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Development of Microwave Non-destructive
Inspection Equipment for Outer Wall Tiles∗

HUSSAIN ALSALEM

Abstract

The separation of tiles from buildings degrades the aesthetic appeal of buildings and may result in
structural failure. Therefore, tiles should be inspected periodically. However, manual inspections
are expensive and require qualified experts. In this study, voids corresponding to tile separation
were detected in a concrete specimen using non-destructive inspection based on electromagnetic
wave detection. Furthermore, wave reflection models of healthy and defective tiles were created,
and the effects of the void plane size on the reflection of defective tiles were considered. The
correlation between the void plane size and the reflection intensity difference integral value was
verified through multi-layer scanning using these models. The multi-layer scanning method (MLS)
provides a qualitative and fundamental solution to this dilemma. Because it is based on multiple
scans, it still has the potential to improve the quantity and location of the required scanning layers,
increasing the accuracy and speed of the results. MLS was conducted on actual tiled concrete,
including several sizes of voids. Comparing the simulation and experimental results showed a
possibility of optimizing the number of scan layers. The ability to optimize scanning layers was
demonstrated both theoretically and empirically. The aim of discovering the voids under the tiles
is to avoid the tiles falling from the building, but the one responsible for the tiles falling is the
strength of the adhesion. Therefore, this study presents a method in which the strength of adhesion
of tiles can be predicted through the intensity of wave reflection from defective tiles.

Keywords: Electromagnetic wave resistance, Non destructive inspection, Multi-layer scanning
method, Scan layer optimization, Adhesion strength.

∗Doctoral Dissertation, Course of Systems Science and Informatics, Graduate School of Information
Science and Technology, Hokkaido University, SSI-DT46195027, December 6, 2022.
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Chapter 1

Introduction

1.1 Research background

Separating wall tiles from a building causes visual distortion of cities and, in the worst case,
injuries to humans when the tiled fall. Therefore, wall tiles should be inspected periodically.
However, there are hurdles to completing the inspection process, including its high cost and the
need for qualified inspectors. Several studies have, therefore, been conducted aimed at improving
the accuracy of the inspection, reducing costs, and increasing inspection speed. Most of these
studies have focused on non-destructive inspection techniques (NDI) using electromagnetic waves
(EMWs). These techniques can detect voids or cracks in concrete, and the void depth could be
evaluated using the time/frequency domain network analyzer. However, this method uses complex
and expensive systems. Multi-layer scanning (MLS) and the intensity of EMWs as data for analysis
are radical solutions to this problem. The measuring device can be made simple, small, and easy
to use by facilitating data analysis.However, the reflection strength changes between defective and
healthy tiles have not been studied. We have mathematically modelled the process of reflecting the
signal strength from defective and healthy tiles. This model made it possible to calculate the depth
and area of the void, in addition to the adhesion strength required to remove tiles. Moreover, the
possibility of improving the scanning of layers via a simulation using the mathematical model was
explored.

1
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Table 1.1: Comparison of Inspection Methods

1.2 Previous research

For many reasons, such as their aesthetic appearance, ability to protect concrete, and ease of
cleaning, wall tiles are widely used on the exterior facades of buildings. However, owing to in-
correct installation, the relative pressure caused by environmental changes causes the expansion
and contraction of tile bases and tiles owing to changes in humidity and temperature. In addition,
relative stress occurs owing to the different grades of each material, and the material deteriorates
with environmental changes, eventually creating a void between the cement layer and the tile. A
void between the cement layer and the cement reduces the bonding strength of the tiles, eventually
leading to the tiles falling off the building. Falling tiles from buildings are a safety hazard, in
addition to affecting the aesthetics of buildings, and remove all the benefits of having tiles on the
facade of buildings.
Traditional examination (hammer) is the most common method used to examine voids in buildings.
To increase quality, speed, and accuracy, and decrease examination costs, non-destructive (NDI)
examination techniques have been reported. For example, ultrasound[1][2][3] provides an accurate
diagram of failure structures. However, ultrasound requires the device to be stuck in the object for
scanning, dramatically increasing scanning time. Infrared thermal imaging [4][5][6] enables fast
scanning.
However, the results of the diagnosis are affected by sunlight and temperature. Because of the
drawbacks of these methods, they cannot replace traditional screening methods. Numerous NDI
techniques using electromagnetic waves (EMWs) have been developed. These techniques [7] can
detect voids or cracks in concrete [8]. Further, the void depth and thickness [9] can be evaluated
using the time/frequency domain network analyzer [10][11] to calculate the position of foreign
objects in the object. However, this method uses complex and expensive systems. By contrast,
some methods [12][13] require prior knowledge of the void depth, which is not feasible in practice.
Therefore, further, development is required for these technologies.
Some studies have focused on using the intensity of EMWs as data for analysis [14][15]. Typically,
the reflected intensity distribution obtained using MLS (is compared with the reflective intensity
data of non detective concrete (trend data). A comparison of the intensity of the reflection reveals
that the integral difference volume can be considered a void. Therefore, the complexity of the
measuring device and data processing can be simplified. Furthermore, this technique can detect

— 2 —
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voids without the requirement of depth. In addition, it can measure the void size. However, the
strength of the adhesion of the tiles to the wall is the most crucial factor in ensuring the safety of
the tiles from falling [16][17]; therefore, the examination can be essential to finding this value.
However, the mentioned techniques cannot e used to find this value. Table 1.1 shows a comparison
of the existing and proposed methods.

(a) Moisture and dryness in the case of proper initial installation

(b) Moisture and dryness due to improper initial installation

Figure 1.1: Effect of proper installation on tiles

Figure 1.2: Positions of void occurrence

— 3 —
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1.3 Purpose of this research

Natural factors, such as dryness and moisture, influence the appearance of voids under wall tiles.
However, improper initial installation of tiles is a major factor in accelerating the appearance of
voids. Fig.1.1a shows an example of proper initial installation of tiles, which helps the drying
and moisture process. In contrast to proper installation, improper installation, which is shown
in Fig.1.1b, results in the acceleration of the appearance of voids because it does not correctly
help the process of water evaporation [18]. Voids usually occur under tiles, between the adhesion
and foundation mortar, and between the foundation mortar and concrete (Fig.1.2) The aim of this
research was divided into three objectives. The first objective was to develop a novel method
for measuring the void size between wall tiles and concrete through NDI using EMWs. First,
a mathematical model of the reflected waves was devised for both defective and healthy tiles.
Second, a mathematical model detailing the effects of voids on the overall reflective density of
defective tiles was derived. Third, an experiment was conducted using MLS on several specimens
containing voids of various sizes. The experimental results revealed that the integrative value of
the total reflection intensity difference changed directly with the size of the voids. Therefore, the
void size can be determined using the proposed method. The second objective was to calculate the
adhesive strength using the reflected strength. The third objective was to optimize the number of
scanning layers required for MLS. First, experiments were conducted to detect simulated voids in
concrete tiles using the MLS method. Then, based on the experimental results, a simulation was
performed using a mathematical model of waves reflected from healthy and defective tiles. Finally,
simulations were performed over several layers. By comparing the simulation and actual results,
we demonstrate the possibility of optimizing the number of scan layers for each case.

1.4 Thesis structure

This paper explains the use of electromagnetic waves in non-destructive inspection. It is dis-
tinguished by innovative methods that make the examination devices cheaper and lighter than
conventional devices. These methods include the MLS method, which is a method of scanning a
sample at the same fixed 𝑋 ,𝑌 point while changing the distance 𝑑𝑚 of the antenna from the subject.
This study also explains the theory of reflection of electromagnetic waves and their intensity from
several layers of the sample, and a mathematical model was established based on the theory. To
confirm the validity of the theory, experiments were carried out on real samples, and the test results
were compared with the calculated values. This thesis consists of four chapters, which are as
follows:

• Chapter 1. Focuses on the research background and previous research that was conducted
using the methodology of non-destructive inspection. After that, the purpose of this study
is presented.

