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Abstract: Microwave radiation is widely utilized in construction practice, especially for drying
building materials, remediating damp masonry, or sterilization of biotic pests that have infested
building structures. The available scientific and technical literature reports that certain materials
exposed to microwave radiation do not change their physical and mechanical properties, although
this has not yet been adequately verified. This paper builds on many years of research in the area,
adding to and refining existing information, providing new insights into the mechanical and physical
properties of commonly available building materials that have been exposed to controlled microwave
radiation, and comparing them with reference values. The experimental research on a set of clay
brick samples is carried out using tests according to European standards, and it focuses on the effect
of microwave radiation on compressive strength and water absorption. The experimental samples
were compared to reference samples that had not been subjected to prolonged exposure to moisture
and were subsequently treated with microwave radiation for dehumidification.

Keywords: ceramic; brick; microwave exposure; radiation; material drying; non-destructive testing;
ultrasound; mechanical properties; compressive strength; masonry restoration; moisture elimination;
sterilization

1. Introduction

Addressing moisture in building structures is one of the most relevant topics in
the construction industry. There is a range of methods for preventing moisture ingress
into structures and for the actual removal of moisture from building materials. These
methods can be today considered fairly effective, but it is necessary to develop them further
and to come up with more economical and, in particular, more environmentally friendly
solutions. Moisture problems in building materials are particularly serious because the
water contained in them greatly affects their physical and mechanical properties. Currently,
there are multiple methods that are used for removing moisture from building materials in
the Czech Republic and Europe in general, which meet most of the requirements of today’s
building practice.

The basic criteria for their use are the speed and efficiency of drying, the economic
demands of the process, the cost of necessary equipment, and the overall environmental
friendliness of the method. Commonly used methods for drying building materials are
efficient, but the drying time can be rather long, and their applicability and suitability
depend on the type of building material.

One approach to drying building materials is through the use of microwave radiation.
This method has been known since about 1945, but in construction practice, it is currently
still not widely used. This is due to the higher purchase cost of microwave generators and
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the lack of knowledge of the basic principles of microwave drying, which is also related to
health concerns about exposure to this type of radiation. A combination of these reasons,
together with low awareness about the method, results in limited interest in the use of
microwave radiation in construction practice.

1.1. Literature Review

The origins of using microwave radiation date back to the first half of the 20th century,
although its existence was predicted as early as 1865 by James Clerk Maxwell [1]. August
Zatek, a professor at the Faculty of Science of Charles University in Prague, was among
the first to describe the principle of magnetron oscillation in 1924; in a foreign journal,
his discovery was published in 1928, and since then, he has been considered the inventor
of magnetron [2]. It was not until the end of the war and afterward that the subject of
microwave heating came up in earnest, and one of the most important people involved
was Percy L. Spencer, who was interested in consumer and commercial microwave ovens.
He filed his first patent on the microwave heating of food in October 1945. His associates
describe the discovery as a gradual trial-and-error process, with experiments such as
making corn pop or eggs explode. Percy Spencer worked for Raytheon, where the main
focus was on the invention of the microwave oven, but other companies also researched
microwave radiation by just concentrating more on industrial applications; for example, in
1947, a paper was published that addressed process acceleration through microwaves [3].
Later, in the 1960s and 70s, the development of microwave technology advanced so much
that the first household microwave ovens began to appear. Today almost every home has
a microwave, and the principle of microwave heating is used in many other industries
outside the food sector [4]. It has been widely used, for example, in medicine [5], the
aforementioned food industry [6], the military [7], as well as within the construction
industry [8]. Within this industry, a number of studies have already been carried out
confirming the potential use of microwaves for drying building materials [9-12].

1.1.1. Microwaves

Microwaves are a part of electromagnetic radiation with a frequency between 300 MHz
and 300 GHz, corresponding to wavelengths between 1 m and 1 mm. For industrial
purposes, more frequencies are permitted, but in construction, the globally used frequency
was 2.45 GHz with a corresponding wavelength of 12.2 cm. Microwaves belong to a broad
spectrum of electromagnetic waves, which also cover, for example, the visible light range.
Their behavior is described by Maxwell’s equations. It holds that at any given point and
any given instant, the vectors characterizing magnetic and electric fields are perpendicular
to each other, and both are perpendicular to the direction of motion of the wave [8,13].

