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ABSTRACT 

 This article presents a way to use microwave-assisted drying to accelerate the curing 

of a porous concrete material. The design of a microwave dryer prototype is described 

together with experimental investigations into the drying characteristics of porous concrete 

subjected to the microwave drying process. Mathematical models were applied to design a 

horn-shaped microwave cavity and as a basis for constructing a stationary and a moving 

microwave dryer prototype that uses microwave energy at an operating frequency of 2.45 

GHz and a power of 800 W. The experiments included the effects of microwave curing on 

the concrete’s properties comprising temperature evolution, moisture content variation, and 

compressive strength development. Also, the porous concrete material was compared to 

water- and air-cured concretes on the basis of these properties. Based on the concept of 

antenna, a rectangular horn cavity of 246.7 mm ³ 333.68 mm is designed showing a uniform 

thermal distribution and conforming to the acceptance criterion of a suitable temperature of 

concrete curing. From the experiments, it was found that the application period for curing 

using the microwave-dryer prototype was considerably shorter than for conventional curing 

methods. The appropriate preheating interval is 30 min, and microwave energizing for 15 

min/time and a paused duration of 60 min produces maximum compressive strength. 

However, the time needed for curing is considerable. When concrete is dried using 

microwave energy for more than 90 min at over 80 
0
C, the effect is a continuous decrease in 

compressive strength. Further, the compressive strength development of porous concrete 

subjected to microwave curing at early age is also greater than that achieved by curing via 

water soaking or air drying. 

 

Keywords: Porous concrete; Accelerated Curing; Drying characteristic; Microwave energy; 

Prototype 
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  INTRODUCTION  

Microwave-assisted drying (MD) has emerged as a popular kind of innovative drying 

technology resulting from microwave heating via liquid vaporization. A particularly efficient 

technique for thermal processes, MD can considerably reduce the time needed for drying, 

thereby saving energy. It is, therefore, widely used in various industrial processes including 

some relating to biological tissue,
[1]

, wood,
[2,3]

 food,
[4-6]

 ceramics, and oil,
[7,8]

—as well as for 

the accelerated curing and repair of concrete
[9-11]

.  

Up to the present time, the focus of research and development pertaining to the 

technology used to repair concrete has focused on saving the time taken to execute repairs. 

However, the time needed to cure concrete is still lengthy and the process relies on 

conventional curing technology for repairs such as applying a curing compound, water 

ponding,
[12]

 and using a wetting sag to cover the concrete surface so that the moisture content 

of the concrete is retained. This long period leads to traffic jams because traffic lanes must be 

closed so that roads can be repaired. Therefore, any method such as the use of streams or hot 

air with the potential to reduce the time needed in the initial concrete-curing phase is of great 

interest. However,  these methods have the drawback of producing intermittent thermal 

distribution in concrete, leading to a reduction in compressive strength and causing the 

internal structure to break down.
[13]

 Therefore, microwave-drying technology applied to 

concrete curing in the initial phase is advantageous because heat can be produced in a way 

that is more efficient than with other methods.    

It is well known that thermal-curing methods have an adverse effect on the properties 

of concrete—both at early age and in the long term. Therefore, a crucial question arises: Can 

the microwave-heating method be applied in the concrete industry? Theoretically, it is 

possible. This is because materials used to make concrete, such as hydraulic Portland cement, 

aggregates, water, and admixtures are dielectric; i.e., they can absorb microwave energy 



4 
 

effectively.
[14-16]

 Water, in particular, has a relative dielectric constant()
r
¡e

 
and loss tangent 

( )tanŭwith higher values than the other components of the concrete. As a result, when the 

electric field()E , which is a main part of the electromagnetic field, interacts with the 

concrete’s constituents, microwave electromagnetic energy is quite dramatically transferred 

and then converted into heat via an interaction with water molecules. This mechanism causes 

the bonds to vibrate such that energy is dissipated as heat and transferred within the concrete 

to be processed thus giving rise to accelerated hydration reactions. Consequently, free water 

molecules in the capillary pores of the concrete are quickly removed from the internal 

concrete structure before setting, which means that plastic shrinkage from drying is taking 

place. The result is the collapse of the capillary pores and the simultaneous densification of 

the microstructure. 

However, microwave-assisted drying is still limited in terms of the type of material to 

which it can be applied.
[18,19]

 The disadvantage of this material is that its thermal distribution 

is inconsistent, which leads to problems associated with hot spots and cold zones.
[20,21]

 

Therefore, microwave distribution with multi-mode capability has been developed: There are 

microwave technology applications whereby concrete is heated such that its moisture content 

evaporates while heat is transferred to its top surface.  

The present research focuses on the design and construction of a portable prototype 

for concrete curing that relies on applying microwave energy. Experiments are performed, 

and the results are reported. The studied parameters are temperature evolution, moisture 

content, curing time, compressive strength. Further, a comparison of microwave curing and 

conventional curing is also presented. 

 

DESIGN OF A HORN-SHAPED CAVITY  USING A MATHEMATICAL MODEL   
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As shown in Fig. 1, the design processes focus on the study of a horn-shaped cavity 

and a mathematical model to analyze and determine the horn size, configuration, and cavity. 

A 3D mathematic model is considered via a finite element method, which is analyzed with 

COMSOL
TM

 Multiphysics.
[22]

 After that, the microwave-curing prototype is constructed. The 

horn of this prototype can be adjusted vertically. Microwave power of 800 W at 2.45 GHz is 

applied for the experiment, and fixed and movement modes are studied.  