• Chapter 2. Discusses the advantage of using electromagnetic waves for non-destructive
inspection and the challenges presented by methods proposed in previous studies. It then
compares then with the solution in this study. After that, the equipment used for the
experiments is proposed. After that, a mathematical model of reflected waves from the
healthy and defective tile is proposed. Furthermore, the relation between reflected waves
and void size and adhesion strength is proved. Finally, a method for optimizing scanning
layers is proposed.

— 4 —
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• Chapter 3. Focuses on multi-layer scanning to extract voids under tiles. First, an algorithm
for detecting voids is proposed. Second, an experiment is then conducted to prove the
efficiency of the mathematical model. Another experiment is conducted to prove the relation
between adhesion strength and reflected wave strength. Finally, an experiment is conducted
to prove that the number of scanning layers can be optimized.

• Chapter 4. Estimates both the plane size and depth of voids under the tile. The theory of
estimating void depth and plane size, which is based on mathematical models of reflected
waves from healthy and defective tiles, is proposed. Then, an experiment is conducted on
actual tiles with different void sizes and depths. Then, the measured void plane sizes and
depths are compared with estimated values.

• Chapter5. Presents the conclusions and proposed future studies.

— 5 —





Chapter 2

Electromagnetic waves
non-destructive inspection

2.1 Previous study of electromagnetic waves
non-destructive inspection

Microwaves can be reflected at the boundary of different media with a medium constant (dielectric
rate, magnetic rate, conductive rate). Therefore, microwaves can detect defects inside objects, and
several studies have focused on using them in NDI. For example, the electromagnetic wave radar
method, which is a non-destructive inspection method using electromagnetic waves, transmits
a pulse wave into concrete and measures the arrival delay time of the reflected wave [19][20].
Another application is ground penetrating radar (GPR) for imaging underground buried objects
such as underground buried objects (water pipes, gas pipes, communication cables, water pipes)
and underground structures (stratum, underground cavity, underground water vein) [21][22][23],
and ultrasound [24], which provides an accurate image of failure in structures. Infrared thermal
imaging [25] has fast scanning. NDI techniques using EMWs can detect voids or cracks in concrete.
Further, the void depth and thickness could be detected.

Using the intensity of EMWs as data for analysis, the reflected intensity distribution obtained
using multi-layer scanning (MLS) is compared with the reflective intensity data of non detective
concrete (trend data). A comparison of the intensity of the reflection reveals that the integral
difference volume can be expected to be void. Therefore, the complexity of the measuring device
and data processing can be simplified. Furthermore, this technique can detect voids without the
requirement of depth.

All the above-mentioned methods are techniques for analyzing electromagnetic waves in the
time and frequency domains. Although this method can be used to obtain a wealth of information,
it requires costly instruments such as network analyzers, and the overall size of the measuring
equipment is large. Furthermore, it is computationally expensive. Therefore, in this study, the
frequency of the antenna was fixed to reduce the cost and weight of the measurement apparatus, and
the gap was detected from the intensity information of the reflected wave, which can be detected
relatively cheaply and easily.

7
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2.2 Measurment equipment and specimen

The examination device used to detect the voids consisted of a linear actuator that directs the
antenna in the 𝑥,𝑦, and 𝑧 directions. The antenna consists of a lifter, and a laser sensor that
obtain the total value of the device dimension from the test sample. In the proposed method, the
inspection apparatus measures the distribution of the reflected intensity at each antenna position
x[𝑚𝑚], y[𝑚𝑚] by scanning the concrete surface while keeping the distance constant. Scanning is
performed several times with various focal points corresponding to different heights.

2.2.1 Specimen

In this study, we used actual concreted tiles Fig 2.1a 2.1b The sample dimensions were 𝑥 =

745(𝑚𝑚), 𝑦 = 495(𝑚𝑚), and thickness= 70(𝑚𝑚). The tiles were adhered to the concrete using
adhesion mortal, which is the same mortal used in actual building (Fig 2.1c). The tiles had
dimensions of 𝑥 = 45(𝑚𝑚), 𝑦 = 95(𝑚𝑚), and thickness= 8(𝑚𝑚). Under the tiles, the void sheet
(Fig 2.1d) was installed. This void sheet served as an alternative to voids in actual tiles and had a
fixed thinness of = 8(𝑚𝑚) . The shape of the void sheet was the same as that of the tile; therefore,
the majored of the void sheet plate area using the percentage of the total tiles area, so we used
parentage compare to the tile area.

2.2.2 Micro-strip patch antenna

Fig. 2.2a shows the micro-strip patch antenna used in this study. The transmission antenna is fed by
a micro-strip line, and electromagnetic waves are radiated from the patch at the tip. The radiated
electromagnetic wave propagates toward the inspection object and is received by the receiving
antenna after being reflected from the object. The received electromagnetic wave is detected by
the receiving module and its intensity information is output. These transmitting and receiving
antennae and transmitting and receiving modules are diverted from the GAP MOUSE (NEW
PORTSENSORES) [26][27]. Aperture antennas such as horn antennas [28], which are excellent
in directivity and sensitivity, can be cited as sensors for microwave non-destructive inspection.
The resonant frequency of the microstrip antenna is a single frequency of 10 GHz. Frequency is
one of the parameters that determines spatial resolution. The design dimensions of the micro-strip
antenna are shown in Fig.2.3. From these dimensions, the relative permittivity 𝜀𝑟 of the dielectric
between the patch and ground is expressed by the following equation:

𝜀𝑟 =

(
𝑐

2𝐿 𝑓𝑟

)2
(2.1)

where 𝑓𝑟 is the resonant frequency of the antenna, 𝐿 is the antenna length, and 𝑐 is the speed of
light. From Eq.2.1 𝜀𝑒 = 2.37 The radiation pattern in the far field of the antenna is determined by
calculation using the cavity model. As shown in Fig.2.4a, an x–y–z coordinate system is defined
at the center of the patch.

𝐸𝜙𝑝

(
𝑟, 𝜃𝑝

)
=

𝑗 𝑘0𝑊𝑉0𝑒
𝑗𝑘0𝑟

𝜋𝑟

sin 𝜃𝑝
sin

(
𝑘0ℎ
2 sin 𝜃𝑝

)
𝑘0ℎ
2 sin 𝜃𝑝

sin
(
𝑘0ℎ
2 cos 𝜃𝑝

)
𝑘0ℎ
2 cos 𝜃𝑝

 (2.2)
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(a) Picture of actual concreted tiles

(b) Concrete dimensions, void positions, and widths.

Figure 2.1: specimen
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(c) Position of the void on the side.

(d) Void sheet material.

Figure 2.1: specimen

where 𝑟 is the distance m from the center of the patch, m, 𝑉0 is the feed voltage to the
radiation slot, and 𝜆0, 𝑘0 are the wavelength and wavenumber of the resonance frequency 𝑓𝑟 in a
vacuum, respectively. 𝐸𝜙𝑝

(
𝑟, 𝜃𝑝

)
denotes the 𝜙 direction electric field component in the 𝑥 − 𝑧

plane (𝜙 = 0◦, 0◦ ≤ 𝜃𝑝 ≤ 180◦
)
. Fig.2.4 shows the positional relationship and arrangement of the

transmitting and receiving antennae and the test object when using the antenna. Fig.2.5 shows the
radiation pattern calculated using Eq.2.2. The specification of the micro-strip antenna is shown in
Table 2.1. The antennae contain a stick with a laser sensor (Fig.2.2a). The role of the laser is to
detect the distance between the antenna and the object.

Table 2.1: Specifications of the micro-strip antenna
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(a) Micro-strip patch antenna

(b) laser sensor.