Microwave radiation causes heating, and the molecules become oriented according to
their polarity in the electric field. When microwave radiation comes into contact with water
molecules, the electromagnetic energy transforms, and heating occurs. This is followed by
the heating of the construction materials [8].

Microwaves fall in the range of electromagnetic waves with a lower frequency than
solar radiation, so they do not leave any residual radiation that is harmful to health. The
use of microwave devices is completely safe, and any damage to health can only occur
from direct exposure from a few cm for at least several minutes, either made intentionally
or by the improper handling of the device [8].

Excessively strong microwave radiation poses the highest risk to human health. The
use of microwave equipment with radiators emitting such electromagnetic radiation outside
poses a serious hazard to people in the area of high microwave energy density. The
permitted levels of electromagnetic field strength in the range of 2.45 GHz are established
by EU regulations, including Directive 2004/40/EC and Recommendation 1999/510/EC,
as well as by country-specific regulations. The regulations typically set the permissible
electromagnetic field strength (from 7 V/m to 61 V/m) or watt density (from 0.1 W/m? to
10 W/m?).
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1.1.2. Theory of Electromagnetic Field

The fundamental theory of the electromagnetic field was based on a number of physical
laws drawn from experiments and findings linked to names such as Coulomb, Savart,
Ampere, and Faraday. Faraday’s work, particularly the discovery of electromagnetic
induction, and the work of Maxwell, who developed a model of the electromagnetic field
following the discovery of the concept of a displacement current, were of major importance
to the development of the theory [14].

The general electromagnetic field, natural or man-made, is non-stationary (there is
constant time variability). The variability of the field can often be considered marginal or
slow. Following this simplification, the field can be classified into four types: (a) a static
field, where all charges are considered to be at rest; (b) a stationary field generated by
charges that form stationary currents; (c) a quasi-stationary field, which is a simplification
of the general non-stationary field because the so-called displacement current against the
free electron currents is disregarded here; and (d) a non-stationary field, i.e., a general
electromagnetic field [14].

1.1.3. Applications in the Construction Industry

There are multiple applications for microwave energy within the construction industry.
It is used for drying building materials and structures [15], accelerating the solidification
of mixtures [16], for the sterilization of biotic pests [17], or even for moisture measure-
ments [18].

The material to be heated is subjected to a high-frequency electromagnetic field,
causing the polarization of molecules, conduction, and magnetic processes. The internal
energy of the molecules gradually increases, which causes the material to be heated. During
perfect microwave heating, the distribution of the intensity of the microwave field is in
the area completely even, and heat is generated uniformly across the entire volume of the
material, but in a real situation, this is not the case. The presence of waves depends on the
design of the equipment used and the type of material inside the heating chamber. The
amount of energy absorbed varies with the size, shape, dielectric constant, and permittivity
of the material. In addition to these properties of the heated object itself, particularly
important are the frequency and intensity of the electromagnetic field. The heat generated
in the objects spreads to the surroundings through heat transfer. If microwave energy is
applied to the material for too long, it can lead to overheating and damage to the object [16].

One of the advantages of microwave radiation is selective heating. Components were
heated according to their ability to absorb electromagnetic energy; therefore, mainly, the
most absorbent one was heated, which is usually loosely bound water. This component then
heats the other material components, which results in a more in-depth heating of the object.
Microwave energy can heat up the material more effectively compared to regular heating
from the surface. It was used for the drying of various materials and the acceleration of the
hardening of mixtures. Disadvantages to this method include higher energy consumption,
possible changes in the mechanical properties of the object, and possible local overheating
due to the inconsistency of the microwave field and the inhomogeneity of the heated
material. Last but not least, there is also the requirement of proficiency while working with
EMW radiation [16,19].

The microwave drying/hardening process can be divided into four stages. The first
one is the actual heating of the water molecules in conjunction with the secondary heating
of the material. The second stage consists of the evaporation of water contained in the
surface layer of the material. During the third stage, the volume of water increases due to
the heating of the water. This causes an increase in pressure, which spreads in all directions,
including to the surface of the material, forcing the heated water to be expelled to the
surface. A gradual cooling process is the last stage. The water on the surface of the material
is continuously evaporated. The difference in moisture content at the surface and in the
depth of the material results in a difference in the partial pressure, which enables the
transport of moisture to the surface. The evaporation of moisture from the surface of the
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drying material requires a considerable amount of heat. Consequently, the surface of the
material and the surrounding air are cooled [16].

