726 elements in the

model, the average mesh quality is 0.66, confirming that the

elements are regular, and the model is reliable.

C. ASSUMPTIONS

In this paper, several assumptions were considered within the

model during the analysis to simplify the problem to some

extent, listed as below;

FIGURE 4. Model element and quality evaluation.

a) The walls of the oven and the waveguide are perfectly

conducting;

b) The initial temperature distribution of sample and air are

homogeneous;

c) Granite and mortar are considered as homogeneous

porous media;

d) Chemical reaction is not considered in the heating

process.

D. GOVERNING MECHANICS

1) ELECTROMAGNETIC FIELD

The electromagnetic is governed by the Maxwell’s equation.

The Maxwell’s equations describe how electric and magnetic

fields propagate, interact, and how they are influenced by

objects. Effects of many electromagnetic characteristics are

considered in these equations, the electric field intensity E,

the electric displacement or electric flux density D, the mag-

netic field intensity H, the magnetic flux density B, the cur-

rent density J.

The governing equation is given as:

∇ × µ−1
r (∇ × E) − k20

(

εr −
jσ

ωε0

)

E = 0 (1)

where µr is the relative permeability (N/A2), E denotes the

electric field intensity (V/m), εr represents relative permittiv-

ity, j is imaginary unit, σ is the electrical conductivity (S/m),

ω represents the angular frequency and ε0 is the permittivity

of free space (8.85 × 10−12 F/m).

2) TEMPERATURE FIELD

The heat generated by microwave heating need to be coupled

into heat transfer equation in concrete. Based on Fourier’s

energy balance equation within the area of microwave oven

and the waveguide, heat transfer is given by the following

equation:

ρCpu · ∇T + ∇ · q = Q+ Qted (2)

where Qted is the microwave heat source (W/m3), ρ is the

density (kg/m3), Cp is the specific heat capacity (J/kg/K), u is
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the velocity field (m/s), T is the temperature (K), Q represents

the heat of moisture vaporization; heat flux q is express as:

q = −k∇T (3)

where k is the solid thermal conductivity (W/(m2·K)).
For the heating sample mortar and granite, the moisture

content within these porous media could affect the heat trans-

fer process, the heat transfer equation is expressed as:
(

ρCp
)

eff

∂T

∂t
ρCpu · ∇T + ∇ · q = Q (4)

q = −keff ∇T (5)

keff = θpkp +
(

1 − θp
)

k + kdisp (6)

where ρ is the fluid density (kg/m3), Cp is the fluid specific

heat capacity (J/kg/K),
(

ρCp
)

eff
is the effective volumetric

heat capacity at constant pressure (J/m3K), q is the conductive

heat flux (W/m2). u is the fluid velocity field(m/s), keff is the

effective thermal conductivity (W/(m2 · K)), Q represent the

microwave heat source (W/m3).

3) DISPLACEMENT FIELD

The stress, strain, displacements and velocity of con-

crete under microwave heating was induced by tempera-

ture variation, moisture transfer, and the material mechanical

properties.

For example, the strains of sample during the heating

process was given by:

εinel = ε0 + εex + εth + εhs + εpl + εvp + εcr (7)

where ε0, εex , εth, εhs, εpl, εvp, εcr are the initial strain, exter-

nal strain, thermal strain, hygroscopic strain induced by mass

transfer, plastic strain, viscoplastic strain and creep strain,

respectively. The strain composition and variation could

present themulti-field coupling of the heating process clearly.

A fixed constraint node adds at the bottom surface of

mortar and granite, which act as a condition that makes the

geometric entity fixed. It means that the displacements are

zero in all directions, that is u = 0.

4) MASS TRANSFER

As the good microwave absorbed material, the existence of

water could affect the heating results effectively. When the

heating temperature reached a certain level, the form and dis-

tribution of moisture will be changed, which could influence

the heating phenomenon. The conversion and transformation

of this moisture would have an impact on the heating result.