Figure 2.2: Antenna composition

Figure 2.3: Micro-strip patch antenna dimensions
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(a) Overview of the cavity model

(b) Ragiation pattern of the micro-strip antenna

Figure 2.4: Calculation of the ragiation pattern using the cavity model

Figure 2.5: Ragiation patter of the micro-strip antenna at 𝐻 plane (𝜙 = 0)
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2.2.3 𝑋 , 𝑌 , 𝑍 actuator

Fig 3.3 shows a microwave non-destructive inspection system using a microstrip antenna. The
actuator has 𝑋 , 𝑌 , and 𝑍 axis. Detection part and can move the antenna in three axial directions.
Therefore, the surface of the specimen placed under the device can be scanned along the surface.
This makes it possible to measure the reflection intensity distribution. The 𝑋 and 𝑌 axis actuator
stroke lengths are 700 mm, and that of the 𝑍-axis is 100 mm.

Figure 2.6: 𝑋 ,𝑌 ,𝑍 Actuator

2.3 Definition of void plane size

The importance of knowing the size and depth of the void is that this information can be used to
predict the danger of the outer tiles falling. As there is an inverse relationship between the size of
the void under the tile and the tile adhesion strength, to obtain valuable information, it is important
to predict the size of the void. The depth of the void is also an important piece of information
for determining the adhesion strength of the tiles to the concrete. In this study, an artificial void
sheet in the shape of a tile was used. Furthermore, the thickness of the void sheet in this study was
constant at 1𝑚𝑚. The thickness of the void sheet can be ignored because the values of 𝑑𝑚 and the
value of 𝑑𝑣 compared to the thickness of the void sheet are considered large; therefore, the value of
the thickness of the void sheet does not significantly affect the results. Fig. 2.7 shows the design
of the void sheet in relation to the tiles, which have the same shape as the rectangle. The length of
the sides of the void sheet is equal to the length of the sides of the tiles divided by the percentage
of the designed void plane size as following equation.

𝑆𝑣 (%) = (𝐿𝑇/𝑃) ∗ (𝑊𝑇/𝑃) (2.3)

where 𝑆𝑣 is the plane area of the void sheet relative to the plane area of the tile. 𝑃 is the designed
percentage of the area of the void sheet. 𝐿𝑇 is the length of tail. 𝑊𝑇 is the width of tile.
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Figure 2.7: Shape, location, and area of the void sheet and the tiles

2.4 Model of the reflected wave

2.4.1 Methodology of distracting void information.

Defining the trend data theory is critical for explaining the void information extraction method.
Void information can also be used to determine the effect of changing the distance 𝑑𝑚 on the value
of all the sums of the reflected waves. This feature was implemented for the healthy tiles (Fig 2.8a)
and defective tiles (2.8b). We defined healthy tiles as 𝐸𝑇 and defective tiles as 𝐸𝑣. The effect of
𝑑𝑚 and 𝑑𝑠 on 𝐸𝑇 , and the effect of 𝑑𝑚 and 𝑑𝑣 on 𝐸𝑣 are detailed in this section. Fig 2.2 presents the
meaning of the symbols. Trend data can be used to estimate the EMW reflective strength of healthy
tiles. The void data value is the difference between the trend data and defective tile inversion. The
trend data theory is based on all the reflected waves originating from the source of the same waves.
Therefore, EMW frequencies are the same but their phases differ, as displayed in Fig 2.8a. Because
the reflected waves are reflected from each layer, they can be defined as 𝐸𝑖 , which originate from
𝐸0, and are the direct waves from the transmitting and receiving antennas. First, these waves are
summarized as synthetic reflected waves 𝐸𝑠. The direct wave is 𝐸0 = 𝐸0𝑠𝑖𝑛(𝜔𝑡+ 𝑘𝑙0), the reflected
waves are 𝐸1 = 𝐸1𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑙1), 𝐸2 = 𝐸2𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑙2), and 𝐸3 = 𝐸3𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑙3), and 𝜔 is the
angular frequency of the EMWs used, 𝑘 is the number of waves. 𝑙0 is the distance between the
antennas (direct wave path). Furthermore, 𝑙1 − 𝑙4 is the path of the reflected wave. The following
equations summarize these results:

𝐸𝑠 =

4∑︁
𝑖=1

𝐸𝑖 =

4∑︁
𝑖=1

𝐸𝑖 sin(𝜔𝑡 + 𝑘𝑙𝑖) (2.4)

After the expression is expanded, the following equation is obtained:
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𝐸𝑠 = 𝐸𝑠 sin(𝜔𝑡 + 𝜃𝑠) (2.5)

where 𝜃𝑠 is the phase difference of the 𝐸𝑠 . The amplitude 𝐸𝑠 and phase difference 𝜃𝑠 are given
by the following equations:

𝐸𝑠 =

{ 4∑︁
𝑖=1

𝐸𝑖 cos(𝑘𝑙𝑖)
}2

+
{ 4∑︁
𝑖=1

𝐸𝑖 sin(𝑘𝑙𝑖)
}2

(2.6)

𝜃𝑠 = tan−1 𝐸𝑖 =
∑4

𝑖=1 𝐸𝑖 cos(𝑘𝑙𝑖)
𝐸𝑖 =

∑4
𝑖=1 𝐸𝑖 sin(𝑘𝑙𝑖)

(2.7)

𝑑𝑚and 𝑑𝑠 can affect 𝐸𝑡 as follows:

𝑙𝑠 = 2

√︄
(𝑑𝑚 + 𝑑𝑠)2 +

𝑙20
2

(2.8)

where 𝜃𝑠 = 𝑘𝑙𝑠 and path 𝑙𝑠 of the combined reflected wave can be calculated by dividing by
number of waves 𝑘 . The following equation can be expressed when calculating the trend data of
healthy tiles using the following equation:

𝐸𝑇 = 𝐸0 + 𝐸𝑠 (2.9)

When expanded in the same manner as the expansion from Eq2.4 to Eq2.6, the equation is
transformed to the following expression:

𝐸𝑇 = 𝐸𝑇 sin(𝜔𝑡 + 𝜃𝑇 ) (2.10)

The amplitude and phase differences are as follows:

𝐸𝑇 =

√︃
2𝐸0𝐸𝑠cos(𝑘𝑙0 − 𝜃𝑠) + 𝐸2

𝑠 + 𝐸2
0 (2.11)
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𝜃𝑇 = tan−1 𝐸0 sin 𝑘𝑙0 + 𝐸𝑠 sin 𝜃𝑠
𝐸0 cos 𝑘𝑙0 + 𝐸𝑠 cos 𝜃𝑠

(2.12)

𝑑𝑚 and 𝑑𝑠 can affect 𝐸𝑇 as follows:

𝑙𝑠 = 2

√︄
(𝑑𝑚 + 𝑑𝑠)2 +

𝑙20
2

(2.13)

where 𝜃𝑠 = 𝑘𝑙𝑠 and path 𝑙𝑠 of the combined reflected wave can be calculated by dividing by
number of waves 𝑘 . The following equation can be expressed when calculating the trend data of
healthy tiles using the following equation:

𝐸𝑇 = 𝐸0 + 𝐸𝑠 (2.14)

When expanded in the same manner as the expansion from Eq2.4 to Eq2.6(refer to Appendix
2), the equation is transformed to the following expression:

𝐸𝑇 = 𝐸𝑇 sin(𝜔𝑡 + 𝜃𝑇 ) (2.15)

The amplitude and phase differences are as follows:

𝐸𝑇 =

√︃
2𝐸0𝐸𝑠cos(𝑘𝑙0 − 𝜃𝑠) + 𝐸2

𝑠 + 𝐸2
0 (2.16)

𝜃𝑇 = tan−1 𝐸0 sin 𝑘𝑙0 + 𝐸𝑠 sin 𝜃𝑠
𝐸0 cos 𝑘𝑙0 + 𝐸𝑠 cos 𝜃𝑠

(2.17)

Because 𝜃𝑇 = 𝑘𝑙𝑖 , the path 𝑙𝑖 of 𝐸𝑇 , which is a composite wave of the direct waves and
reflected waves, can be calculated by dividing by the wavenumbers 𝑘 . Here, the amplitude 𝐸𝑠 of
the combined reflected waves is a part of the reflected direct waves 𝐸0, and the reflection coefficient
, Eq2.16 becomes

𝐸𝑇 =
√︁

2𝛾cos(𝑘𝑙0 − 𝜃𝑠) + 1 + 𝛾 (2.18)
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The value of 𝐸𝑇 is dependent on the values of 𝑑𝑚 and 𝑑𝑠 because the value of 𝑙𝑠 could be
calculated using Eq2.13. This is because 𝜃𝑠 = 𝑘𝑙𝑠

(a) Electromagnetic wave (EMW) reflection from non-detective tiles.

