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Abstract: The application of sub-terahertz waves is being considered as a method to view the cor-
rosion status of internal steel bars. In this study, reflectance intensities were measured for six
specimens with different moisture contents using electromagnetic waves from 7.5 to 17.5 GHz.
The results showed that the differential reflectance intesity decreased with increasing water con-
tent. An equation for estimating the water content at a cover thickness of 10 mm was also calcu-
lated. Regarding chloride ion content, no common trend was observed, and it was confirmed that
there was a trend in the amount of chloride ions at each cover thickness.
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1. Introduction

Buildings and civil engineering structures made of reinforced concrete are im-
portant social infrastructure, and preventive maintenance before deterioration becomes
apparent is important for long-term, safe use. Corrosion of steel bars inside concrete is
the main cause of deterioration of RC structures, and current nondestructive evaluation
methods have limitations in accuracy. The application of sub-terahertz waves [1] is be-
ing considered as a method for evaluating rebar corrosion. Hamasaki [2] visualized the
rebar and evaluated its corrosion state, and confirming that the rebar could be visual-
ized with a cover thickness up to about 50 mm. Deeper cover thickness measurements
are needed for application to actual structures. This study proposes a non-destructive
and non-contact method using sub-terahertz waves for estimating the corrosion status of
steel bars. It also aims to expand the use of sub-terahertz waves measurement for quan-
tifying water content and chloride ions.

2. Experimental Setup and Methodology
2.1 Measurement equipment

An overview of the sub-terahertz wave measurement system in reflection meas-
urement is shown in Fig.1.
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The equipment used to transmit terahertz waves was a microwave vector signal< 1

generator, which can transmit frequencies from 7.5 GHz to 24 GHz.
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Fig.1 Measurement system in reflection measurement

2.2 Test specimen details

The mix proportion of concrete is shown in Table 1. The geometries of the test
specimens are shown in Fig.2. As shown in the table and figure, a test specimen
measuring 100 x 100 x 125 mm was prepared.

Table 1: Mix proportion of concrete specimens
unit weight(kg/m)
water \ cement | fine aggregate |Ccarse aggregate| Chemical mixtures

171 | 31 | 826 | 979 [ 3.11
100 125
75
8 8 (eio0)

_Fig.2 geometries of specimens

The mix design parameters were as follows: maximum coarse aggregate size of 20
mm, slump of 18 cm, water cement ratio of 0.55 and air content of 4.5%. A 5 mm thick
55400 polished steel plate was embedded inside the test specimen.
2.3 Experimental Conditions

Measurements were performed using electromagnetic wave with frequencies rang-
ing from 7.5 to 24 GHz, which are referred in this study as sub-terahertz waves. To
evaluate water content, concrete specimens with zero chloride ion content was used.
Conversely, to evaluate chloride ion content, specimens in an air-dry state (approxi-
mately 2% water content) were used. The surface reflected waves were measured using
concrete specimens without an embedded steel plate.

3. Results and discussions

3.1 Experimental results: water content

The results of the sub-terahertz measurements for the specimen with a cover thickness of
10 mm are shown in Fig. 3a. Fig. 3b shows the 1 GHz moving average of the data in Fig.
3a, which smooths out fluctuations and highlights the overall trend. The results of the
surface reflection measurements for the specimen for the same specimen are shown in
Fig. 3¢, and the relationship between frequency and differential reflection intensity for
the specimen with for the same specimen is shown in Fig. 3d.
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Fig. 3 (a) Relationship between reflection intensity and frequency (raw data).

(b) Relationship between reflection intensity and frequency (moving average be-tween 1
GHz). (c) Relationship between surface reflection intensity and frequency

(moving average between 1 GHz). (d) Relationship between differential reflection
intensity and frequency

Reflection intensity refers to the reflection of terahertz waves from the steel plate
inside the test specimen. Surface reflection intensity refers to terahertz waves reflected
from the surface of the test specimen. Fig. 3b shows that the peak position is shifted due
to the change in moisture content. From Fig. 3¢, it can be seen that there is no deviation
in the peak position in the surface reflection measurement. This suggests that moisture
content changed the permeation velocity inside the concrete and due to the difference in

refractive index caused by changes in dielectric constant, which caused the displacement.

Due to the peak misalignment, the difference between the simple reflection
measurement results and the surface reflection measurement results does not accurately
measure the reflection intensity from the steel plate inside the concrete. The effect of
moisture content and differential reflection intensity for each frequency is shown in
Fig.3d. From the diagram, it can be seen that the differential reflection intensity varies
in a broad peak. Also, the differential reflectance intensity decreases with increasing
moisture content. The difference in differential reflectance intensity produced by the
difference in moisture content is influenced by the moisture content. The wider the
difference in differential reflection intensity, the larger the difference is considered to be.
The 13.5 GHz and 15.5 GHz frequency bands are particularly susceptible. On the other
hand, the effect of moisture content is small at 20 GHz, where the difference in
differential reflection intensity produced by changes in moisture content is small.

From Fig. 4a, the difference in differential reflectance intensity is small between the
results for the dry state and 1% moisture content. Therefore, the estimation of moisture
content is done excluding the dry state. Approximate equations were calculated from
the relationship between moisture content and differential reflectance intensity for each
frequency. The results are shown in Fig.4b.

All approximate equations have an intercept of about 5.4, with different slopes.
From these results, the water content of the specimen with a cover thickness of 10 mm
can be obtained using equation (1). The differential reflectance intensity of the specimens
with a cover thickness of 10 m at 13.5 GHz was found to be small with the change in
cover thickness.
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Fig. 4.(a) Relationship between differential reflection intensity and moisture content
at different frequencies.
(b) Relationship between differential reflectance intensity and moisture
content at different frequencies, including approximate equations

3.2 Experimental results: Chloride ion

For chloride ions, the differential reflection intensity is maximum at 13.5 GHz for a
cover thickness of 10 mm. For a cover 20 mm thick, the differential reflectance is maxi-
mum at 1.2 kg/m? of chloride ions at all frequencies and minimum at 0.6 kg/m?. For a 30
mm cover thickness, the maximum was observed at 0.6 kg/m? and the minimum at 1.2
kg/m?®.

4. Conclusions

In this study, reflection measurements were performed on specimens using
sub-terahertz waves from 7.5 to 24 GHz, and a formula was obtained to estimate the
water content from the frequency and differential reflection intensity for a cover thick-
ness of 10 mm. The trend of change in chloride ion content at each cover thickness was
also checked. This result contributes to the realization of nondestructive estimation of
moisture content using sub-terahertz waves.
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