Thus, the mass transfer process should be considered. The

mass transfer solved in the porousmedia in granite andmortar

expressed as:

∇ · Ji + u · ∇ci = Ri (8)

where ci denotes the concentration of species (mol/m3), u is

the fluid velocity (m/s), Ri is the molar production constant

(J/(mol·K)), Ji is the diffusive flux vector, given as:
Ji = −Di · ∇ci (9)

where Di is the diffusion coefficient (m2/s)

5) BOUNDARY CONDITION

During the heating process, the impedance boundary condi-

tionwas used to define thewalls of waveguide andmicrowave

oven and the equation is given by:
√

µ0µr

ε0εr − jσ/ω
n×H + E− (n · E)n = (n · Es)n− Es

(10)

where µ0 is the permeability of free space,H is the magnetic

field intensity (A/m), Es denotes electric field source;

The waveguide and heating oven boundary are described

as perfect magnetic conductor as:

n × H = 0 (11)

The port boundary was defined as a rectangular input,

the microwave was input through the port boundary, the scat-

tering parameters is described as:

S =
∫port (E − E1) · E1

∫port E1 · E1
(12)

where E is the computed electric field, E1 is the electric field

in port 1;

In the thermal field, the boundary of sample is defined

as thermal insulation boundary condition, which means that

the temperature was continuous at the boundary, that is the

temperature on one side of the boundary must equal the

temperature on the other side;

n · (−k∇T ) = 0 (13)

In the mass transfer field, convention is applied to the sample,

given as

−n · (−D∇c) = J0 (14)

J0 = k(cb − c) (15)

where D denotes the moisture diffusion coefficient in the

sample, cb is the air moisture concentration, kc refers to the

mass transfer coefficient.

The bottom face of sample is defined as no flux boundary

condition, that is, J0 = 0.

III. EXPERIMENTAL TEST

Experiment was carried out in an industrial multimode

microwave heating system (CY-MU1000C-L) in the research,

which was manufactured by CHANGEMW Microwave

Technology Development Co., Ltd., China. The incident

microwave power is tunable from 0 to 6000W and the

water-cooled magnetron operated at a frequency of 2.45GHz.

Microwave input power and exposure time are controlled by

the Programmable Logic Controller (PLC) and touch screen,

as shown in Fig.5. The heating temperature, duration and

power could be set before the heating process. The dimension

of heating cavity is 110 × 110×110 mm, enclosed by the

thermal insulation material. The heating temperatures were

monitored by thermocouple during the heating process.
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FIGURE 5. Multi-mode industrial microwave heating system.

FIGURE 6. Experimental measured and simulated temperature of
concrete.

Mortar-aggregate specimens are designed as cubes, with

dimensions of 40mm×40mm×40mm designed, which are

the same with the simulated model. The concretes with single

aggregate were designed to represent the connection between

the aggregate and mortar. The concrete sample is a simplified

model of normal concrete, consisting of an aggregate and

mortar with the strength grade of M30. The cylinder aggre-

gate is in the center of specimen, the diameter is 15mm and

the height is 40mm. PO 42.5 grade ordinary Portland cement

was used in this study. The compressive strength of mortar

was 35.2MPa. The fine aggregate was taken from Weihe

River, Xi’an, China. The fineness modulus was 2.6, and its

physical and mechanical properties met the 〈〈General Con-
crete Sand and Stone Quality Standards and Test Methods〉〉
(JGJ52-2007) requirements. The mortar was filled in mould

around the aggregate on a vibrating table. After 28 days of

standard water curing at a temperature of 25 ◦C, the samples

were ready to be used in both microwave heating experi-

ments. The typical small area for temperature measurement

was presented. The microwave heating effect of this model

was verified through comparing to the microwave heating

experiments. The comparison of experimental and simulation

results is shown in Fig.6.

It is shown that the simulation results almost agree well

with the experimental results except for minor temperature

difference. The differences may due to the assumptions of

the simulation model and the limitation of experiments. For

example, the frequency in experiments may varied or fluc-

tuated. The relative permittivity, moisture conductivity and

mass transfer coefficient are set as constant in the simulation

model, which could lead to the difference of simulation and

experiment result. In addition, the homogeneity assumption

of components of concrete could lead to the deviation of sim-

ulation results. The experimental validation proved that the

numerical model is considered accurate enough to perform

further simulations.

FIGURE 7. Cracks formation in mortar-granite sample under microwave
treatment.