(b) EMW reflection from defective tiles.

Figure 2.8: Existing electromagnetic wave reflection transmission model
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Table 2.2: Symbol meaning

Figure 2.9: Reflected EMWs for various void sizes 𝑆𝑣

2.4.2 Effect of the void size on the reflected waves

In this section, the effect of void size on the reflected wave 𝐸5 is described. Fig 2.8b displays the
reflected waves from the various void sizes, 𝑆𝑣 . In this case, the unreflected waves were ignored.
The value of the waves reflected from the voids 𝐸5 can be calculated as 𝐸5 = 𝐸5𝑠𝑖𝑛(𝜔𝑡 + 𝑘𝑙5),
and the total of the waves reflected from 𝐸5 depends on the value of 𝛼(𝑆𝑣) . A direct relationship
exists between 𝛼 and 𝑆𝑣 , a condition 0 < 𝛼 < 1 exists because, if 𝛼 is zero, no void exists. In
addition, if 𝛼 > 1, then it represents an object with unlimited void size according to the antenna
wave coverage area, as displayed in Fig 2.9.

2.4.3 Theory of defective specimen’s void data

When considering the case in which an actual void exists, as displayed in Fig.2.8b, the total re-
flected wave from the defective specimen 𝐸𝑣 can be calculated by adding the wave reflected from
the void’s reflected waves 𝐸5 and the total reflected waves from the 𝐸𝑇 as displayed in Eq2.18.
Furthermore, the effect of void space 𝛼(𝑆𝑣) was also included in the model. The waves that were
not reflected from the voids were not considered in this model.

𝐸𝑣 = 𝐸𝑇 + 𝛼𝐸5 (2.19)
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When expanded in the same manner as the expansion from Eq. 2.10 to Eq. 2.11, the equation
is transformed as follows:

𝐸𝑣 = 𝐸𝑣 + sin(𝜔𝑡 + 𝜃𝑣) (2.20)

The amplitude and phase differences can be calculated as follows:

𝐸𝑣 =

√︃
2𝐸𝑇𝛼𝐸5cos(𝜃𝑇 − 𝜃𝑣) + (𝛼𝐸5)2 + 𝐸2

𝑇
(2.21)

𝜃𝑣 = tan−1 𝐸𝑇 sin 𝜃𝑇 + 𝛼𝐸5 sin 𝜃5
𝐸𝑇 cos 𝜃𝑇 + 𝛼𝐸5 cos 𝜃5

(2.22)

where 𝜃5 = 𝑘𝑙5 , and the path 𝑙5 of the combined reflected waves can be calculated by dividing
by the wave numbers 𝑘 . The following equation can be expressed when calculating the trend data
of the tiled concrete without voids using the equation:

𝑙5 = 2

√︄
(𝑑𝑚 + 𝑑𝑣)2 +

𝑙20
2

(2.23)

the 𝑑𝑚 and 𝑑𝑣 has effect to the 𝐸𝑣.

In addition, from Eq.2.21, after using the Maclaurin series, the following equation is obtained:

𝐸𝑣 (𝛼) ≈ 𝐸𝑇 + 𝑑

𝑑𝛼
𝐸𝑣 (0)𝛼 (2.24)

𝐸𝑣 and 𝛼 have a proportional relationship. Therefore, the relation between the void size 𝛼(𝑆𝑣)
and 𝑃(𝑥) (reflection intensity difference integral value) is assumed to have a proportional relation-
ship.
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2.5 Relation between reflectance and void plane size

The total value of the reflection intensity from the void is calculated using the Eq.2.21. The value
of 𝐸𝑣 changes based on two coefficients, 𝑆𝑣 and 𝑑𝑣. This change expresses a direct relationship as
explained in the equation. Therefore, 𝑆𝑣 can be estimated[29]. Fig.2.10 shows an example of the
relationship between 𝐸5 and 𝑆𝑣 in the case of 𝑆𝑣 being 30% and 90% the tile area. There is a limit
to this relationship, which is that the area of the void should not be greater than the coverage of the
antenna.

Figure 2.10: Reflected waves from 𝑆𝑣 in the cases where of 𝑆𝑣 is 20% and 90% of the tile area
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3.1 Extraction of void information using reflection intensity

The MLS method can be used to obtain the overall reflection intensity distribution. Depending on
the change in 𝑑𝑚 , the propagation path lengths of the reflected wave change, which causes various
interferences and, eventually, the intensity of the obtained total reflection changes, which renders
void detection possible at different 𝑑𝑣 . The void-detection algorithm using the MLS system is
displayed in Fig.3.1. First, the total reflection intensity, 𝐸𝑣 , is measured by the MLS. Here, 𝐸𝑇 is
the intensity received in the healthy part. Next, we obtain the void data using Δ𝐸 (𝑥, 𝑑𝑚) . When
considering Eq. 2.24 , the following equation is applied:

Δ𝐸 (𝑥, 𝑑𝑚) = 𝐸𝑣 − 𝐸𝑇 =
𝑑

𝑑𝛼
𝐸𝑣 (0)𝛼 (3.1)

This is the value obtained after subtracting the normal and abnormal reflected wave data. The
interference of the void-reflected wave is determined by considering the difference between the
total reflection intensity and the trend reflection intensity. Finally, the result obtained by MLS
scanning was comprehensively determined by the evaluation function 𝑃(𝑥) , which revealed that
the voids can be quantitatively detected from the measured reflected intensity. 𝑃(𝑥) can detect
voids from Δ𝐸 (𝑥, 𝑑𝑚)and is defined as follows:

1
𝑁

𝑁∑︁
𝑖=1

|Δ𝐸 (𝑥, 𝑑𝑚 𝑗) | (3.2)

where N is the number of data points along the 𝑑𝑚 axis at each 𝑥 . 𝑑𝑚 𝑗 is the number of 𝑑𝑚
. Because Δ(𝑥, 𝑑𝑚 𝑗) is obtained from the difference between the reflected intensities, it can be
negative; therefore, we consider the absolute value.
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Figure 3.1: Reflected EMWs from various sizes of void𝑆𝑣

3.2 Calibration to normal tiles reflection intensity

First, the value of the reflection intensity was measured from the healthy tiles. In this experiment,
the positions of the healthy tiles were determined. The locations of the healthy tiles are presented
in Fig.3.7. After considering the data of all the healthy tiles, calibration was conducted using Eq.
2.18. The parameter settings for 𝐸0, 𝛾, 𝑎𝑛𝑑𝑘 were set to minimize the difference between 𝐸̂𝑇 and
𝐸𝑇 , as follows:

min
𝐸0,𝑘

𝑁∑︁
𝑖=1

(𝐸̂𝑇 (𝑥, 𝑑𝑚 𝑗) − 𝐸𝑇 (𝑥, 𝑑𝑚 𝑗))2 (3.3)

where N is the number of 𝑑𝑚. The same method was applied to the remaining specimens. 𝐸̂𝑇 is
the estimated value of the reflection intensity of the healthy tiles.