 

[Insert Fig. 1] 

 

Mathematical formulation  

 From the calculated horn size, the mathematical model is applied to determine the 

design size of the horn and to analyze the distribution of the magnetic field in the cavity 

(without load case) and the distribution of the concrete’s temperature (load case). In this 

study, COMSOL
TM

 Multiphysics
[22]

 is conducted to create the mathematical model, which 

begins by calculating the horn size. Then, the mathematical model is applied to analyze and 

determine the optimal horn size before the horn is built.  

 The mathematical model analysis is divided into two parts, which are a distribution 

analysis of the magnetic field in the cavity and an analysis of the thermal distribution of the 

concrete. The physical model is presented in Fig. 2 with an input microwave position can be 

described in detail as follows: 

1. The cavity constitutes the perfect conducting wall. Thus, the output of microwave 

energy from the waveguide is not absorbed.  

2. The load is the material that can be heated by microwave energy. The load can 

absorb microwave energy and transform it into heat.  

3. The waveguide functions as a source of microwave heat (the wave mode is TE10). 
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 [Insert Fig. 2] 

 

Analysis of the magnetic field in the cavity  

A case without load  

 The distribution of the magnetic field in the cavity (in terms of the guild wave, the 

cavity, and the load) can be found by using Maxwell’s magnetic field equation
[23]

, as in the 

case 3. This can be carried out by using the COMSOL
TM

 Multiphysics program, the equation 

associated with which is as follows: 

 

( )1 2

r 0 r

0

j
E k E 0

s
m e

we

- å õ
Ð³ Ð³ - - =æ ö

ç ÷
      (1) 

2

0 ne=          (2) 

 

where E is the electric field intensity (V/m),  H is the magnetic field intensity (A/m), J is the 

current density (A/m
2
), ů is the electric conductivity (S/m), µr is the relative magnetic 

permeability, ɤ is the angular velocity (rad/s), k0 is the free space wave number, ε0 is the 

permittivity of the vacuum (8.85419 ³ 10
-12

 F/m), n is the refractive index, and Ůr is the 

relative dielectric constant that expresses the properties of the material in terms of its 

absorption capacity to transmit and reflect microwave energy.  

The scope of the microwave distribution in the waveguide and the cavity constitutes 

the perfect conducting wall. Therefore, the scope of the cavity wall can be expressed as in 

this equation:  

 

n E 0³ =.         (3) 
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 The continuous scope of the microwave energy at the boundary between the load and 

the air in the cavity can be expressed as in this equation:  

 

( ) ( ) ( )( ) ( )( )0n E jkn E n n E Jk n k exp Jk r³ Ð³ - ³ ³ =- ³ - -
.
  (4) 

 

 The magnetic field condition created by the wave guild, a microwave source, 

presented in Fig. 2, can be expressed as in this equation:  

 

( )1 1 1 1port :S E E E / E E= -ñ ñ ,
      (5) 

 

where the port is the microwave source at a power of 800 W. 

 The initial condition of the magnetic field is defined as  

 

() () ()x 0 y 0 z 0E t ,E t ,E t 0=
.
       (6) 

 

A case with load  

 The thermal transmission equation in this study is designed to analyze only the 

thermal distribution within load under the magnetic field in the cavity for the 3D case. On the 

assumption that the air in the cavity cannot absorb the microwave energy and transform it 

into heat, the internal load can transfer heat by conduction and the load can generate internal 

heat by transforming the microwave energy into heat. On this assumption, the heat-exchange 

equation can be written based on the background from the COMSOL
TM 

Multiphysics 

program
[22]

 as in this equation:  
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( )p

T
C k T Q

t
r
µ
+Ð - Ð =

µ
       (7) 

 

where T is the temperature (˚C), t is time (s), Cp is the heat capacity at constant 

pressure (J/kg.K), r is the density (kg/m
3
), k is the thermal conductivity (W/m.K), and Q is 

the local volumetric heat-generation term generated by the absorption of the microwave 

energy transmitted as heat (W/M
3
).

 
 

 

 Heat can only be generated by the load or the concrete; therefore, the considered 

domain in terms of heat focuses directly on load. Thus, the boundary condition of heat occurs 

only on the top surface of the load (the wall of the load is an insulator that is cannot transmit 

heat).  

 The boundary condition of the heat surface at the top of the load is  

 

( )n k T 0- Ð =.        (8) 

 

The boundary condition of the heat wall is  

 

( )n k T 0- - Ð =
.
        (9) 

 

 The initial condition of the heat analysis is  

 

()0T t 298.15 K=
.
        (10) 

 

Analysis of the horn size  
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 The analysis of the horn size is divided into two parts: an analysis of the distribution 

of the magnetic field within the cavity (without load) and an analysis of the thermal 

distribution of the concrete (with load). Time does not affect the magnetic field behavior 

within the cavity in this analysis, but time does affect the distribution of the magnetic field 

within the cavity. Thus, this is a steady-state problem. Therefore, the analysis of the 

distribution of the magnetic field within the cavity in 3D is carried out using the COMSOL
TM

 

Multiphysics program.
[22]

  

 In the analysis of the thermal distribution in the concrete, it was found that time had a 

direct effect on the temperature of the load. This problem is identified as a transient 

condition. Therefore, the analysis of the distribution of the concrete temperature is performed 

with the finite element method using the COMSOL
TM

 Multiphysics program.
[22]

 

 The input data used to analyze both the magnetic field and the heat transfer are 

presented in Table 1.  