The following factors influence the rate of drying: temperature gradient, moisture
content of the surface layer, relative humidity of the surroundings of the drying material,
the ability of the material to distribute water from its core to the surface, the surface finish
of the dried material, and thermal conductivity of the drying material [16,19].

2. Methods and Materials

The experimental determination of the basic characteristics of the studied material
is presented in the following chapter. It should be noted that all the experiments herein
presented were carried out on a ceramic construction material, namely solid burnt clay
bricks. The purpose of this was to experimentally verify the influence of brick drying by
microwave radiation on the mechanical properties of the brick.

Basic characteristics: brick dimensions were 290 x 140 x 65 mm; bricks were formed
by pressing; there were 10 brick samples in the experiment; bulk density was 1718-kg-m~3;
compressive strength was 20 MPa as stated by the manufacturer.

Before measurement, the samples were dried to a constant weight.

The actual experiment is based on the treatment of 10 fully water-soaked ceramic
bricks with microwave radiation and varying exposure times for the bricks. The first
interval of exposure to EMW radiation was 60 min, the second interval was 120 min, and
the third interval was 240 min.

The individual experiments were carried out in two variants; in the first one, the EMW
radiation was applied only for one cycle, and in the second variant for ten cycles.

Subsequently, an ultrasonic wave was used, and its transit time was measured. From
these data, a calculated estimate of the compressive strength of each brick was determined.

The measurements of the observed parameters were always taken before and after
exposure to microwave radiation. In Figure 1 we can see the layout of the brick samples
and the EMW generator.

FOIL MICROWAVE GENERATOR

BRICK MICROWAVE RADIATION

Figure 1. Scheme of the microwave generator assembly for ceramic brick exposure.

2.1. Material

Solid burnt clay bricks are suitable for standard load-bearing and infill plastered
masonry. The ceramic material is rather porous, brittle, hard, water-insoluble, chemically
resistant, and heat resistant. It is a poor thermal conductor and a good electrical insulator.
It is produced by firing a natural clay-based raw material (oxide ceramics), which results in
a very rigid material with good resistance to high temperatures. The physical properties
of ceramic bricks were specified by technical standards. The required porosity was at
least 10%, and the compressive strength value of the bricks was the key parameter for
determining the load-bearing capacity of the masonry.
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Raw materials for the production of bricks consist of particles of weathered rocks,
especially granite, gneiss, and porphyry. The products of rock weathering are the clay,
silt, sand, and various impurities. The most important component is clay, specifically clay
minerals such as illite, montmorillonite, and kaolinite. In terms of chemistry, these are
hydrated aluminum silicates with a characteristic layered structure.

2.2. Equipment

In construction practice, there are several types of EMW radiation currently used to
dry damp building structures. Many devices dry the masonry only by attaching an EMW
generator with a magnetron but using EMW antennas makes drying more efficient. The
basic drying methods in construction practice use a rod-shaped or funnel-shaped EMW
antenna [15]. In this experiment, only the funnel-shaped antenna was used.

In the drying process, a device equipped with a funnel-shaped antenna was attached
to the masonry at a distance of 0 to 50 mm and left to operate for a certain period of
time at any given location. The drying of the whole area was achieved by the successive
cyclical repositioning of the antenna. It is important to dry the locations more than once, as
otherwise, the formation of subsurface pockets during rapid drying can result in only the
surface of the masonry being dried and moisture remaining in the depth of the material.
Cyclic drying prevents the formation of pockets and ensures heating in the depth of
the material.

This experiment used a portable microwave generator Romill, G1/2011, to irradiate
the bricks. The used voltage was 230 V, 50 Hz, the power input was 1.5 kW, the microwave
frequency was 2450 MHz, and the maximum microwave power was 1 kW.

2.3. Experimental Drying of the Bricks

A total of 10 samples were prepared for the experimental measurements. The samples
were stored in laboratory conditions where the indoor air temperature was controlled and
ranged from 19.9 °C t0 22.3 °C.