3.3 Total reflection intensity
measurement by MLS

The MLS output is the sum of the difference between the reflection intensity value of a defective
tile 𝐸𝑣 (𝑥, 𝑑𝑚) and that of a healthy tile 𝐸𝑇 (𝑥, 𝑑𝑚) at scan position 𝑥 when scanning at a different
distances 𝑑𝑚 from the specimen surface to the sensor. This process is repeated for each layer
number 𝑁 , and the output function 𝑃(𝑥) is the mean of the sum of Δ𝐸 = |𝐸𝑣 − 𝐸𝑇 | for each layer
𝑑𝑚 for 𝑁 scanning times. The advantage of the MLS methodology is that the 𝐸𝑣 value can be
calculated without prior knowledge of the 𝑑𝑣 value. However, the value of 𝐸𝑣 depends on the value
of𝑑𝑣 . Therefore, theΔ𝐸 must be calculated for all layers. For further clarification, simulations were
conducted using 𝐸𝑣 and 𝐸𝑇 obtained from the mathematical models, for 64𝑚𝑚 ≤ 𝑑𝑚 ≤ 74𝑚𝑚 ,
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3.3 Total reflection intensity
measurement by MLS

Figure 3.2: Calibration of the reflection intensity of the healthy tiles

and 𝑑𝑣 = 9𝑚𝑚 and 10𝑚𝑚 . Fig.3.3a shows the values of 𝐸𝑣 (red) and 𝐸𝑇 (blue) for 𝑑𝑣 = 9𝑚𝑚. At
certain points 𝑑𝑚 = 64, 70, 71, 72, 73, 𝑎𝑛𝑑74𝑚𝑚, Δ𝐸 had a relatively more minor value than that
for the rest of the layers. However, Fig.3.3b shows that 𝐸𝑣 (red) and 𝐸𝑇 (blue) for 𝑑𝑣 = 10𝑚𝑚 for
the points at 𝑑𝑚 = 64, 65, 66, 67, 73, 𝑎𝑛𝑑74𝑚𝑚 had a high value. Therefore, all points should be
included when calculatingΔ𝐸 .

(a) Values of 𝐸𝑇 and 𝐸𝑣 for 𝑑𝑣 = 9𝑚𝑚

(b) Values of 𝐸𝑇 and 𝐸𝑣 for 𝑑𝑣 = 10𝑚𝑚.

Figure 3.3: Values of 𝐸𝑇 and 𝐸𝑣 in diffrant value of 𝑑𝑣
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3.4 Void extraction experiment and
results using the models

We conducted MLS measurement experiments by using three real tiled concrete specimens. This
section details the effectiveness of the proposed method for inspecting actual tiled walls. All
specimens included an artificial void with various void sizes. The voids sizes and locations are
shown in Fig. 3.7, and the specimen specifications are shown in Fig. 2.1 with various void sizes.
MLS scanning was performed for specimens 1 B (2–12) and 1 D (2–12), specimen 2 D (2–12),
and specimen 3 B (2–12), as presented in Table.3.1 . The wave reflection intensity 𝐸𝑣 (𝑥, 𝑑𝑚 𝑗) was
obtained by scanning along the x-axis in each scanning area nine times at 64𝑚𝑚 ≤ 𝑑𝑚 ≤ 72𝑚𝑚

. Subsequently, the calibration of healthy tile data, such as calibrating specimen 1 B using Eq.
3.3, was conducted. The calibration results are presented in Fig.3.2. The orange color represents
the measured data 𝐸𝑇 . The calibration had an error. The average error was calculated using the
following equation:

1
𝑁
|

𝑁∑︁
𝑗=1

(𝐸̂𝑇 (𝑥, 𝑑𝑚 𝑗) − 𝐸𝑇 (𝑥, 𝑑𝑚 𝑗)) | (3.4)

The average errors for the remaining specimens are presented in Table.3.2. The evaluation
function 𝑃(𝑥) using this result is displayed in Figs. 3.5a, 3.5b, 3.5c, and 3.5d. The red-colored
lines represent the defection information in these figures, and the yellow-colored lines are the
healthy tile information. To avoid the effect of joints[31][32], the samples were considered at a
distance ±10𝑚𝑚 from the joints. According to Table 3, the void position/size and healthy tile
positions are displayed.
The results of the void size and MLS scattergram plotted in Fig.3.6 indicate that a correlation exists
between the void size𝛼(𝑆𝑣) and reflection intensity difference integral value 𝑃(𝑥) . Additionally, a
linear relationship exists between the two variables. The correlation coefficient revealed a strong
correlation with 𝑅 = 0.64, 𝑃 < 0.05.

3.5 Relationship between void
size and adhesion strength

From the principle of an inverse relationship between the void size and the bonding strength, and
as the void size between wall tiles and concrete can be measured through NDI using EMWs, the
possibility of measuring the bonding strength through NDI using EMWs was imposed[30]. This
hypothesis has been experimentally confirmed. First, an experiment was conducted by using MLS
on several specimens containing voids of various sizes. Second, pull-off testing was conducted on
the same scanned tiles to measure the bonding strength. The experimental result confirmed that
the bonding strength decreases with an increase in the void size. The test results also revealed a
relationship between the integrative value of the total reflection intensity difference and the bonding
strength. Therefore, the void size can be determined using the proposed method.
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3.5 Relationship between void
size and adhesion strength

Table 3.1: Healthy and defective tile distributions

Table 3.2: Calibration results for the specimens
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Figure 3.4: Overview of the scanning of the tiled concrete.

3.6 Experiments and results for the
adhesion strength and reflection strength

3.6.1 MLS measurement and result for the reflected wave strength of healthy and
defective tiles

Experiments were conducted using real tiled concrete. This experiment demonstrates the effec-
tiveness of the proposed method for inspecting actual tiled walls. The multi-layered scanning
was performed at𝑦 = 215, 225, 415, 425𝑚𝑚. Intensity𝐸𝑅 (𝑥, 𝑑) was obtained by scanning along
the x-axis in each scanning area several times at 60𝑚𝑚 < 𝑑 < 90𝑚𝑚 in intervals The evaluation
function 𝑃(𝑥) using this result is shown in Figs.20(a) to 20(d). The vertical axis shows the variation
in the reflection intensity integrated value, according to different state void and non-void tiles. At
a void size position that was a distance of ±10𝑚𝑚 from the joints, the average integrated reflection
intensity value was taken. The horizontal axis was the tile position. The red-colored tiles have
voids of different sizes, from 100% to 30%. Other tiles are normal tiles with no void. For most
lines, the integrated value of the reflection intensity is high for the large void size and low for the
small void size, except for Line B 225 and Line B 215, for tiles No. 5 and 7, which show no
changes in the value. Line D for tile No 5 also does not exhibit any changes.

3.6.2 Tile peeling test

The adhesion strength measurement was demonstrated using a manual construction research type
adhesion tester (LPT-3000 Ox Jack Co., Ltd.). The design research type adhesion tester is shown
in 3.9.Before using the tester, a hammering test was demonstrated to determine whether there was
void or not. Fig.3.10 shows the parts of the tester. It consists of an analog load cell, a pump handle,
and an attachment. When turning the pump handle clockwise, the attachment rises, and pulls the
tile until it is removed (Fig.3.11). At the same moment the tile is removed, the power consumed
to remove the tile measured by the analog load cell and recorded. The recorded data is shown in
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(a) Distribution of Specimen1 B (2–12).

(b) Distribution of Specimen1 D (2–12)..

Figure 3.5: Measurement result
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(c) Distribution of Specimen2 D (2–12)..

(d) Distribution of Specimen3 B (2–12)..

Figure 3.5: Measurement result
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Table 3.3: Removing the tile.
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Figure 3.6: Result for the void size and results obtained with MLS

Table.3.3 row 2 and 3.

3.6.3 Adhesive strength measurements and MLS result data

Fig.3.12 shows the locations of each tile and its tested adhesion strength. Six points of the adhesion
strength were placed at a total distance of 20𝑚𝑚 and ±10𝑚𝑚 from the joints to avoid joint effects.
The adhesive strength was measured at these six points. The recorded data of the tile peeling test
and MLS is shown in Table 1. Row 1 shows the location of each tile whose adhesion strength was
tested and scanned by MLS. Row 2 is the size of the void from 100% to30%, at a difference of
20%. Row 3 shows recorded data in Kilonewton (KN), which is the power consumed to remove
the tiles. it appears directly in the analog load cell. In row 4 the power is converted to Newton
per square millimeters (N/mm2). The MLS result data is shown in row 5. Based on Fig.3.12,
Fig.3.3, and Fig.3.13, a scattergram plot created. It shows all the lines of the adhesive strength
on the horizontal axis and the integrated value of the reflection intensity on the vertical axis. The
intersection of the two values is shown by color. The gray points are Line B 215, blue points are
Line B 225, yellow points are Line D 415, and orange points are Line D 425. This distribution
suggests that there is a negative correlation between the two values.