The fracturing effect of microwave treatment and the

expanded view of cuboidal mortar-granite sample are shown

in Fig. 7. The cracks formed after the microwave heating

under 2kW for 100s. The crack started from the interface

of mortar and granite aggregate, extending towards the mor-

tar matrix. The cracks penetrated to the three side surfaces

perpendicular to the end surface. Some mortars were fall

off from the sample near the aggregate, which may due to

the thermal stress concentration and temperature difference

around the mortar-aggregate interface. With the increment of

heating time and microwave power, the cracks occurred in

samples enlarged, leading to the total debonding of aggregate

and mortar. Under the microwave heating, the separation

cannot be realized by the temperature rise alone, the expan-

sion must take place at the interfacial layer. The experi-

mental results proved the potential of microwave assisted

concrete-aggregate recycling.

Then the meso-mechanical laboratory push-out test was

carried out to identify the mortar- aggregate interface prop-

erties after microwave irradiation. The push-out tests were

undertaken with an electro-hydraulic servo universal testing

machine WAW-1000. Aggregate push-out tests were con-

ducted by using the set-up are displayed in Fig.8. The load

was applied on the center point of aggregate. Interfacial bond

strength, τ was obtained by dividing the maximum load

(MPa), Pmax by the nominal shear area which is given by the

product of the circumference of the cylindrical aggregate and

the depth, (τ = Pmax/2π rL), where L is the constant length

of the cylindrical aggregate as 40 mm and r is the radius as

15 mm. Push-out test were conducted under different condi-

tions ofmicrowave heating process to investigate the interface

the mechanical behavior of aggregate-mortar interface.
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FIGURE 8. General view of the aggregate push-out test set-up.

FIGURE 9. Interfacial residual bond strength under different heating time
and power.

It could be seen that when the irradiation time was less

than 150 seconds, the curve changes very gently, the resid-

ual bond strength is basically unchanged compared with

the untreated specimens (Fig.9). When the irradiation time

reached 150 seconds, the residual bonding strength decrease

rapidly, compared with the decrease of bonding strength by

only 8.0% at 150s, the bonding strength at 5kW power at

200s is reduced by 32.6%. The curves indicate that under the

same irradiation time, increasing the microwave power can

significantly reduce the bond strength between aggregate and

mortar. From the aspect of temperature difference, it can be

clearly seen that the change in bond strength is related to the

temperature gradient between aggregate and mortar. Larger

temperature difference at interface result in lower interfacial

bond strength, which could facilitate the interface debonding

of mortar and aggregate [47].

IV. RESULTS AND DISCUSSION

A. ELECTRIC, TEMPERATURE, AND STRESS FIELDS

Microwave generated from waveguide would be reflected

continually by the wall of heating cavity. The electromagnetic

field was formed unevenly, with heterogeneous-distributed

high- energy and low- energy region co-existed. Introduction

of concrete redistributes the electric field through the absorp-

tion of the microwave energy. Generally, the microwave

frequency, sample size and morphology, sample dielectric

properties, sample and waveguide’s position could affect the

distribution and magnitude of electric field. The microwave

electric field was attenuation when pass through con-

crete samples, which was caused by energy transformation.

FIGURE 10. Electric field of (a) whole cavity (b) sample (c)granite.

Sample would be heated rapidly in the heating cavity due

to the continuous conversion of electromagnetic to thermal

energy. As shown in Fig.10, the strongest electric field in

the mortar-granite was concentrated at the corner of upper

surface of mortar phase under the 1 kW microwave power.

The upper part of mortar and granite suffered stronger electric

field.

FIGURE 11. Temperature profile along the z-direction.

Initially, the thermal fields are distributed uniformly at the

temperature of 298K. A cold spot appeared at the bottom cen-

ter of the concrete sample. Higher temperature region showed

at the center and corner of sample surface in the beginning.

As the heating time grows, the region of high-temperature

enlarged, while the low-temperature region shrunken. The

temperature field distribution along the measurement line

were captured with 100s heating time (Fig.11). At the top

surface, z=0, the bottom surface z=40. The longer the

heating time, the larger temperature difference exhibited,

the faster maximum temperature increased. Higher electro-

magnetic intensity leads to faster polarization effect, resulting

in increment of heating temperature and thermal field. The

distribution of temperature was corresponded to variation of

electromagnetic field.