 

[Insert Table 1] 

 

Results of the model simulation 

 The modeling results of the magnetic field within the cavity in the shape of a horn 

(without load case) (Fig. 3a) and the thermal distribution in the concrete (with load case) are 

presented in Fig. 3(b).  

In Case 1, the electric fields are 8.25e
4
 ³ 10

4
 V/m, 1.03e

5 
³ 10

5
 V/m, 1.068e

5 
³ 10

5
 

V/m, and 8.74e
4 
³ 10

4
 V/m, as presented in Fig. 4. The electric fields are similar whereas the 

increased distribution of the electric field by an increase in the height of the horn from ??? to 

273 mm provides a progressive electric distribution of 8.74e
4 
³ 10

4
 V/m, as presented in Fig. 

4(d).   
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[Insert Fig. 3] 

 

In regard to the thermal distribution in the concrete, it was found that the increased 

horn height in Fig. 5 produced a temperature of 
4

, , ,
4 2 4

l l l
l at 71.45, 72.33, 62.50, and 

75.55˚C, respectively. When the horn height is increased by λ to achieve a height of 273 mm, 

as presented in Fig. 5(d), the thermal distribution in the surface of the concrete improves, i.e., 

becomes more even. In addition, the thermal distribution widens and hot and cold spots are 

reduced, as presented in Fig. 3.  

 

[Insert Fig. 3] 

 

[Insert Fig. 4] 

 

[Insert Fig. 5] 

 

 It is emphasized that the height adjustment of the horn produces an electric field of 

8.74e
4
 ³ 10

4
 V/m, as presented in Fig. 4(d), and a thermal distribution at 75.55˚C. After this 

height optimization, the horn width is adjusted by the steps described next.  

 For simulation Case 2, the electric fields are 1.134e
5 
³ 10

5
 V/m and 9.06e

4
 ³ 10

4
 V/m 

when the horn width is increased, as presented in Figs. 6(a) and 6(b), respectively. IN Fig. 

6(a), it is shown that the increased horn width produces better electric distribution in terms of 

the electric field. In addition, the distribution of the concrete temperature found at 79.45˚C is 

presented in Fig. 6(c) and that found at 78.99˚C, in Fig. 6(d). Therefore, if the horn width is 

increased, as presented in Fig. 6(a), the electric field in the horn will increase. This electric 
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field increase, in turn, facilitates the process whereby the material or load can receive the 

electric field, which can produce the concrete thermal distribution and increase the thermal 

distribution at the surface.  

 

[Insert Fig. 6] 

 

 For Case 3, the electric fields of the reduced-width horn, as presented in Figs. 7(a) and 

7(b), are 9.835e
4
 ³ 10

4
 V/m and 9.981e

4 
³ 10

4
 V/m, respectively. It was found that if the horn 

width is reduced, the size of the electric field decreases. The thermal distribution within the 

concrete load is 72.04 and 70.61, as presented in Figs. 7(c) and 7(d), respectively.  

[Insert Fig. 7] 

 

 With the horn design based on the concept of an antenna, the electric distribution 

within the horn is 1.02e
5
 ³10

5
 V/m, as presented in Fig. 3(a), and the temperature of the 

load/concrete is 75.35˚C. After increasing the horn height, increasing and reduction of horn 

found that the electric field is 1.134e
5
 ³ 10

5
 V/m, as presented in Fig. 6(a), and the concrete 

temperature is 79.45˚C. These results show that by increasing the distribution of electricity, 

or multimode wave and temperature.  

 

EXPERIMENT S 

 A concrete was mixed and poured into molds. Two kinds of cases were explored: 

conventional curing (air curing and water curing) and microwave curing (fixed mode and 

movement mode).  

 

Materials 
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 All the materials used in this study were obtained locally. The cementitious material 

used in all the mixtures was Type 1 Portland cement (OPC), which complies with ASTM C 

150.
[24]

 The tap water used conforms to ASTM C 1602.
[25]

 Further, the fine and coarse 

aggregates also obtained locally as river sand and crushed limestone rock, respectively, were 

in accordance with ASTM C 33.
[26]

   

 

Equipment  

 The microwave-dryer prototype for concrete curing is presented in Fig. 8. The applied 

frequency of the microwave is 2.45 GHz, which is created by the horn with a magnetron 

waveguide installed. The power is set at 800 W to produce microwave energy. A 

programmable logic controller (PLC) System is applied to control the movement and on-off 

mode. The length of the rail is 2.5 m, and a motor to control the driving, AC type, 90 W is 

installed. A chain is used for driving and use gear, 13 pieces that have a gear ratio of 1:5 and 

the motor drive speed is 0. 

 

[Insert Fig. 8] 

 

Specimen preparation 

 The mixture is weighed, mixed, and poured into an acrylic mold that has a thickness 

of 10 mm, which is designed to protect the mixture from the reflection of the microwave. The 

dimensions of the mold are 150 ³150 ³ 15 mm, as stated in the English standard BS 1881: 

PART 3.
[27]

 The concrete is mixed according to the ASTM C 192 standard.
[28]

 The mixture is 

left to develop for an initial setting time of 30 min. Then, the mixture is cured by using 

microwave energy. Next, the frame is removed from the mold and the curing continues but 
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now in the air by wrapping the mixture in a sealed plastic bag and keeping it at a temperature 

of 25 ± 2.0 C for 12 h. Finally, the compressive strength of the mixture is tested.  