3.6.4 Adhesive strength measuring and MLS result‘s data analysis

The adhesive strength data and MLS scattergram plot Fig.3.13, indicated that there is a negative
correlation between the adhesive strength and the adhesion strength. Moreover, there appears to be
a linear relationship between the two variables. The correlation coefficient result reveals that the
two values have a strong negative correlation: decreasing the adhesion strength is correlated with
increases in the integrated value of the reflection intensity 𝑅 = −0.622, 𝑝 < .001,. Furthermore,
regression analysis was conducted. The R-squared and p-value were 𝑅2 = 0.382, 𝑝 < .001.
Table.3.3 reveals that Line D 425 of tile No 3 has a void size bigger than that of tile No 5.
Therefore, it should have a higher value of 𝑃(𝑥). However, the integrated value of the reflection
intensity difference is low. Moreover, Line B No7 and No 8 have the same issue. These issues might
be due to the uncured setup of the sheet. The environmental effects on sheet strength due to the time
duration between the MLS scanning and adhesion strength measurement test should be taken into

— 30 —



Chapter 3. Electromagnetic wave analysis
model for extracting void information

3.6 Experiments and results for the
adhesion strength and reflection strength

(a) Void distribution of Specimen1 A and
B.

(b) Void distribution of Specimen1 D

(c) Void distribution of Specimen2 D

Figure 3.7: Void location on specimen

— 31 —



Development of Microwave Non-destructive
Inspection Equipment for Outer Wall Tiles HUSSAIN ALSALEM

(a) Distribution at Y=215mm (Line B 225).

(b) Distribution at Y=225mm (Line B 215).

(c) Distribution at Y=415mm (Line D 425).

(d) Distribution at Y=425mm (Line D 415).

Figure 3.8: Distribution of 𝑃(𝑥)
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Figure 3.9: Components of the research type adhesion tester.

Figure 3.10: Research type adhesion tester.
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Figure 3.11: Removing the tile.

consideration. To improve the accuracy of the estimation, it is important to implement this method
using more tiles of different sizes to have more data to analyze. In addition, the experimental
procedure must be improved to obtain the MLS scanning data and the adhesive strength at the same
time. Furthermore, a more accurate adhesive strength measurement device should be used.

3.6.5 Discussion

The results revealed that the adhesion strength can be estimated, but the error between the actual
and estimated values is still large. The regression analysis of 𝑅 is significantly low. This low value
might be due to the experiment procedure or the unsuitability of the sheet that was implanted under
the tile. In Fig.3.12a Line D 425 tile No.3 has a void size bigger than that of No.5. Therefore,
it should have a higher value of 𝑃(𝑥). However, the integrated value of the reflection intensity
difference is low. Furthermore, Line B No.7 and No.8 have the same issue. These issues might
be due to the uncured setup of the sheet. The environmental effects on sheet strength due to the
time duration between MLS scanning and adhesion strength measurement test should be taken into
consideration. To improve the accuracy of estimation, it is important to implement this method
using more tiles of different sizes to have more data to analyze. Moreover, the experiment procedure
must be improved to obtain the MLS scanning data and the adhesive strength at the same time.
Furthermore, a more accurate adhesive strength measurement device should be used.

3.7 Disadvantages of MLS and
the basis of optimization

MLS theory is based on changing the dm at the same point. However, ensuring that the device
maintaining an exact position is technically tricky and increases inspection time and cost. Further-
more, the quality of data obtained in cases where the scans are conducted at an inappropriate height
makes the application of this technology far from practical. Therefore, scanning time should be
reduced to make MLS more efficient, and reasonable results should be guaranteed.
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(a) Distribution at Y=225mm and Y=215mm (Line B 225) and (Line B 215).

(b) Distribution at Y=425mm and Y=415mm (Line D 425) and (Line D 215).

Figure 3.12: Adhesion strength points distribution

3.7.1 Simulation method and conditions

A simulation was conducted to determine the appropriate layers to calculate the value of Δ𝐸 ,
and 3.14 shows the simulation scenario. First, several layers of healthy tiles were surveyed, and
the 𝐸𝑇 value was measured. Fitting was performed using the mathematical model of Eq.2.13 to
calculate 𝐸̂𝑇 (𝐸𝑇 calculated by the model). Scanning was also performed for several layers on
different defective tiles with different 𝑆𝑣 sizes to measure the value of 𝐸̂𝑉 (𝐸𝑣 calculated by the
model)using the mathematical model of Eq.2.21. Subsequently, fitting was performed using the
mathematical model of Eq.2.21 to calculate 𝐸̂𝑇 . Then, Δ𝐸 and Δ𝐸̂ values were extracted and
their linear relationship was compared with the 𝑆𝑣 sizes. Finally, the linear relationships of Δ𝐸
and Δ𝐸̂ with 𝑆𝑣 were compared. If the 𝑆𝑣 values are identical, then the appropriate layers can
be determined through simulations only if the 𝑑𝑣 values are already known. The scenario of the
simulation as follows:

• 𝐸𝑇 value was measured. Fitting was performed using the mathematical model of 𝐸𝑇 to
calculate 𝐸̂𝑇

• 𝐸𝑣 value was measured. Fitting was performed using the mathematical model of 𝐸𝑣 to
calculate 𝐸̂𝑣

• Δ𝐸 an Δ𝐸̂ value were extarcted
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Figure 3.13: Integrated value of the reflection intensity and adhesion strength graph.

• Compared the liner relationship of Δ𝐸 and Δ𝐸̂

• Compare the result data of both measured and calculated data

3.7.2 MLS scan, result of Δ𝐸 and Δ𝐸̂ , and discussion

MLS was conducted on four samples of tiles containing voids of different sizes and six healthy
tiles, as shown in Fig.3.15. Tiles no. 3 (𝑆𝑣 = 100%), 5 (𝑆𝑣 = 90%), 7 (𝑆𝑣 = 70%), and 9
(𝑆𝑣 = 50%) in line B are defective tiles, and tiles 2, 4, 6, 8, 10, and 11 are healthy tiles. The wave
reflection intensity was obtained by scanning nine times along the x-axis in each scanning area at
64𝑚𝑚 < 𝑑𝑚 < 72𝑚𝑚. Subsequently, a simulation of𝐸𝑇 was performed using3.16, followed by a
simulation of 𝐸𝑣 using 2.21. Simulations and comparisons were performed in the same sequence
as shown in 3.15. The results were divided into two parts based on correlation and slope: one
with a high correlation of Δ𝐸 > 0.60 and high slope of Δ𝐸 > 0.40. The same conditions were
applied to Δ𝐸̂ . The data were measured. 3.18a depicts the relationship between Δ𝐸 and 𝑆𝑣 with
a high correlation and slope. 3.18b shows the measured data with a low correlation and slope.
3.18c depicts the relationship betweenΔ𝐸̂ and 𝑆𝑣 with a high correlation and slope. 3.18d shows
the calculation results of data with a low correlation and slope. In addition, Fig.3.18a shows the
plots of the slope and correlation of measured data, and 3.18a shows the plots of the slope and
correlation of simulated data. All the results are listed in Table 1. The slope in3.18 proves that the
linear relationship of Δ𝐸 and Δ𝐸̂ with 𝑆𝑣 on each layer correlates with 𝑅 = 0.92

In the case of the defective tile, 𝐸𝑣 was measured (Fig.3.17) . Fitting was performed using the
mathematical model of 𝐸𝑣 2.21. For fitting the least squares method, the parameters 𝛼,𝑑𝑣 were
adjusted.
In this section, an optimization was performed for the scanning layers of voids using electromagnetic
waves via MLS. Furthermore, an actual scan conducted on concrete tiles containing several voids
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Figure 3.14: Flow of the simulation and comparison between Δ𝐸 and Δ𝐸̂