Fig.12 illustrates the sample’s stress field and interfacial

stress of mortar and granite under the 1 kWmicrowave power.

To evaluate the mortar, granite and the interface properties,

the stress state and deformationwithin sample are needed. For

the whole sample, tensile stress acted as the dominant stress.

It can be seen from the cross section across center of both
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FIGURE 12. (a) Major principal stress of sample (b) Interfacial stress of
mortar and granite.

the mortar and granite that there was a marked change of the

principal stress at the interface of mortar and granite, which

was due to the difference of thermal and mechanics prop-

erties of two materials shown in Fig.12 (a). The mechanics

condition was beneficial for the possible interface separation.

The stress gradients increased with the increment of heating

time. The minimum principal stress occurred at the corners

of bottom surface of sample because of the definition of

boundary conditions. It can be seen that there were shear

stress was the dominant stress formed at the boundary of two

material Fig.12 (b), contributing to the interface failure.

FIGURE 13. (a) x-direction displacement (b) y-direction displacement of
sample.

The displacements of two sides of sample in y-direction

were symmetrical, shown in Fig.13 (b), which may be due to

the homogeneous distribution of electric and thermal field in

the y-direction. In x-axis direction, in other words, microwave

entry orientation, the displacement of sample’s surface was

greater. It was interesting that the maximum displacement

occurred at the corner of sample, which was closest to the

waveguide. The following was the corner at the maximum

distance from waveguide, on the diagonal, in other words.

The electromagnetic field was aeolotropic within the heat-

ing cavity. Microwave transferred from waveguide reflected

continually to the heating cavity, the part would be absorbed

by samples, which were no longer uniformly distributed as

beginning. The position of waveguide and sample could influ-

ence the distribution of the electromagnetic field, leading to

the variation of mechanical properties of concrete sample.

Temperature, electric and stress field within mortar and

aggregate especially at the interface under heating power

of 1kW were shown in Fig.14. The variations of electric,

temperature and stress field were interrelated and interacted.

It could be found that within the concrete, electric field

FIGURE 14. Temperature, electric and stress field within mortar and
aggregate.

attenuation was occurred. As the microwave absorber, when

microwave propagated through the concrete, electromagnetic

energy was transformed into heat energy, presenting as the

electric field attenuation, resulting in temperature increase

within concrete. There was a sharp increase of temperature

at the interface. The different dielectric properties of mor-

tar and aggregate leads to different heating rate and tem-

perature results under microwave irradiation, resulting in

the temperature gradient. The temperature gradient leads to

corresponding stress gradient. The boundary debonding was

formed based on the stress variation, which caused by stress

difference and thermal expansion. The stress mutation at the

interface could facilitate the interface debonding behavior.

B. MOISTURE TRANSFER IN SPECIMEN DURING HEATING

PROCESS

Moisture existence and transformation plays an important

role in the heating process, while few previous studies ana-

lyzed the mass transfer evolution during the heating process.

In thismodel, mass transfer fieldwas collaborated to illustrate

the heating process more systematically and accurately. The

heat generation induced by electromagnetic losses, water

evaporation and heat convection could affect the tempera-

ture field evolution within concrete. Moisture exists in two

main states within materials, chemically bounded moisture

and free moisture in the pores. Free moisture includes the

surface absorbed water and interparticle water. When sample

was exposed to microwave heating, the moisture state and

content will be changed. Free water in the pores occurred

when the temperature reached the boiling point. As heat-

ing temperature increased, bounded water was released and

transformed into steam under sufficient power density, which

could decrease the density of sample and influence sample’s

dielectric properties of materials. And the dielectric proper-

ties change could in turn affect the heating results, includ-

ing the moisture content and distribution. The mechanical

properties of mortar and granite under microwave heating

directly relate to their dielectric properties, which means that

the mechanical properties could be affected by the moisture

variation. The nonuniformity temperature distribution lead

to the increment of vapor pressure gradient, resulting in the

vapor diffusion in concrete and eventually in surrounding
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environment. During the process, damage will occur in con-

crete owing to the gradient of vapor stress and tempera-

ture. In addition, the properties of mortar and granite may

undergo significant chemical change, with the bond broken

and molecular structure changed. Water saturation enhances

the liberation of some material particularly while have little

effect on others. The heating results for mortar and granite

was largely different even they were under almost same water

content.