 

[Insert Table 2] 

 

 Similarly for curing in water and air, the mixture is poured into a steel mold and cured 

for 23½ ± ½ h. Then, concrete samples of the mixture are cured in water for 8 h, 1 day, 3 

days, 7 days, 14 days, and 28 days, respectively. For curing in air, the mixture is wrapped and 

sealed in a plastic bag and kept in a controlled room, where the temperature is maintained in 

the range of 25 ± 2.0 ˚C and relative moisture is maintained in the range of 60 ± 3.0. It is 

cured to maintain the testing time for 8 h, 1, 3, 7, 14, and 28 days. Finally, the compressive 

strength of the concrete is tested.  

 

Cases study of microwave curing  

 In this study, concrete curing is tested via a conventional method and by microwave 

curing in both the fixed and movement modes. Non-continuous microwave curing is carried 

out in the preheating phase by using microwave energy until a fixed time. Then, the heating is 

paused and the concrete is reheated using microwave power. The condition of curing is 

presented in Table 3. The details of each experiment are as follows: 

¶ Case A: Concrete curing in water and air 

 For concrete curing in water and air, the frame is removed from the mold when the 

mixture is at age 23½ ± ½ h. For water curing, the testing times are 8 h, 1 day, 3 days, 7 days, 

and 28 days. For air curing, the concrete is wrapped and sealed in a plastic bag and kept in 

the controlled room where the temperature is held at 25 ± 2.0˚C and where the relative 
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moisture is held at approximately 60 ± 3.0. The curing is carried out for 8 h, 1 day, 3 days, 7 

days, 14 days, and 28 days. Finally, the compressive strength of the concrete is tested.  

¶ Case B: Concrete curing by using continuous microwave power of 800 W 

 The concrete is cured by using continuous microwave power of 800 W and tested at 

30, 60, 90, and 120 min.  

¶ Case C: Concrete curing by using continuous microwave power of 400 W 

 The concrete is cured by using continuous microwave power of 400 W and tested at 

30, 60, 90, and 120 min.  

¶ Case D: Concrete curing by using non-continuous microwave power of 800 W 

 The concrete is cured by using non-continuous microwave power of 800 W and tested 

at 30, 60, 90, and 120 min (not include the pause time). The PLC system is used to control 

the on/off switch for the microwave power.  

¶ Case E: Concrete curing by using non-continuous microwave power of 800 W 

 The concrete is cured by using non-continuous microwave power of 800 W and tested 

at 30, 60, 90, and 120 min (not including the pause time). The PLC system is used to control 

the on/off switch for the microwave power.  

¶ Case F: Concrete curing by using continuous  microwave power of 800 W 

(movement system) 

 The concrete is cured by using microwave power of 800 W, and the PLC system is 

used to control the on/off switch for the microwave power and the movement, as shown in 

Fig. 9. There are six samples, each of which is cured by microwave energy for 180 min.  

 

[Insert Fig. 9] 

 

[Insert Table 3] 
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Testing methods 

Moisture content measurement  

 The moisture content is measure is based on the weight of the mixed cubic concrete to 

find the initial weight of concrete specimen. After that, a microwave curing concrete of each 

curing time is wrapped and sealed in a plastic bag and kept at a temperature in the range of 25 

± 2.0˚C for 12 h. Then, the concrete is weighed to determine the final weight, after which the 

compressive strength is tested. Further, the wet bulb in the concrete can be calculated by 

using the following equation:  

 

a b

a

W W
A 100

W

å õ-
= ³æ ö
ç ÷

        (11) 

 

where A is the wet bulb (%), Wa is the initial weight of the concrete before curing (kg), and 

Wb is the final weight after curing (kg).  

 

Temperature measurement  

 The temperature measurement of the concrete can be divided into two aspects: the 

internal temperature measurement and the external temperature measurement. The process of 

measuring begins by using a thermocouple wire Type T connected to a data logger and spike 

in the middle of the concrete. Three levels of concrete, the top, middle, and bottom, are all 

measured at 30, 60, 90, and 120 min.  

 The measurement is carried out at 1 cm from the top surface (top), 7.5 cm from the 

top surface (middle), and 14 cm from the top surface (bottom), as presented in Fig. 10. The 

natural heat advection is assumed at the top surface because the wall side is insulated by the 

10 mm thick acrylic. In addition, heat transpiration occurs only at the top surface and not at 
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the sides. The internal temperature is measured in order to establish the effect of the 

microwave-curing temperature for Cases B, C, D, and F.  

 

Compressive strength test  

 Compressive strength—the maximum stress concrete can bear before cracking—is the 

most important property of concrete. The respective processes for testing the compressive 

strength of concrete by air and water curing and by microwave curing are carried out by 

following the standard set out in BS 1881:PART4.
[29]

  

 

[Insert Fig. 10] 

 

RESULTS AND DISCUSSION  

 In this section, the results of the tests focused on the thermal behavior of concrete 

during microwave curing, the thermal distribution on the concrete surface, the residual 

moisture content after microwave curing, and the compressive strength of the concrete are 

discussed.  

