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Abstract

:

Water plays a significant role in the deterioration of reinforced concrete buildings; therefore, it is essential to evaluate the water content of the cover concrete. This study explores a novel non-destructive method for assessing the water content using sub-terahertz (sub-THz) waves. Among the four frequencies selected to evaluate the water content, an increase in reflectance was observed as the unit volume water content increased, and smaller data scatter was confirmed as the frequency increased. The derived empirical equation can classify the corrosion risk of the rebar environment based on the water content obtained using reflectance measurements. In other words, it can contribute to the diagnosis of the building integrity associated with rebar corrosion.
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1. Introduction


Reinforced concrete structures, recognized for their exceptional durability and economic efficiency, began to be put to practical use in the world in the 20th century. In Japan, the extensive adoption of reinforced concrete structures was catalyzed by the Great Kanto Earthquake in 1923, the period of rapid economic growth beginning in 1955, and the Tokyo Olympics in 1964. Nowadays, many buildings constructed during these backgrounds have reached the end of their service life due to deterioration.



The critical condition of reinforced concrete structures is defined by losing their alkaline atmosphere due to the carbonation of the cover concrete, and this carbonation reaches the location of the steel bars [1]. Rebar corrosion depends on the environmental conditions of the building and is strongly observed in areas subject to repetitive dry and wet conditions [2]. In addition, many buildings have been damaged or deteriorated due to natural disasters that have occurred frequently in recent years. Damaged buildings may not be structurally safe enough to be surveyed from a close distance. Therefore, an inspection method is needed to capture the damaged state of the interior of building materials by non-destructive inspections from a long distance.



Traditional measurement methods for detecting the internal deterioration of reinforced concrete structures, such as hammering methods [3], percussion acoustic methods represented by ASTM C1383-15 (2022) [4,5,6], ultrasonic methods [7,8], and ground penetrating radar (GPR) methods [9,10,11,12,13], require direct contact or close proximity to the target object and are constrained by the nature of the target. Infrared thermography is widely used in non-contact diagnoses of the external surfaces of buildings [14,15,16]. However, solar radiation is a necessary condition for the survey. For this method, it is imperative to consider the variations in height, time, and measurement angle relative to the temperature fluctuations of the target building, and the survey timing is limited due to the influence of climatic conditions and the surrounding environment. In addition, the thermography technique makes it difficult to detect delamination as the thickness of the concrete increases. It is impossible to detect cracks or evaluate the environment for accelerated deterioration based on the water content. X-ray methods are promising alternatives with non-contact procedures to inspect the interior of concrete with high resolution [17,18,19]. On the other hand, this method uses high energy that is dangerous to the human body and is not easy to handle in the field.



In this study, measurements were made using low-frequency sub-terahertz (hereafter, sub-THz) waves (8.5 to 12.5 GHz) with a millimeter wave spectrum, which are used in electromagnetic radar techniques for rebar detection and meteorological radar. The sub-THz wave is minimal and safe energy, yet it can penetrate the concrete interior. The high absorption characteristics of the sub-THz wave by water may offer the potential to measure the interior water content of concrete, which has a significant impact on rebar corrosion. To evaluate the water content of concrete, the sub-THz measurement system was developed and applied. This study scrutinized the influence of the measurement conditions of the optical system equipment through a three-step experimental process: first, the measurement distance, area, and angle are determined (STEP1); then, the water content of concrete is determined (SETP2); finally, the condition of the steel bars in reinforced concrete is determined (STEP3). Through this process, we aim to examine the evaluation of water content using sub-THz waves.




2. Outline of Sub-THz Waves


2.1. Definition of Sub-THz Wave


Terahertz (THz) waves are electromagnetic waves characterized by frequencies and wavelengths in the range of 0.3 to 10 THz and 30 μm to 1 mm in a vacuum, respectively. They exhibit high penetration capabilities through non-polar materials, while demonstrating significant absorption characteristics when interacting with polar materials like water. Sub-terahertz waves, with frequencies and wavelengths spanning from 0.03 to 0.3 THz and 1 to 10 mm in a vacuum, respectively, share similar attributes to THz waves but offer superior transmission properties. The frequencies employed in our study, 8.5 to 12.5 GHz, fall slightly below the conventional sub-THz range of 0.1 to 1 THz. However, our research group has been investigating the application potential across a broad frequency spectrum from approximately 0.01 to 10 THz, encompassing frequencies higher than those discussed in this paper [20,21,22,23,24,25]. Based on this foundation, we have classified this spectrum as the “sub-THz” range.




2.2. Sub-THz Wave Optical System


Figure 1 shows schematic diagrams of the (a) transmission and (b) reflection methods in the sub-THz wave optical system. There are two measurement methods for sub-THz wave optics: the transmission method [20] and the reflection method [21]. The transmission method requires the oscillator and detector to be placed in a straight line, which is difficult to align in measurements on real structures. Therefore, in this experiment, the reflection method with a half-mirror was mainly employed.