Figure 3.15: Overview of the healthy and defective tiles

showed different plane sizes. The experimental results were compared with the simulation results
for each layer and were in good agreement. As shown in Fig. 3.19a and Fig. 3.19b, when scanning
using layers at 𝑑𝑚 = 65, 66, 67, and 68𝑚𝑚 for both the measured and simulated data, it was
possible to obtain Δ𝐸 However, when scanning using layers at 𝑑𝑚 = 64, 70, 71 and 72𝑚𝑚, it was
not possible to obtain the correct data for Δ𝐸 . By scanning the layer at 𝑑𝑚 = 67𝑚𝑚, the best data
for Δ𝐸 was obtained. In addition, it was possible to obtain good quality data by scanning only once
(single-layer scan). One-time scanning is a valuable advantage of this method because scanning
the same point multiple times is difficult. In addition, considering that scanning multiple times
is time-consuming, it is essential to optimize the number of scanning layers. Thus, according to
the results, it is possible to find the size and location of the void by scanning once but with the
condition that the value of 𝑑𝑣 is known. However, the effect of the change in void depth on Δ𝐸

could be observed using simulations based on the mathematical model given in Eq.2.16 for 𝐸𝑇 and
in Eq.2.16 for 𝐸𝑣.
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Figure 3.16: Fitting of healthy tile data using the 𝐸𝑇 mathematical model

3.8 Conclusion

In this chapter, The effectiveness and necessity of the MLS methodology for measuring voids
without requiring the void depth, 𝑑𝑣, is confirmed. Next, a methodology for extracting the void
information is presented. Accordingly, an actual tiled specimen with various void plane sizes was
scanned using an inspection device. Finally, the results of the experiment revealed the ability
of the proposed method to determine the void information, and the correlation between the void
depth and the void plane size was 𝑅 = 64. we explained to detect voids in tiles, the scanning layer
was optimized for non-destructive inspection using electromagnetic waves and MLS technology.
First, the mathematical models of Eq.2.16 for 𝐸𝑇 and in Eq.2.16 for 𝐸𝑣 were explained. Then,
the procedure for comparing the measured and simulated data developed, as shown in Fig.3.14.
Subsequently, the MLS scanning experiment was conducted on several tiles containing several
voids of different plane sizes. The results were compared, as shown in Fig.3.19a and Fig. 3.19b.
Finally, the experimental and simulation results showed a correlation of 𝑅 = 0.92 in the slope case.
The relation between reflected waves of defective tiles and adhesion strength and tile was proved.
First the MLS conducted to obtain the P(x) value of the voids under tile. The P(x) value is changing
along with the void size. After that same tile that included voids has been removed using bonding
tester. The maximum force that required to remove the tile was recorded. Finally, the P(x) value
and the bond strength had negative correlation, which is decreasing the power of adhesion strength
were correlated with increases the Reflection intensity integrated value R= -0.62.
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(a) Void size = 100%).

(b) Void size = 90%.

Figure 3.17: Measured data of the defective voids
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(c) Void size = 70%).

(d) Void size = 50%.

Figure 3.17: Measured data of the defective voids
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(a) 𝐷𝑒𝑙𝑡𝑎𝐸 and 𝑆𝑣 high correlation and slope.

(b) Δ𝐸 and 𝑆𝑣 low correlation and slope.

Figure 3.18: Comparing Δ𝐸 and Δ𝐸̂ with 𝑆𝑣 in each 𝑑𝑚
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(c) Δ𝐸̂ and 𝑆𝑣 high correlation and slope.

(d) Δ𝐸̂ and 𝑆𝑣 low correlation and slope.
.

Figure 3.18: Measured data of THE defective voids
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(a) Correlation and slope of Δ𝐸

(b) Correlation and slope of Δ𝐸̂

Figure 3.19: Δ𝐸 and Δ𝐸̂ correlation and slope
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Chapter 4

Estimation of the void depth and
reflectance

4.1 Vertical scanning method

Multiple scans have been made on healthy and defective tile. The scanning method in this section
is different from that in the previous chapter. The method involves fixing the antenna portion
directly above the tiles so that the 𝑋 and 𝑌 axis of the actuator are fixed, and the only moving one
is 𝑍 . When 𝑍 moves vertically, the 𝑑𝑚 change, so we can obtain 𝐸𝑇 or 𝐸𝑣 for different 𝑑𝑚. This
method gives more accurate data. In previous methods, the antenna was passed over the same
point at each 𝑑𝑚 change. However, when the antenna is fixed, obtaining 𝐸𝑇 or 𝐸𝑣 data is better
guaranteed. Fig.4.1 shows the vertical scanning method. The same antenna and actuator were used
in the experiment. The frequency was 10 GHz as shown in Table.2.9. Therefore, the wave length
was 30 mm. To ensure the restoration of a sine wave, more than 1/4 of the wavelength should be
measured.

4.2 Theory of estimating void depth and plane size

The mathematical model of the reflected waves from the healthy tiles 𝐸𝑇 in Eq2.18is based on
calculating the 𝑙𝑠 in Eq.2.8 and 𝑘 . The method of calculating the 𝑙𝑠 and 𝑘 optimizes the parameters
using the least square method as shown in Eq.3.3. On other hand, the two parameters 𝑙𝑣 and 𝑘

need to be optimized for waves reflected from voids. However, as we use the same tiles, 𝑘 of both
𝐸𝑇 and 𝐸𝑣 have the same value. In addition, the strength of the waves reflected from the void is
effected by the void plane size( Eq2.24). The void size effect is considered in Eq2.21. Finally, the
two parameters 𝑙𝑣 and 𝛼 can be estimated using least squares method. In Eq. 2.21, the value of
𝐸5 and 𝛼 has effect to 𝐸𝑣. In the case of 𝛼 = 0, the value of 𝐸𝑣 will be same as that of 𝐸𝑇 , which
indicates that there is no void. In addition, when the void size is small, the value of 𝛼 will be small,
which will indicate that the value of 𝐸𝑣 is close to value of 𝐸𝑇 .

4.3 Methodology of estimation of both void depth and reflectance

Chapter2 explain the model of calculating the 𝐸̂𝑇 (𝐸𝑇 using Eq.2.13 and the model used to calculate
the 𝐸̂𝑣(𝐸𝑣 using Eq.2.21. Theoretically, we notice that, in these models, the value of 𝛼 indicates
the plane size of the void. Moreover, the value of 𝑑𝑣 indicates the depth of the void. A practical
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Figure 4.1: Value of 𝐸𝑇 for each 𝑑𝑚

experiment was carried out on real tiles that contain defective tiles with different sizes and depths.
Then, the steps shown in Fig. 4.2 were taken. First, the healthy tiles were measured to obtain the
value of 𝐸𝑇 , and then calibration was done using Eq. 3.3, where the variables are 𝑘 (reflection
coefficient) and 𝑑𝑠 (Synthetic Waveform). After that, the defective tiles were determined, and
the calibration was done using Eq.4.1, where the variables are alpha (Reflectivity) and devi(void
depth). It should be noted that the value of 𝑘 is the same as that used in the calibration of healthy
tiles.

min
𝛼,𝑑𝑣

𝑁∑︁
𝑖=1

(𝐸̂𝑣 (𝑥, 𝑑𝑚 𝑗) − 𝐸𝑣 (𝑥, 𝑑𝑚 𝑗))2 (4.1)

4.4 Experimental result and discussion

The experiment conducted on real tiles included defective tiles with different size and depth ( Fig.
4.3).First, an MLS scan conducted on both healthy and defective tiles. The calibration was then
performed using the measured 𝐸𝑇 . This calibration was the same one used with measured 𝐸𝑣.
Finally, the measured and estimated void depths and void plane sizes were compared. The values
are listed in Table1.1. Fig.4.4 shows the relation between the estimated and measured voids depth,
with a 𝑅=0.86. Similarly, Fig.4.5 also shows the relation between the measured and estimated void
plane size, with a correlation of 𝑅=0.91.
It has been proven that the plane size and depth of the void can be predicted. However, in this
study, the void shape is equal to the shape of the tiles and has a regular geometric shape. However,
it is possible to predict the depth and plane size of a void that has a regular geometric shape that is
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Figure 4.2: Void depth and plane size value extraction chart

different from the shape of the void or that has an irregular geometric shape because the voids in
tiles are often of irregular geometric shape. Furthermore, only one void was made under the tiles
in this study; thus, the results herein might not be applicable to situations in which there are more
voids under a tile.