 

Thermal behavior of concrete under microwave curing (Case B)  

 Fig. 11 presents the effects of microwave curing of concrete with a 0.48 water–

cement ratio under a 120 min curing time and 800 W electrical power (Case B). It is found 

that the temperature of the concrete increased continuously. At the beginning of the 

experiment, the moisture content of the concrete was high, which means that the transfer rate 

of microwave energy to heat takes place rapidly in accord with heat production theory.
[17]

 

After 90 min, the temperature is constant because the moisture content at the surface of the 

concrete is reduced due to the absorption capacity of the microwave energy. It can be 
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explained that the dielectric property of concrete is related to the reduced moisture whereas 

the internal structure of the concrete’s voids means that excess water is retained (i.e., the free 

or residual water remaining after the chemical reaction). After being activated by the 

microwave energy, the concrete is absorbed and transmits heat energy. At the beginning of 

the curing process, the moisture content in the concrete has a direct effect on the initial 

temperature because the concrete’s dielectric property is high. This causes the concrete’s 

temperature to increase rapidly and continuously. However, as the moisture content in the 

concrete decreases, the dielectric property also decreases, rendering the concrete’s 

temperature constant.  

 At the beginning of the curing process, the temperature at the top of the concrete 

increases continuously whereas the temperature in the middle intermittently increases. It can 

be explained that the top surface contains excess water and that bleeding occurs after curing 

for 30 min to develop initial setting time. At this stage, the concrete surface absorbs the 

microwave energy to a significant extent after 70 min of curing. However, the temperature in 

the middle increases rapidly because the temperature of 100˚C at the top surface is high 

enough to transfer down as far as the middle. In addition, heat accumulates in the middle of 

the concrete and heat cannot occur because of the insulation wall. At the bottom, the 

temperature increases slowly due to the heat accumulation and the insulation wall. However, 

at 95 min, the heat increases dramatically from 70˚C to 100˚C. The temperature at the top 

surface is 110˚C, and at the middle it is 103˚C. Therefore, the heat transfer is conducted 

throughout the concrete sample. Then, at 100 min, the temperature throughout the concrete 

increases to 100˚C. In addition, at 120 min, the temperature at the top surface is 125˚C, at the 

middle it is 110˚C, and at the bottom it is 100˚C.  

 

[Insert Fig. 11] 
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Influence of microwave power on the temperature of concrete under microwave curing 

(Case C)  

 Fig. 12 presents the results from the microwave curing of concrete at 400 W. The 

results show that the temperature of the concrete increased rapidly. The extent of the 

electrical power used is directly related to the temperature of the concrete. Low electrical 

power has a direct effect on the intensity of the electric field, which is a significant parameter 

of heat generation, as is well known.
[30]

 In addition, a change in the amount of electric power 

used directly reduces directly the multi-mode within the horn. Curing the concrete for 30 min 

at 400 W can increase the concrete’s temperature to 70˚C, whereas curing by 800 W for 30 

min can increase the concrete’s temperature to 80˚C. It was found that the behavior of heat 

generation within the concrete under both of these conditions is quite similar. At the 

beginning of the process, the temperature at the top surface is very high due to the high 

moisture content and the high dielectric property of the concrete, which microwave energy 

can absorb and transform entirely into heat energy. The temperature in the middle of the 

concrete increases continuously; penetrated microwave can increase the concrete 

temperature. Heat accumulates at the bottom of the concrete because of the insulation wall 

and the heat transferred from the surface. After 70 min, the temperature in the middle is 

changes rapidly due to a top surface temperature of 105˚C. Then, the differing temperature in 

the middle and at the bottom is constant because 400 W is used to absorb the microwave 

energy of the dielectric material, which is related directly to the electric field. Therefore, heat 

generation in the concrete decreases. At the bottom, the temperature is constant at 100˚C after 

90 min, indicating that electric or microwave power influences the heat generation of 

concrete due to changes in the electric field.  

 

 [Insert Fig. 12] 
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Thermal behavior of concrete under discontinuous concrete curing (Case D)  

 In this experiment, the concrete is tested in both the fixed mode and the movement 

mode at 800 W (Case B). The results show that the concrete’s compressive strength decreases 

continuously after a curing time of 90 min and again after 120 min. When the concrete’s 

temperature is higher than 80˚C,
[31]

 compressive strength decreases by 50%. By observation, 

at a curing time of 120 min, it was found that the temperature at the top, middle, and bottom 

of the concrete are 125, 115, and 100˚C, respectively. These results may have a negative 

effect on the internal structure of the concrete, which may crack thus giving rise to low 

compressive strength. Therefore, discontinuous microwave curing is applied in order to 

maintain the appropriate temperature, which can increase the compressive strength of 

concrete. This experiment was carried out by using the PLC system to control the microwave 

supply or on/off mode, as presented in Fig. 13.  

 

[Insert Fig. 13] 

 

 Fig. 13 presents the discontinuous curing by microwave energy (Case D). The 

experiment is carried out by preheating for 20 min, idle time for 2 h, energized by microwave 

power for 10 min and idle time for 2 h until the total time is 2 h. The total time of this 

experiment is 22 h, and the total microwave curing time is 120 min. The results show that in 

the first 20 min, the temperature at the top, in the middle, and at the bottom of the concrete is 

approximately 68, 50, and 43˚C, respectively. After that, the PLC serves the function of 

stopping the microwave supply for 2 h and reheating for 10 min. This working loop is 

operated for 120 min (including only the energizing time and excluding the idle time). During 

the idle time, the temperature at the top, in the middle, and at the bottom is reduced to 20, 10, 

and 5˚C, respectively. These phenomena can be explained by noting that the top surface is 
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exposed to air because of heat advection, such that the temperature decreases. The 

temperature in the middle decreases slowly and at the bottom the temperature decreases 

slightly as there is no heat advection.  