The procedure for conducting the test can be summarized in a sequence of laboratory
activities. First, the samples were dried in a drying chamber to their constant weight at
a temperature of 100 °C. Afterward, they were weighed, and their basic mechanical and
physical properties were determined and compared with the manufacturer’s declared
values. Next, the samples were soaked in a water tank for 24 h. Then, they were weighed
again, and their values of water absorption and apparent porosity were calculated. In the
next step, the samples were dried using microwave radiation in two sets (five samples
were exposed to microwave radiation only once, and the other five samples were exposed
to it for 10 cycles). In both cases, 1 sample was irradiated for 1 h, 2 samples for 2 h, and
the last 2 samples for 4 h. A metal-shielded chamber called a Faraday cage was created
around the samples to limit the spread of microwave radiation to the surrounding area.
After exposure, the samples were weighed and then dried in the drying chamber to their
constant weight at the temperature of 100 °C. Subsequently, the propagation speed of the
ultrasonic pulse was measured, and the calculated compressive strength of the brick was
determined. The measurements results can be seen in Table 1.

2.4. Physical and Mechanical Properties of Bricks

The bulk density of the bricks was determined according to standard CSN 72 2603 [20],
as the samples were geometrically regular. The monitored property of the brick samples
was evaluated in a so-called air-dry state in the laboratory environment [21].

The moisture absorption was determined according to the national standard CSN 72
2603 [20]. In conjunction with the determination of bulk density, the moisture absorption
and the apparent porosity of the samples were determined [21].

The correlation between the velocity of ultrasonic wave propagation and the velocity
of sound propagation in the material was used to quantify the compressive strength of
the bricks.
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Table 1. Summary of the input parameters of the solid burnt brick samples P20.
Sample Bulk Moisture Compressive Apparent
Number Density Absorption Strength Porosity
[kg-m—3] [%] [Mpa] [%]
1 1.737 14.72 32.2 25.58
2 1.418 14.62 33.6 25.12
3 1.755 14.17 443 24.86
4 1.769 13.28 31.1 23.49
5 1.720 15.01 34.5 25.96
6 1.726 14.25 43.3 24.59
7 1.719 13.65 40.1 23.46
8 1.739 13.20 42.9 22.96
9 1.736 13.66 31.9 23.72
10 1.726 14.16 32.8 24.44

2.5. Ultrasonic Pulse Velocity Method

The experiment was performed by measuring the wave passage through the samples,
and it was carried out by the direct sounding of the samples. The following procedure was
used to measure the time of passage of the ultrasonic pulse: along the length of the brick
was the measurement performed in three measuring points, which were evenly distributed
over the measured area. The actual frequency of the probes was chosen as 54 kHz in order
to satisfy the condition a > 1.25A (where a is the minimum dimension of the sample at
the measurement point and A is the wavelength), and the bonding agent was Sonogel,
commonly used in the medical industry. At each measuring point, three measurements of
the ultrasonic pulse passage time were taken.

Ultrasound is defined as the mechanical vibration of environmental particles at fre-
quencies greater than 20 kHz. For testing building materials, probes with a frequency
ranging from 40 kHz to 150 kHz are typically used. When an ultrasonic wave propagates
through a medium, its particles vibrate in different directions relative to the direction of
the wave’s propagation. Accordingly, ultrasonic waves can be distinguished into four
types: longitudinal (particles of the medium vibrate parallel to the direction of the wave’s
propagation), transverse (particles of the medium vibrate perpendicular to the direction of
propagation of the wave), surface (they travel along the surface of thick solids and do not
influence the bulk of the medium below), and plate waves (these waves are produced in
thin metal, whose thickness is similar to the wavelength) [22].

The concept of the method consists of transmitting repeated ultrasonic pulses into the
material by the transmittance transducer and then detecting the pulses passed through
the examined material by the receiving transducer, i.e., measuring the time interval that
elapses during the pulse passage through the measuring base. Measurements can be made
by direct, indirect, and semi-direct sounding. Measurements made by the ultrasonic pulse
velocity method are influenced by several factors, namely, moisture, defects in the structure
of the tested material, the dimensions and shape of the sample, the natural frequency of
the probes, as well as the means of acoustic coupling between the probes and the tested
material. It is necessary to take these factors into account when developing a measurement
methodology for specific materials [22,23].