In the reflection method, as shown in Figure 1b, sub-THz waves emitted from the oscillator with the horn antenna pass through a Teflon lens and a half-mirror. The target object reflects the wave with a specific intensity of reflectance ratio corresponding to the conditions. The detector receives the propagated wave through the half-mirror and Teflon lens. Teflon lenses convert sub-THz waves into collimated beams. The half-mirror plays the role of straight transmitting the incident wave and reflecting to change the angle of the reflected wave from the target specimen. Table 1 shows the specifications of the sub-THz wave optical system used in this study.



Here, reflectivity is defined in terms of Equation (1) below. The numerator is the absolute value of the reflection intensity as measured with an oscilloscope. The denominator is the absolute value of the reflection intensity as measured with an aluminum plate, which is considered to have 100% reflection or low electromagnetic wave loss. In general, reflectivity is the ratio of reflected energy to incident energy when the incident is perpendicular to an object. However, the sub-THz waves used in this study include several unclear aspects such as the amount of the incidence, reflection, and scattering. Therefore, the reflectivity was calculated using Equation (1).


  R e f l e c t i v i t y   %   =   D e t e c t i o n   i n t e n s i t y   o f   s p e c i m e n s   ( m V )   D e t e c t i o n   i n t e n s i t y   o f   a l u m i n u m   p l a t e   ( m V )    



(1)









3. Experimental Outlines


3.1. Influence of Measurement Conditions of Optical System Equipment (STEP1)


3.1.1. Attenuation Effects by Measurement Distance


In general, electromagnetic waves are attenuated by atmospheric moisture and air density. Therefore, the farther the distance to the target object, the lower the measured intensity. In addition, the energy required depends on the depth of the defect to be detected. Thus, it is necessary to determine an appropriate emitting intensity according to the distance. In order to understand the electromagnetic characteristics of sub-THz waves, the attenuation effect of sub-THz waves with distance was measured with the transmission and reflection methods. The employed measurement frequencies ranged from 8.5 to 12.5 GHz at 0.5 GHz intervals. For the transmission method, the measurement distance was 610 to 3000 mm at 10 mm intervals. For the reflection method, the measurement distance was 420 to 650 mm at 5 mm spacing, 650 to 1000 mm at 10 mm spacing, and 1000 to 3000 mm at 500 mm spacing.



The measurable strength limit of the sensor used in the detector is approximately 2000 mV. In addition, there is a risk that a higher intensity can exceed the intensity limit due to interference and other effects. Therefore, sub-THz waves were oscillated with an output of 18.5 dBm to obtain an intensity of 1000 mV at a measurement distance of 420 mm for both the transmission and reflection methods. Since electromagnetic waves generally diffuse with distance, evaluation on a logarithmic axis is desirable. Therefore, we substituted the obtained intensity (mV) into Equation (2) to obtain and evaluate the radio wave intensity.


    C   s s   = 20   log  ⁡    r f     − 20   log  ⁡    230      



(2)




where,     C   s s     is the converted intensity (dBm), and   r f   is the measured intensity (mV).




3.1.2. Irradiation Range


In general, electromagnetic waves diffuse with distance even when polarized into a collimated beam using the Teflon lens. Therefore, the irradiation range according to distance was experimentally investigated. Figure 2 shows a schematic diagram of the irradiation range measurement. The measurement distance is from 600 to 2400 mm, with the interval of 600 mm. The frequency range was 8.5 to 12.5 GHz. The measurement target to be measured was a 300 × 300 mm plate made of an aluminum alloy (A5052 according to JIS H 4000:2022 “Aluminium and aluminium alloy sheets, strips and plates” of Japan Industrial Standards [26], corresponding to AlMg2.5 of ISO 209 [27]) with a high reflectance and thickness accuracy of ±0.05 mm or less. The blue and green areas shown in Figure 2 represent electromagnetic wave absorbers based on urethane foam, possessing absorption performance for frequencies ranging from 0.6 to 50 GHz. The purpose of the blue absorber was to eliminate the influence on the measurement results caused by the divergence of electromagnetic waves reflected by the surrounding environment. The green absorber was placed in front of the 300 × 300 mm aluminum plate to examine the irradiation range. The green absorber was enlarged by 20 mm each time to investigate the irradiation range based on the attenuation of intensity. The minimum visible size of the target aluminum plate was set to 100 × 100 mm. The reflectivity Rir was calculated using Equation (3).