 

Heat evolution from discontinuous curing (Case E)  

 Fig. 14 presents the discontinuous curing by microwave energy (Case E). In this 

experiment, the moisture content still retained in concrete and compressive strength is 

increased slightly. Therefore, the energizing time of microwave has been added and idle time 

has been reduced to achieve high temperature and remove moisture. The experiment is 

carried out by microwave energizing for 30 min, idle time for 1 h and re-energize for 15 min 

and second idle time for 1 hour until the total time reaches 120 min. The total time is 8 h, and 

the curing time is 120 min, which is controlled by the on/off system of the PLC. In the first 

30 min, the temperature of the top, middle, and bottom part are 81, 55, and 41˚C, 

respectively. The operating loop composes of 1-hour idle time and 15 minute energizing 

microwave. The results expressed that temperature is increased continuously due to 

energizing time is increased and idle time is reduced. The temperature at the top, middle, and 

bottom 110, 83, and 65˚C, respectively. In addition, the moisture content and the compressive 

strength of the concrete are both higher than these respective properties under discontinuous 

curing (Case D).  

 

[Insert Fig. 14]  

 

Thermal distribution at the concrete surface 

 The internal temperature of the concrete after the application of microwave curing is 

carried out by measuring the temperature in various parts of the samples. The absorption 
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phenomenon whereby microwave energy is transformed into heat energy while the 

temperature increases continuously is shown in Fig. 15. The external temperature at the top 

surfaces and sides of the samples is recorded by using an infrared camera. The results 

indicate that heat in the concrete wall is evident at a depth of 3 to 5 cm depth from the top 

surface. After that, heat is dispersed to the top surface and the wall of the concrete, as shown 

in Fig. 16.  

The heat distribution at the concrete surface differs in accord to whether 800 W and 

400 W of microwave power are applied. The electrical power has a direct effect on the 

intensity of the electric field. In addition, the temperature increases as the curing increases. 

The maximum temperature in the concrete occurred at 3 to 5 cm from the top surface. 

 

[Insert Fig. 15] 

 

[Insert Fig. 16]  

 

Drying Characteristics of a Porous Concrete Material Subjected to Microwave Energy 

Moisture loss  

 In this experiment, a waterïcement ratio is equal to 0.48 for all the studied cases. For 

the purpose of repairing concrete roads, the highway department sets a maximum limit on the 

water and cement (w/c) of 0.55 by weight. The water or moisture content in concrete means 

that concrete is a dielectric material capable of absorbing microwave energy and transforming 

it into heat. Therefore, when concrete is energized by microwave power, the moisture content 

of the concrete or the excess water from hydration between the cement and water is reduced. 

In addition, the concrete is energized by continuous microwave power, the moisture content 
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decreases and thereby affects the moisture-transfer mechanism in the concrete (porous 

material theory. 

 The results pertaining to the amount of moisture lost from the concrete after 

microwave curing in Cases B, C, D, and E are presented in Fig. 17. Overall, the moisture 

content of the concrete undergoes rapid changes at the beginning of the curing phase. The 

moisture distribution is related to many factors, i.e., the porosity of the concrete, moisture 

content transfer from within the concrete to its surface, the changing state from liquid to gas 

phase, and the moisture transfer from the thermal distribution. At first, the moisture content at 

the surface of the concrete absorbs microwave energy, which is then transformed into heat 

energy. The rate of evaporation is equal to the water movement in porous materials that 

creates the liquid film. The controlled parameter is the level of the heat energy input into the 

concrete. When the process whereby moisture is removed has been carried out, the internal 

moisture is reduced (as presented in Figure 3.7: the porous material theory), and this reduced 

moisture content has a direct effect on the concrete’s dielectric property. The moisture 

content is reduced, and the heat generation is reduced likewise (heat transfer and mass in 

porous material. 

 

[Insert Fig. 17]  

 

Compressive strength development  

 Compressive strength is the most important property of concrete. The main function 

of concrete is load resistance, which is a direct function of compressive strength. Further, 

compressive strength is an indicator of other important properties, namely, durability, friction 

resistance, and porosity resistance.  
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 This research focuses on concrete with compressive strength of at least 325 kg/cm
2
 

for concrete at age 28 days. Microwave technology is applied in order to accelerate the curing 

time because a road repair carried out based on conventional curing can mean that a road is 

out of use for as many as 14 days. For this special case, compressive strength must be not less 

than 245 kg/cm
2
.  

 The experiment whereby concrete is curing using microwave energy is divided into 

two parts: the conventional case (Case A), air and water curing, and microwave curing for 

Cases B, C, D, and E and moving curing (Case F).  

 Fig. 18 presents water and air curing (Case A). The results indicate that the concrete’s 

compressive strength increased rapidly in the first 3 days. The initial curing phase can 

increase this property of concrete. During the first 3 days, water curing and air curing show a 

similar level of efficiency. After that period, however, under water curing, the concrete’s 

compressive strength increases continuously until the age of 28 days when the compressive 

strength is equal to 405.59 kg/m
2
. On the other hand, under air curing after the first 3 days, 

the concrete shows only a slight increase in compressive strength until the age of 28 days 

when the compressive strength is equal to 332.17 kg/cm
2
. The results show that water curing 

yields a higher level of compressive strength than air curing does. This is because under 

water curing, the moisture content facilitates the chemical reaction between cement and 

water, which serves to develop this concrete property.  