A correlation exists for predicting the compressive strength of bricks from parameters
measured by the ultrasonic pulse velocity method. Based on the results of the experimental
measurements, an estimate of the compressive strength of the bricks was determined
according to the formula [22]:

fe =10.754V — 0.5367V? + 6.1707 [mPa] |r = 0.698, (1)
where f; is the compressive strength of the brick in mPa,
1

V is the ultrasonic pulse propagation velocity inm-s™",
r is the correlation coefficient.
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3. Results
Physical Properties of Bricks

Prior to actual exposure to microwave radiation, the basic physical properties of the
tested samples were determined; in particular, this included the bulk density, moisture
absorption, apparent porosity, and compressive strength of the individual bricks. These
values were compared with the information declared by the manufacturer. The values can
be seen in Table 2.

Table 2. Overview of the physical properties of the ceramic solid burnt brick samples.

. . Values Declared by Average of the
Quantity Unit the Manufacturer Measured Values
Bulk density [kg-m~3] 1600 1.705 =4 0.204
Moisture absorption [%] 14.1 14.07 +£1.23
Apparent porosity [%] - 24.42 +1.98
Compressive strength [mPa] 20.0 36.7 £10.7

4. Discussion of Results

The analysis of the obtained results provided insights into the suitability of using
microwave radiation for drying brick components. The experiments performed confirmed
the insignificant effect of microwave drying on the compressive strength of the porous
ceramic material. The experimental results can be observed in Tables 3 and 4 and the
resulting ultrasonic wave propagation times are shown in Table 5. Graphical representation
of the results can be seen in Figures 2 and 3.

Table 3. Weight summary of each sample after drying, soaking, and exposure to one cycle of

microwave radiation.

Exposure Constant Weight of the Weight of Sample after
Sample . . the Exposure to
Time Weight Soaked Sample . N
Number Microwave Radiation
[h] [g] gl
[g]
4 2 4.670 5.290 4.830
7 2 4.536 5.155 4.896
8 4 4.590 5.196 4.657
9 1 4.582 5.208 5.102
10 4 4.554 5.199 4.586

Table 4. Weight summary of each sample after drying, soaking, and exposure to microwave radiation;
these samples were exposed to 10 radiation cycles.

Exposure Constant Weight of the Weight of Sample after
Sample . . the Exposure to
Time Weight Soaked Sample . N
Number Microwave Radiation
[h] [g] [g]
[g]
1 2 4.583 5.258 4.844
2 1 4.535 5.198 5.042
3 2 4.631 5.287 4.660
5 4 4.540 5.225 4.544
6 4 4.555 5.204 4.559
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Table 5. Overview of the average passage time of the ultrasonic wave.
Average Passage Time of the Ultrasound Average Passage Time of the Ultrasound
Sample Number through the Bricks (Dried State; Constant through the Bricks (After Exposure to
P Weight) at f = 54 kHz Microwave Radiation) at f = 54 kHz
[us] [us]
1 160.59 157.00
2 154.41 151.80
3 116.34 114.70
4 165.17 169.70
5 151.05 143.40

@ Passage time of the ultrasound through the bricks in dried state at f = 54 kHz

B Passage time of the ultrasound through the bricks after exposure to microwave radiation at f = 54 kHz

200
180
160
140
120
100
80
60
40
20
0

Passage time of the ultrasound [us]

5 6 7 8 9 10
Sample

Figure 2. Overview of the passage time of the ultrasonic wave through the individual ceramic
brick samples.

The compressive strength data of the tested ceramic bricks were calculated estimates
based on the ultrasonic pulse method, which is directly affected by the homogeneity of the
material on the transmission path between the transmitter and the receiver, particularly in
the material structure. It was also recognized that the moisture content of materials affects
the propagation speed of the ultrasonic pulse [24,25]. The presence of material moisture,
which appears as a liquid phase of water in the porous structure of the materials and fills
the free pore space, increases the velocity of the ultrasound propagation in the material
(the ultrasound velocity in water is about 3.5 times higher than in air) [22]. Therefore,
it is necessary to determine the moisture state of the samples during the measurements
to ensure the reproducibility of the measurement results. To eliminate the influence of
moisture on the results, the ceramic bricks were dried to their constant weight before
the experiment.