FIGURE 15. Moisture evolution of sample under microwave irradiation.

The moisture content of granite was a little bit higher

than that in mortar when t=0s in the initial condition, shown

as in Fig.15. A moisture concentration spot was formed at

bottom center of the sample initially, which was coincides

to the temperature cold spot. The upper part of sample was

heated more effectively based on the distribution of electro-

magnetic field under microwave irradiation. As the increment

of heating time and temperature, the moisture content of

upper part declined. Within mortar, the area contents higher

moisture shrunken with the increase of heating time, while

the area within granite remain almost the same as the inclu-

sion. Compared with the moisture distribution within granite,

the mortar’s surface moisture could be easier evaporated

and diffused, with lower moisture content appeared. Gener-

ally, the increment of water content in sample can signifi-

cantly increase the microwave heating rate. In the beginning,

the moisture content was distributed uniformly within the

sample. With the increment of heating time, moisture content

starts to change. With higher content of moisture evaporated,

higher heating rate and temperature field presented. It is why

less moisture contents remained corresponding to higher tem-

perature presented. Within the conventional heating process,

the heat is transferred from the surface towards the center

of the material, thus the vapor evaporation was more likely

formed on the concrete surface. After a duration of heating

process, higher temperature may occur in the inner part of

concrete. However, the phenomenon was largely different

under microwave irradiation owing to its volumetric heating

characteristic. The analysis of water content variation and

mass transfer process could provide the reference to evalu-

ate the heating efficiency and predict the following heating

process. From the distribution law of water content within the

sample, it could be concluded that there existed an interaction

effect distribution of moisture field, temperature field and

electromagnetic field during the heating process.

C. EFFECT OF MICROWAVE POWER

The variation of maximum and minimum temperatures under

different heating time and microwave power were shown

in Fig.16. Before the heating process, thermal fields were

distributed uniformly throughout the whole heating sample.

As the heating time and microwave power grows, the elec-

tric intensity and thermal field both increased, the average

temperature increased accordingly. The hot spot enlarged,

extended deeper towards the sample. The distribution pattern

of temperature fields was almost the same. Both the max-

imum and minimum temperature of sample were occurred

in the mortar. The temperature gradients within granite were

smaller than that in mortar, which means that the temperature

field in granite was more uniformly. Based on the analysis

of stress field and displacement of mortar, easier and earlier

damage may occur in mortar part. The positions of maximum

temperature gradient occurred at the top or side surface of

granite, that is the interface of mortar and granite, instead of

the interior body of granite.

FIGURE 16. Effect of microwave on the sample’s temperature field.

Results found that the displacement of surrounding mortar

was larger than that of inner granite under the microwave

treatment, indicating that the mortar may suffer damage

firstly. The displacement of interface granite was selected to

analyze the effect of microwave power on sample’s defor-

mation. The displacement of interface was caused by the

thermal expansion effect of granite and mortar, which was

also affect by the stress gradient between materials. It is

obvious that higher microwave power lead to larger surface

displacement after same heating time (Fig.17). The slope
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FIGURE 17. Effect of microwave power on granite radial expansion at
interface.

the curve indicated that higher power could induce larger

deformation per unit time. For the same displacement, less

time was needed for higher microwave frequency. It could be

seen that under 5kW microwave heating of 100s, the inter-

face displacement has reached 3mm, indicating the interface

debonding of mortar and aggregate. There may exist a critical

microwave power value formortar brokenwhile granite keeps

intact.

It is obvious that larger power results in larger electric field

intensity and higher average temperature. However, during

the heating process, heating efficiency should be considered

from the standpoint of economic. Heating process hope to

achieve the maximum output value with least investment.

The heating efficiency is directly relating to the selection

of microwave power and heating time, that is, the energy

input. Four same energy input with different microwave

power were simulated in the model to find out the influ-

ence of microwave power under same energy input. Taking

energy inputs 150KJ as example, four kinds of combination

were employed, 1000W×150s, 1500W×100s, 2000W×75s

and 2500W×60s. Maximum temperature occurred when the

microwave power was 2500W. Taking temperature 1200K

as example, it could be seen that for 2500W’s microwave

power, only 20s were needed to reach the temperature while

for microwave power of 1000W, heating timewas extended to

about 70s. In other words, higher temperature could be firstly

reached within fewer heating time. It was obvious that the

slope of 2500Wmicrowave power curve was largest (Fig.18).