 

[Insert Fig. 18]  

 

[Insert Fig. 19]  
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 Fig. 19 presents results pertaining to continuous microwave curing and discontinuous 

microwave curing for Cases B, C, D, and E. The results show that the compressive strength 

of the concrete as cured in Case B is increased continuously at 30 and 60 min. Then, after 90 

and 120 min, the compressive strength decreased continuously. Temperature has an effect on 

compressive strength development. In Case C, the curing at 400 W, the electrical power can 

continuously increase the compressive strength. However, the compressive strength of the 

concrete in Case C increased slightly in comparison with the compressive strength of the 

concrete in Case B.  

 For Cases D and E, microwave energizing was changed to a discontinuous mode and 

these two cases show the same level of compressive strength. The preheating together with 

the reduced idle-time and reduced energized time are important factors in developing the 

concrete strength in Case D.  

 Fig. 20 presents the compressive strength of microwave curing in the movement mode 

(Case F). The curing time is 18 h, 180 min of microwave curing (not including idle time). 

The results indicate that the compressive strength levels of all six samples are similar. The 

average compressive strength is 193.45 kg/cm
2
. The speed of motor for the movement study 

is 5 rpm with discontinuous microwave energy applied. The PLC is applied in order to 

control horn movement. 

 The discontinuous microwave curing used in Case E produces a high level of 

compressive strength when compared with the compressive strength developed in the 

respective Case C, and Case D samples. Therefore, more experiments were performed. The 

curing time was extended by 60 min. Thus, the total time during which microwave energy is 

applied for Case E is 180 min. The total time of this experiment is 13 h for microwave curing.  

 The results show that compressive strength increases to 239 kg/cm
2
 whereas moisture 

content after curing decreased to 53.3%. It can be concluded that this increased curing time 
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can increase the compressive strength of the concrete and reduce its moisture content. 

However, the internal temperature is 113˚C, which should be studied in the future in order to 

determine the appropriate curing time and mixture design given the direct effects of water in 

concrete on the thermal distribution.  

 

[Insert Fig. 20]  

 

CONCLUSION 

 In this research, microwave-drying technology is applied to accelerated concrete 

curing. From the design and construction of a microwave-dryer prototype and an 

experimental investigation into compressive strength of concrete dried using the prototype, 

the following conclusions can be drawn: 

¶ The scope of the prototype design has many factors, i.e., the 1-axis movement and 

horn must be adjusted in a vertical direction [up-down], at 800 W power, and 2.45 

GHz frequency.  

¶ The effect microwave energy transformed into heat on concrete material activated 

is studied in regard to temperature, moisture content, and curing time.  

¶ The appropriate preheating interval is 30 min and microwave energizing for 15 

min/time and a paused duration of 60 min produces maximum compressive 

strength.  

¶ The highest strength achieved by microwave curing is 239 kg/cm
2
, which is equal 

to 85% of the strength achieved by water curing. Thus, discontinuous microwave 

curing for 120 min represents a reduction in curing time as compared with the time 

needed for water curing, for 3 days and 7 days. 
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FIGURES 

FIG. 1 Horn design process. 

FIG. 2 Physical model for distribution analysis of the magnetic field in the cavity and 

thermal distribution in the concrete. 

FIG. 3 (a) Distribution of magnetic field within the horn (without load case) from the first 

result of the horn design. (b) Thermal distribution (with load case) integrated with the 

first horn design. 

FIG. 4 (a) Height of original horn of  is equal to 181.2 mm. (b) Height of original horn of 

 is equal to 211.8 mm. (c) Height of original horn of σ  is equal to 242.4 mm. (d) 

Height of original horn of λ is equal to 273 mm. 

FIG. 5 (a) Thermal distribution for height  is equal to 181.2 mm. (b) Thermal distribution 

for height   is equal to 211.8 mm. (c) Thermal distribution for height σ  is equal to 

242.4 mm. (d) Thermal distribution for height λ is equal to 273 mm. 

FIG. 6 (a) Adjustment of horn of 246.7 mm ³ 333.68 mm. (b) Adjustment of horn of 256.7 

mm ³ 347.2 mm. (c) Adjustment of horn of 246.7 mm ³ 333.68 mm and thermal 

distribution. (d) Adjustment of horn of 256.7 mm ³ 347.2 mm and thermal 

distribution. 

FIG. 7 (a) Reduction of horn size of 226.7 mm ³ 306.64 mm. (b) Reduction of horn size of 

216.7 mm ³ 293.12 mm. (c) Adjustment of horn size of 246.7 mm ³ 333.68 mm and 

thermal distribution. (d) Reduction of horn size of 216.7 mm ³ 293.12 mm. 

FIG. 8 (a) Horn configurations constructed as a prototype. (b) Prototype for microwave 

curing 

FIG. 9 Flow diagram of process for microwave-curing of concrete (movement system). 

FIG. 10 Installation of a thermocouple to measure the internal temperature of concrete. 
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FIG. 11 Temperature profile of concrete with continuous microwave curing (Case B). 

FIG. 12 Internal temperature of concrete after continuous curing by microwave energy (Case 

C). 