    R   i r     %   =   I n t e n s i t y   w i t h   t h e   a b s o r b e r s   ( m V )   I n t e n s i t y   w i t h o u t   a n y   a b s o r b e r s   ( m V )    



(3)








3.1.3. Measurement Angle


When measuring actual building structures, the measurement environment, including the location conditions of the target structures, often precludes the possibility of conducting measurements directly from the front. Therefore, this section aims to experimentally verify the influence of the measurement angle. Measurements were conducted using an aluminum plate to simulate the target object. Figure 3 shows a schematic diagram of the measurement to assess the effect of angles. The aluminum plate was rotated by 1   d e g r e e s   in each direction, with clockwise rotation as positive and counterclockwise rotation as negative. The measurement distance ranged from 1200 to 2400 mm, with measurements taken at 600 mm intervals. The reflectivity Ran was calculated using Equation (4).


    R   a n     %   =   I n t e n s i t y   w i t h   t h e   i n c l i n e d   a n g l e   ( m V )   I n t e n s i t y   w i t h   t h e   a n g l e   o f   0   d e g r e e s   ( m V )    



(4)









3.2. Determine Water Content of Concrete (STEP2)


Outlines of Concrete Specimen


In this step of the process, concrete specimens were prepared to measure their water content. Table 2 shows the mix proportion of the concrete specimens. Tap water was used as mixing water (W). Ordinary Portland cement (density: 3.16 g/cm3) was used for cement (C). The fine aggregate (S) was land sand (density: 2.58 g/cm3), and the coarse aggregate (G) was crushed hard sandstone with a size from 5 to 20 mm (density: 2.65 g/cm3). In Japan, concrete buildings typically employ concrete with a compressive strength ranging from 18 to 45 N/mm2. The average water–cement ratio corresponding to these compressive strengths is approximately 50 to 58%; our study utilized concrete with a W/C ratio of 50 to 58%.



The geometries of the specimens were cube types of 100 × 100 × 100 and 200 × 200 × 200 mm, and wall types of 780 × 780 × 150 mm. The specimens were demolded at 7 days from casting and cured in water until 28 days of age. The 200 mm cube specimens were then cut into plate specimens with a thickness of 30 and 50 mm using a concrete saw. All specimens were dried at 105 °C for 2 weeks to define the absolute dried condition. For the air-dried condition, the specimens after drying were maintained in a thermostatic chamber at 20 °C and 60% humidity. Moreover, for the wet condition, the specimens after drying were allowed to absorb moisture in a desiccator at 20 °C and 100% humidity.



The 100 mm cube specimens were subjected to three levels of water content: dry (0.4% water content), air-dry (2.0% water content), and wet (4.3% water content). The water content of the actual structure tends to increase from the surface towards the interior. Therefore, the 200 × 200 × 30 and 200 × 200 × 50 mm specimens were allowed to absorb water from the cut surfaces to simulate the water content trend of the actual structure.



Here, measurements were conducted using frequencies of 9.4, 10.9, 11.5, and 12.3 GHz, where a preliminary investigation confirmed a trend of increasing the reflectance with the higher water content [28]. Measurements were carried out at a 900 mm distance.



In case of the wall specimens, the risk of corrosion in the reinforcing rebars inside concrete increases with the high water content surrounding them. To simulate the corrosive environments at any given point within the concrete specimens, we adopted the water injection method to control the water content. The water content can be adjusted by holes which are 20 mm in diameter and 100 mm deep; these holes were drilled at 100 mm intervals from the center of the specimen. Water was injected to an area of approximately 300 × 300 mm from the side opposite to the measurement surface of the specimen to partially change the water content. Aluminum tape was attached to the left edge of the specimen to serve as the reflectivity reference.





3.3. Effect of Rebar in Reinforced Concrete Members (STEP3)


3.3.1. Outlines of Reinforce Concrete Specimen


In this step of the process, reinforced concrete specimens were used to investigate the effect of rebar within concrete on the measurement results. The specimens were made of concrete with a water–cement ratio of 58% (shown in Table 2). Figure 4 shows an overview of the reinforced concrete member. In this study, the influence of the reinforcement condition on the water content estimation has been considered as an experimental parameter. Therefore, the over-dense to sparse arrangement was employed. The geometry of the wall specimen was 780 × 780 × 150 mm with D13 deformed bars embedded at a cover depth of 30 mm and spacing of 40, 125, 200, and 250 mm to ensure non-uniform reinforcement. The longitudinal rebars were placed at a cover thickness of 30 mm.




3.3.2. Experimental Procedures


The measurement distance was 900 mm, and the frequency was 12.3 GHz, which is considered optimal for determining the water content of concrete surfaces as described below. The measurement angle was set at 90 degrees from the front of the specimen, which is directly in front of the specimen. The angle of the optical system was changed by 5 degrees to 15 degrees (the measurement angles: 90, 85, 80, and 75 degrees, as shown in Figure 5). The optical system was moved at 100 mm intervals in the vertical and horizontal directions to measure each area of the wall specimen, and a total of 42 points were measured (6 rows (A to F) in the vertical direction and 7 (1 to 7) columns in the horizontal direction) to evaluate the water content of the entire concrete wall.