As already mentioned, the results derived from the ultrasonic pulse velocity method
are influenced by the shape and dimension of the brick units, the mineralogical components
of the bricks, their porosity, and any defects in their structure. These factors are also
reflected, to varying degrees, in the calibration equations developed for determining
compressive strength from the results of non-destructive tests. The evaluation of calibration
equations was based on the value of the correlation coefficient, which assessed the strength
of the relationship between the measurement results and the actual compressive strength
values. Calibration equations with a correlation coefficient of ¥ > 0.85 were considered to be
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reasonably usable, although calibration equations with » > 0.9 were more appropriate [22].
The relationship that was used for the computational estimation of the compressive strength
of ceramic bricks was r = 0.85.

@ Estimation of compressive strength of dried samples

W Estimation of compressive strength after exposure to microwave radiation

35
©
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2 30
(%)
Q
o
g 25
()
=
5 20
e
)
L
o 15
=
g
‘w10
(%)
g
3
) 5
(@)

0

1 2 3 4 5 6 7 8 9 10
Sample

Figure 3. Overview of calculated compressive strength estimates for individual samples after drying
and after exposure to microwave radiation.

For burnt clay bricks, in general, a minor crack in the brick is not a defect unless it
adversely affects the declared compressive strength. In terms of the assessment of the
compressive strength of solid burnt bricks by the ultrasonic method, the influence of
disorderly defects in the microstructure of the brick samples is very pronounced, and
therefore, the observed data are more of an estimate. It was technically not possible to carry
out objectively conclusive destructive compressive strength tests on the bricks examined,
and therefore, a calculated estimate of compressive strength was used—as seen in the
results above. This estimation has its limitations in the form of statistical error. Despite the
above, this compressive strength estimation procedure can be recommended for further
research [22].

5. Conclusions

Based on the experiments carried out and their subsequent evaluation, it was possible
to confirm the effect of drying by microwave radiation on the compressive strength of
porous ceramic material. The data prove that microwave radiation can be a suitable method
for drying solid burnt bricks as it does not affect the compressive strength of the bricks.
The experiment was conducted in two sets, where the solid burnt bricks were dried by
microwave radiation for different periods of time, and even after ten cycles of exposure,
there were no changes in the measured strength values. The porosity of ceramics is usually
15-25%, so it is understood that there was internal pore space available for the removal of
water vapor into the surrounding environment.
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The resulting compressive strengths of the tested bricks were calculated from the ul-
trasonic wave propagation velocity, though only an estimate of the strength can be derived
using this procedure, resulting in higher measurement uncertainty. The differences in the
ultrasonic pulse wave propagation velocity between the dried samples and the samples
after exposure to microwave radiation were proved to be negligible. This conclusion was
confirmed, despite the possible inhomogeneity of the microwave radiation, the production
variance in the properties of the ceramic bricks, and/or the effect of any uneven residual
moisture from incomplete drying (the resulting compressive strength estimations can be
observed in Table 6 and the corresponding graphical representation in Figure 3).

Table 6. Overview of the average passage time of the ultrasonic pulse.

Estimation of Compressive

Estimation of Compressive Strength of Samples after Exposure

Sample Number Strength of Dried Samples to Microwave Radiation
[mPa]
[mPa]

. 3.8 242

2 245 247

3 296 299

4 23.4 229

5 24.9 25.7

6 291 293

- 275 262

8 28.9 284

9 237 237

10 24.1 242
95% confidence 26.0 & 5.0 259 +49

interval values

Nevertheless, this experiment was very limited, and the paper is mainly intended to
serve as a trigger for further research to determine the effect of EMW radiation on different
types of bricks with different porosity and, thus, obtain more conclusive results. This area
is very promising because a major advantage of microwave heating is that the heating and
evaporation of the moisture contained in the porous system of the ceramic brick occurs
directly in the material through the absorption of microwave radiation by water. Other
drying methods conduct necessary heat from the surface of the dried material, and the
process of moisture removal is slower and usually more energy-consuming.
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