The relationship of temperature difference, minimum tem-

perature and heating time was shown in Fig.19, the solid

line represent the temperature difference and the dashed line

represent the minimum temperature. Tmax increase with the

increment of microwave power while the Tmin decreased.

Under the highest microwave power treatment, the temper-

ature difference reached almost 2000K while the minimum

temperature was the lowest compared with other power treat-

ment. In other words, higher microwave power lead to larger

temperature difference within the sample. Lower microwave

power may result in more homogeneous temperature field.

It could be concluded that higher microwave power level

FIGURE 18. Effect of microwave power on maximum temperature.

FIGURE 19. Effect of microwave power on minimum temperature and
temperature gradient at interface.

combined with shorter heating time may result in higher

heating efficiency, with less energy input needed while higher

temperature achieved.

D. EFFECT OF MICROWAVE FREQUENCY

Previous researches indicate that the frequency generated

by microwave heating system fluctuates during the heating

process. When the microwave power source is 2.45GHz,

the frequency may vary from 2.40GHz to 2.49GHz with typ-

ical chaotic irradiation spectra of magnetrons. In the section,

the frequency of 2.41GHz, 2.43GHz, 2.45GHz, 2.47GHz

and 2.49GHz were selected to investigate the microwave

frequency effect on the heating results.

The thermal and electric field of sample and cross

section of mortar and granite after microwave heating after

100s microwave irradiation under same power input was

shown in Fig.20. The electric filed was largely affected by

microwave heating frequencies. When microwave frequency

changed for only 50MHz, the intensity of electric field varied

doubled. Different microwave frequencies result in differ-

ent electric field within the heating cavity and the sample,

leading to the difference in the thermal and stress field. The

moisture content and distribution were also varied under dif-

ferent heating frequencies. For different microwave heating
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FIGURE 20. Effect of microwave frequency on electric and temperature
field (2.45GHz).

frequency, the strongest electric fields were all distributed at

the corner of the upper surface. It can be obviously found

that the thermal field varies with the change of microwave

frequency. The value of maximum andminimum temperature

fluctuated under different frequency. The shape and area of

temperature cold spot and electric low-energy region were

evidently affected by heating frequency.

FIGURE 21. Effect of microwave frequency on heating efficiency and
temperature.

Maximum temperature and electric field intensity

increased rapidly when the frequency changed from 2.41GHz

to 2.43GHz, shown in Fig.21. The region of hot and cold

spots varied under different heating frequencies. The cold

and hot spot was largest when frequency was 2.41GHz. The

spot shrunk when the heating frequency increased. When

the frequency continues to reach 2.45GHz, the maximum

temperature and electric field intensity fall back. In the sim-

ulation, the maximum temperature and the largest difference

temperature were occurred when frequency was 2.43GHz,

which may cause more inhomogeneous expansion of sample

and larger stress gradient. The relationship between max-

imum temperature, minimum temperature and microwave

frequency did not present a certain law, which suggest that

there is an optimal microwave heating frequency to achieve

a more effective heating process under a typical heating

circumstance.

Microwave heating efficiency could be indicated by the

energy efficiency. In order to evaluate the energy efficiency

quantitatively, the concept of microwave utilization effi-

ciency was put forward, which could be expressed as:

η =
Pa

Pi
× 100% (16)

where Pa is the absorbed power by sample (W), Pi is the total

energy input (W).

The absorbed microwave power by sample as obtained

by calculating the integration of internal energy through the

microwave treatment and the total energy input were 1000W

under the microwave frequency of 2.41, 2.43, 2.45, 2.47,

2.49 GHz, respectively. The green line in Fig.18 represent

the heating efficiency varies with the microwave frequency.

The maximum temperature and heating efficiency fluctuate

with similar tendencies. For instance, the maximum temper-

ature and highest energy efficiency occurred when the fre-

quency was 2.43GHz. Higher microwave frequency does not

definitely lead to higher energy efficiency. In the industrial

application, a broader range of microwave frequency has

been extended. Microwave frequency is directly related to

the penetration depth, the effective heating frequency within

in a wider range for different size of sample need to be

investigated in further research.