FIG. 13 Temperature of concrete under discontinuous curing.  

FIG. 14 The internal temperature of concrete after curing by discontinuous microwave curing 

(Case E). 

FIG. 15 (a) Heat distribution after microwave curing of Case B for (a) 30 min, (b) 60 min, (c) 

90 min, and (d) 120 min. 

FIG. 16 (a) heat distribution after microwave curing of Case C for (a) 30 min, (b) 60 min, (c) 

90 min, and (d) 120 min. 

FIG. 17 Moisture content in concrete. 

FIG. 18 Compressive strength of concrete after water and air curing (Case A). 

FIG. 19 Compressive strength of concrete after microwave curing.  

FIG. 20 The compressive strength of microwave curing in the moving mode (Case F). 
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TABLES 

 

TABLE 1  
Input data for analysis  

Symbol Value Unit 

0e 8.85419 ³ 10
-12

 F/m 

0m  4p ³ 10
-7

 H/m 

re 10 ï 

t 60 s 

pc  650 j/kg.k 

r 2300 Kg/m
3
 

Power 800 W 

f 2.45 GHz 

T( 0t ) 298.15 k 

k 0.87 w/m.k 

 

TABLE 2   
Mixture ratio of concrete (per 1 cubic meter of concrete)  

Type 1 Portland 

Cement 

(kg) 

Water  

 

(kg) 

River sand 

 

(kg) 

Crushed 

limestone rock 

(kg) 

Waterïcement ratio 

(by mass) 

350 170 830 1135 0.48 

 

TABLE 3  
Conditions for curing 

Case Power 

(W) 

Preheating 

(min) 

Pause 

(min) 

Heating 

(min) 

Total 

(min) 

Case A Air, Water ï - ï 8 h, and 1, 3, 7, 

14 , 28 days 

Case B 800 Continuity ï ï 30, 60, 90, 120 

Case C 400 Continuity ï ï 30, 60, 90, 120 

Case D 800 20 120 10 30, 60, 90, 120 

Case E 800 30 60 15 30, 60, 90, 120 

Case F 800 30 60 10 30, 60, 90, 120 
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FIG. 1 Horn design process. 

 

 

 

 

 

 

 

 

 

FIG. 2 Physical model for distribution analysis of the magnetic field in the cavity and 

thermal distribution in the concrete. 

Cavity 

Load 

Waveguide 

Review the theoretical design 

of Horn antenna  

Design of Horn antenna  

Create Mathematical model   

Analyze   

Optimize horn  

Build Horn    

Horn resizing  



34 
 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3 (a) Distribution of magnetic field within the horn (without load case) from the first 

result of the horn design. (b) Thermal distribution (with load case) integrated with the first 

horn design. 
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FIG. 4 (a) Height of original horn of  is equal to 181.2 mm. (b) Height of original horn of 

 is equal to 211.8 mm. (c) Height of original horn of σ  is equal to 242.4 mm. (d) Height of 

original horn of λ is equal to 273 mm. 
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FIG. 5 (a) Thermal distribution for height  is equal to 181.2 mm. (b) Thermal distribution 

for height   is equal to 211.8 mm. (c) Thermal distribution for height σ  is equal to 242.4 

mm. (d) Thermal distribution for height λ is equal to 273 mm. 
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FIG. 6 (a) Adjustment of horn of 246.7 mm ³ 333.68 mm. (b) Adjustment of horn of 256.7 

mm ³ 347.2 mm. (c) Adjustment of horn of 246.7 mm ³ 333.68 mm and thermal distribution. 

(d) Adjustment of horn of 256.7 mm ³ 347.2 mm and thermal distribution. 
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FIG. 7 (a) Reduction of horn size of 226.7 mm ³ 306.64 mm. (b) Reduction of horn size of 

216.7 mm ³ 293.12 mm. (c) Adjustment of horn size of 246.7 mm ³ 333.68 mm and thermal 

distribution. (d) Reduction of horn size of 216.7 mm ³ 293.12 mm. 
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(c) 
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FIG. 8 (a) Horn configurations constructed as a prototype. (b) Prototype for microwave 

curing. 

 

 

 
 

FIG. 9 Flow diagram of process for microwave-curing of concrete (movement system). 

 

 

 

Dimensions in 
mm 

Waveguide 

Motor 

Preventive leakage 

equipment  

Chain 

Gear 

(a) 

(b) 



40 
 

 

 

 

 

 

 

FIG. 10 Installation of a thermocouple to measure the internal temperature of concrete. 

   

 
 

FIG. 11 Temperature profile of concrete with continuous microwave curing (Case B). 

 
FIG. 12 Internal temperature of concrete after continuous curing by microwave energy (Case 

C). 
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FIG. 13 Temperature of concrete under discontinuous curing.  

 
FIG. 14 The internal temperature of concrete after curing by discontinuous microwave curing 

(Case E). 
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FIG. 15 (a) Heat distribution after microwave curing of Case B for (a) 30 min, (b) 60 min, (c) 

90 min, and (d) 120 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 16 (a) heat distribution after microwave curing of Case C for (a) 30 min, (b) 60 min, (c) 

90 min, and (d) 120 min. 
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FIG. 17 Moisture content in concrete. 

 
FIG. 18 Compressive strength of concrete after water and air curing (Case A). 

 
FIG. 19 Compressive strength of concrete after microwave curing.  
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FIG. 20 The compressive strength of microwave curing in the moving mode (Case F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