4.5 Conclusion

In this chapter, a method for predicting the plane size and depth of the void is explained, based on
the mathematical model of 𝐸𝑇 and 𝐸𝑣 through optimization of 𝑙𝑠 and 𝑘 for healthy tiles and 𝑙𝑣 and
𝛼 for defective tiles. An experiment was then conducted on tiles that contained voids of different
plane sizes and depths. The void sheet has the same representation and measurements shown in
Fig.2.7. Then, a vertical scan was conducted on both healthy in defective tile. Then, we optimized
𝑙𝑠 and 𝑘 for 𝐸𝑇 and 𝑑𝑣and𝛼 for 𝐸𝑣. Finally, the calculated value of 𝑑𝑣 was compared with the
value that was measured. The results of the comparison revealed that it has a relationship equal to
R = 0.97 as shown in Fig.4.4. Furthermore, the value of 𝛼 has a relationship with the value of the
measured void plane size, with R = 0.91 as shown in Fig.4.5.
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Table 4.1: Measured and estimated void depths and void plane sizes
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(a) Distribution of the voids and healthy tiles of specimen1

(b) Distribution of the voids and healthy tiles of specimen2

Figure 4.3: Location of voides on the specimen
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Figure 4.4: Relation between the estimated and measured void depths

Figure 4.5: Correlation relation of the measured and estimated void sizes
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Conclusions and future studies

5.1 Conclusion

First, this study proposed a methodology for detecting voids under outer wall tiles using electromag-
netic waves. The methodology’s efficiency and ability were proven via experiments. Experiments
were conducted using a micro-strip antenna and MLS on actual connected concrete wall tile spec-
imens. After studying The properties of wave reflection of electromagnetic radiation, the study
developed a mathematical model of the reflection of defective and healthy tiles. These models
allowed this study to go beyond detecting voids to detecting void sizes and optimizes the MLS.
This study also proposed a method for estimating the adhesion strength of tiles by comparing the
void’s size and the peeling strength of tiles. This study also focused on developing a method that
allows non-experts to easily perform quantitative tests. Among the existing methods, by fixing the
wavelength to be used for electromagnetic waves, it is possible to develop a compact, inexpensive
device for measuring concrete voids that can be used by non-experts. In particular, the MLS
method of the proposed method measures the "antenna probe", which has fixed transmitting and
receiving antennae for microwaves, a type of electromagnetic wave, multiple times by changing the
distance between the sample and the antenna. We have verified the possibility of creating a small
and inexpensive air gap measurement device by utilizing scanning. The theory and mathematical
model that is based on the idea of calculating the synthetic wave reflected from each layer in the
case of healthy tile. In defective tiles, the model adds the value of the reflected wave from the
void. The defective tile model also considers the effect of the void size on the total reflected waves.
Therefore, the model can estimate the plane size and depth of the void.

Second, experiments were conducted on concrete specimens with attached objects (tiles) to
verify the validity of the method. Section 2.2 describes the details of the concrete specimen used
in this experiment and describes the details of the void sheet under the tiles. Furthermore, it also
describes the details of the experimental method and measurement to confirms the validity of the
proposed model.

Further, experiments were conducted on the same concrete specimens using MLS. The aim
of the experiments was to ensure that the adhesion strength could be predicted by the strength of
the waves reflected by the defected tile. First the MLS was conducted to obtain the 𝑃(𝑥) value
of the voids under the tile. The 𝑃(𝑥) value varies with the void size. After that, the same tile
that contained voids was removed using a bonding tester.The maximum force that was required
to remove the tile was recorded. Finally, we found that the 𝑃(𝑥) value and the bond strength had
a negative correlation, which was that decreases in the adhesion strength were correlated with
increases in the reflection intensity integrated value. MLS is a technique in which a device’s
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height from the scanning point is changed at the same spot. It is time-consuming and technically
challenging. Therefore, this study propose a method of optimizing the scanning of layers. First,
the mathematical models of 𝐸𝑇 and 𝐸𝑣 were explained. Then, the procedure for comparing the
measured and simulated data was developed. Subsequently, the MLS scanning experiment was
conducted on several tiles containing several voids of different plane sizes.Finally, the experimental
and simulation results showed a correlation of 𝑅 = 0.92 in the slope case.

Finally, The method of predicting the plane size and depth of the void is explained, based on the
mathematical model of 𝐸𝑇 and 𝐸𝑣 through optimization of 𝑙𝑠 and 𝑘 for healthy tiles and 𝑙𝑣 and 𝛼

for defective tiles. An experiment was then conducted on tiles that contain voids of different plane
sizes and depths. The void sheet had the same representation and measurements. Furthermore,
optimization of 𝑙𝑠 and 𝑘 for 𝐸𝑇 and 𝑑𝑣and𝛼 for 𝐸𝑣 were performed. Finally, the calculated value
of 𝑑𝑣 was compared with the value that was measured, the results of the comparison revealed that
it has a relationship equal to R=0.97.Furthermore, the value of 𝛼 has a relationship with the value
of measured void plane size with R=0.9.

This study presented a unique method for detecting voids under tiles based on the strength of
electromagnetic wave reflection from defective and healthy tiles. MLS method enabled the study
to rely on the strength of reflection only, through the possibility of calculating the value of the
void without prior knowledge of the value of the depth of the void. With the fixed frequency of
the waves, the system becomes light in weight and low in cost. This study went beyond simply
detecting the voids under tiles, it also focused on creating a mathematical model of reflectance.
Mathematical models helped study the ability to optimize the scanning layers of MLS, which led
to reduced scanning time and increase the efficiency of scanning data. Mathematical modelling
also helped the study to find the relationship between adhesion strength and P(x). The study
consisted of finding a connection between P(x) and the size of the void. Therefore, the study
went to the development of mathematical models to predict both depth and size of the void. The
study will open a new horizon in the world of non-destructive examination. Through the ease and
inexpensiveness of the system developed in this study, we will expect the following:
1- The number of inspection times in buildings will be increased due to the ease and low cost of
the system.
2- This study will be fundamentally important in the world of sensing, artificial intelligence, and
the automation of non-destructive inspection.

5.2 Future work

Estimating void size

The void area size in the experiment was based on tile size. Therefore, the area of the tile was
assumed to be 100% because the hammering test and conventional method were performed in
units of tiles. The tile and void sheet have the same rectangular shape; thus, the area of the void
was measured with respect to the area of the tile in this study. In future studies, the shape of the
void will be made more realistic. The accuracy of the void information should be improved by
developing a methodology that establishes the trend data. We focused on the possibility of creating
a mathematical model for the reflections from voids on tiles. Experiments were conducted on a
sample in a standard case because the study was an introductory study. However, various external
influences exist, e.g., moisture and dust on the surfaces of the tiles and water in the case of rain.
These will be addressed in future studies.
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Optimizing the number of scan layers

In the future, we will first focus on making scanning more practical by determining the magnitude
of the effect of 𝑑𝑣 value on 𝛿𝐸 and using simulations based on the mathematical models for 𝐸𝑇

and 𝐸𝑣. We will follow this up by conducting an actual scan on defective tiles, including using
different 𝑑𝑣 values. In this experiment, the changes in the dielectric constant due to humidity
were not considered in the simulation or experiment. The concrete in the study was in a standard
state and thus a fixed dielectric constant was used assumed. In future studies, the change in the
dielectric constant will be considered in the simulations, and further experiments will be conducted
on concrete under different humidity conditions.
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