FIGURE 22. Electric and temperature field variation within mortar and
aggregate.

E. INTERFACE EFFECT

The perspective of the research focus on the interface debond-

ing of mortar and aggregate, that is the prerequisite of

concrete aggregate recycling. The temperature and stress

variation at the boundary were needed to be investigated.

Fig.22 showed the electric and temperature field within mor-

tar and aggregate under microwave heating power of 1kW,

2kW and 3kW. The dash line presents the electric field and

the solid line presents the temperature variation. After 1 kW
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microwave heating for 100s, the max and min electric field

intensity were 5833V/m and 4554V/m, the max and min

temperature were 782.2 ◦C and 563 ◦C, respectively.
It could be found that within the granite aggregate, electric

field attenuation was occurred. As the microwave absorber,

when microwave propagated through the granite and mortar,

electromagnetic energy was transformed into heat energy,

presenting as the electric field attenuation, resulting in tem-

perature increase within granite. It could be found that higher

microwave heating power lead to larger electric field atten-

uation and significant larger temperature difference at the

interface, which may promote the interface debonding of

mortar and aggregate.

FIGURE 23. Radial stress variation within mortar and aggregate.

It could be found that there was stress mutation at the

boundary of mortar and aggregate under microwave heating

of 1kW, shown in Fig.23. The longer heating time, the larger

stress gradient. The boundary debonding was formed based

on the stress variation, which caused by stress difference and

thermal expansion. The stress mutation at the interface could

facilitate the debonding behavior. The black dash line showed

the total displacement after 100s microwave irradiation. The

larger displacement of mortar indicated the thermal expan-

sion behaviors and the damage possibility of mortar matrix.

Higher microwave power and longer heating time could lead

to higher stress mutation between two materials, promoting

the interface separation. The numerical results were corre-

sponding with the experimental tests.

Fig. 24 presented the interface temperature gradient

between mortar and aggregate under different microwave

heating power varied with heating time. Two points were

selected extremely near the boundary while one within aggre-

gate phase and another in mortar matrix. The numerical

results showed that with the increment of heating time and

power, the temperature difference increased accordingly.

After heating time of 100s under 5kW, the temperature gra-

dient between mortar and aggregate reached about 200◦C,
which may contribute to easier interface debonding. The

experimental results almost agree well with the numerical

results except for temperature difference. The differences

may due to the assumptions of the simulation model and the

limitation of experiments.

FIGURE 24. Mortar aggregate boundary temperature gradient.

FIGURE 25. Stress gradient near mortar-aggregate interface.

The temperature difference leads to stress gradient between

mortar and aggregate, shown in Fig.25. The dominant stress

within mortar and aggregate were both tensile strengths. The

boundary stress gradient increased with heating time and

power input. The tensile strength within mortar lead to mortar

damage and the stress gradient result in interface debonding.

The experimental results proved that under higher microwave

heating power, significant damage would occur within in

mortar, and granite aggregate was separated from mortar

matrix totally.

It could be concluded that the electric field variation and

materials properties result in temperature gradient, leading

to the stress difference at mortar and aggregate interface,

promoting the interface debonding. Higher heating tempera-

ture filed and thermal expansion effect within mortar leading

to the crack propagation throughout the mortar matrix and

eventually the damage of mortar.

Fracture toughness is one of the material properties that

defines the resistance of cracked materials (e.g., rocks, con-

crete) to deformation. Therefore, fracture toughness can be

used as an index for micro-crack development in materials

subjected to different loads. There are three basic modes of

crack deformation under different stress regimes: Mode I

(opening mode), Mode II sliding (in-phase shear) mode and
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FIGURE 26. Evolution of fracture toughness of cracks within mortar and
aggregate during microwave irradiation.

Mode III tearing (out-of-plane shear) mode [48]. The fracture

toughness of pure Mode I is often considered as an intrinsic

resistance to macroscopic fracturing in rocks [49]. Initial

cracks within concrete caused by maximum tensile stress

are more likely to extend rapidly and cause rock fracture.

Fracture toughness of cracks under maximum tensile stress

during the heating process is calculated according to Eq. 17:

KIC = σ
√

πa (17)

in which KIC is the stress intensity factor of Mode I, that

is fracture toughness (Pa·m1/2), σ is stress loaded on crack

surfaces (Pa), a is length of initial radial cracks (m). Initial

crack length is assumed to be 50 µm. Fracture toughness

of concrete under microwave heating power of 1kW, 2 kW

and 3 kW within 100s was calculated, shown in Fig.26. The

experimental fracture critical points were showed according

to the tests results. The experimental fracture was defined

as the apparent and observable damage occurred in mortar

and aggregate. The intersection point of numerical results and

experimental fracture may be the possible critical KIC . The

values of KIC were larger than past experimental research,

which may due to the experimental fracture used in compar-

ison were the macro damage instead of the crack propaga-

tion. The region above the line of possible KIC represent the

condition that materials may occur damage. Although there

were some assumptions and limitations for the calculation of

KIC under simulation process, the results could provide the

reference and estimation of fracture condition of mortar and

aggregate under microwave irradiation.

V. CONCLUSION

Prior work has achieved to give an insight into the complex

multi-field coupling of microwave treatment process under

various circumstance through the numerical simulation. Few

researches investigated the concrete response subjected to

microwave heating. In addition, thesemodels did not consider

the mass transfer process and mechanical field evolution with

the sample.

In this paper, a multi-field coupling 3D simulation of

concrete under microwave irradiation was carried out to

analyze the heating process of concrete comprehensively.

Four physical fields were employed in numerical simulation,

the mechanical field, electromagnetic field, thermal field and

mass transfer field to demonstrate the complex multi-field

heating process of concrete under microwave irradiation.

The response of aggregate and mortar under microwave

irradiation and the interaction between the two materials

were studied by a simplified concrete model. The heating

responses of concrete were firstly analyzed, with the results of

evolution of mechanical field, electromagnetic field, thermal

field and mass transfer field concluded. The vital influence

factors relating to the microwave heating were illustrated,

including microwave heating frequency, power and time. The

energy efficiency under different circumstances was calcu-

lated to achieve maximum utilization of microwave heating

energy. This investigation could provide a comprehensive

understanding of multi-field coupling and energy efficiency

for the microwave assisted concrete recycling.

The following main conclusions can be obtained:

• Higher electromagnetic intensity lead to faster polariza-

tion effect, resulting in increment of heating temperature

and thermal field. The distribution of temperature was

corresponded to electromagnetic field. The longer the

heating time, the larger temperature difference exhib-

ited, the faster maximum temperature increased. Tensile

stress was the dominate stress within the sample. Due

to the difference of thermal and mechanics properties of

two materials, a marked change of the principal stress

was formed at the interface of mortar and granite. The

tensile and shear stress were co-existed at the boundary

of two materials, leading to the interface failure. The

mortar may suffer damage firstly compared with granite,

with larger deformation occurred under the microwave

irradiation.

• The moisture concentration was directly relating to the

temperature field within sample. The upper part of sam-

ple was heated more effectively due to the distribution

of electromagnetic field. Compared with the moisture

distribution within granite, the mortar’s surface moisture

could be easier evaporated and diffused as the host part.

• Under the equal microwave energy input, higher

microwave power lead to higher maximum temperature

and larger temperature difference within the sample.

Higher microwave power level combined with shorter

heating time may result in higher heating efficiency.

Higher power could induce larger deformation per unit

time.

• Temperature and stress gradient occurred near the inter-

face mortar and aggregate, which may lead to interface

debonding of mortar and aggregate. With the increment

of heating time and power, the temperature and stress

difference increased, promoting the interface separation

accordingly.

• Microwave heating is highly sensitive to the heating

frequency. Different microwave frequencies results in

different electric field within the heating cavity and

the sample, leading to the difference in the thermal

and stress field. Energy efficiency various under dif-

ferent microwave frequency treatment. The variation

law of maximum temperature and heating efficiency

of sample was similar. The maximum temperature and
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highest energy efficiency occurred when the frequency

was 2.43GHz. Higher microwave frequency does not

definitely lead to higher energy efficiency.
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