The water content of the specimens was measured using a contact-type electrical resistance water content meter, which can be easily used for measurements by pressing it against the concrete surface. The objective of the employed device was to qualitatively measure the water content. The specimen was dried up to the same measured values of the controlled specimen with the water content of 3.5%.






4. Experimental Results and Discussion


4.1. Influence of Measurement Conditions of Optical System Equipment (STEP1)


4.1.1. Attenuation Effects by Measurement Distance


Figure 6 and Figure 7 show the results of distance attenuation by using the transmission and reflection methods, respectively. For both the transmission and reflection methods, it was confirmed that the intensity attenuates as the measurement distance increases. In the reflection method, the detected intensity attenuates with significant amplitude fluctuations compared to the transmission method. This is due to interference between the incident and reflected waves. In the reflection method, detection intensities higher than the output of 18.5 dBm were obtained at 10, 0.5, and 11.5 GHz up to a measurement distance of approximately 600 mm. This is presumably due to the interference between the incident and reflected waves, and also because the detection sensitivity of the detector increases with the high frequency.




4.1.2. Relationship between the Measurement Distance and Irradiation Area


Figure 8 shows the irradiation range according to the measurement distance. The scale bar of reflectivity Rir was calculated using Equation (3). A high Rir indicates a red color, and a large red area indicates the diffusion of the sub-THz waves. In contrast, green indicates a low Rir, and a large green area means high directivity. In the case where the measurement distance was 600 mm, a high reflectivity was obtained in the 100 × 100 mm range, confirming that the Teflon lenses were able to provide generally parallel beams. When the measurement distance is more than 1200 mm, the electromagnetic wave diffuses down to about 200 mm in diameter, and the irradiation area is expanded.



When this method is practically used on-site, a greater distance to the target structure building might be needed. Therefore, it is essential to examine the dispersion of the sub-THz wave at further measurement distances.




4.1.3. Relationship between the Measurement Distance and Measurement Angle


Figure 9 shows the effect of the measurement angle. The positive and negative rotation angles produced a reflectivity Ran that was symmetrical with respect to 0 degrees. Within an angle range of ±2 degrees, Ran shows approximately more than 80%. Furthermore, within an angle range of ±5 degrees, a linear decreasing trend of Ran is observed. Beyond these angles, fluctuations in Ran due to the interference of sub-THz waves can be confirmed.



It is therefore predicted that the oblique incidence of sub-THz waves at different measurement angles will reduce the accuracy of detection. Therefore, the decrease in reflectance due to a 1   d e g r e e s   deviation in measurement angle must be fully considered, and further studies on the allowable range of measurement angles and correction methods are needed.





4.2. Study to Determine Water Content of Concrete (STEP2)


4.2.1. Relationship between Unit Volume Water Content and Reflectance


The results of the measurements of concrete with different water contents suggest that in the transmission method, the strength decreases as the water content increases, while in the reflection method, as the water content increases, the reflected strength also tends to increase [28].



Figure 10 shows the relationship between the unit volume water content and reflectivity calculated using Equation (1). The result of 9.4 GHz shows a linear trend between the unit volume water content and reflectivity when the three specimens are evaluated individually. However, the relationship includes a large variation. The reflectivity tended to increase as the unit volume water content increased, regardless of the test specimen. Within the range of this experiment, the variation in the reflectivity tended to decrease as the frequency increased, with the smallest variation at 12.3 GHz. It can be inferred from this that the measurement at 12.3 GHz is the most suitable among the employed frequencies for determining the water content at the cover concrete.




4.2.2. Estimation of Water Content Distribution at the Water Inlet Location


The results suggest that it may be possible to identify the location of the water injection and the location of the dry state in the transmission method [20]. The same results are expected to be obtained in the present study; however, they do not necessarily coincide with those obtained for a specimen simulating a real structure. Therefore, experiments were conducted under conditions in which the moisture content and reflected intensity could be determined, and the intensity obtained from the reflection method was used to stockpile basic data for the water content evaluation as follows.



Figure 11 shows the estimated distribution of water content at the locations of the water injections. The yellow framed areas indicate the locations where water was injected from the backside of the specimen. The color scale of this figure shows that the reflectivity increases in the order of red, white, and blue.



At the measurement results with 9.4 GHz, high reflectivity was observed at the right end of the specimens and low reflectivity was observed at the left side of the specimens; at 10.9 GHz, no high reflectivity was observed at the water injection point and high reflectivity was observed at the center and bottom of the specimens; at 11.5 and 12.3 GHz, high reflectivity was observed near the water injection point, suggesting that water was detected. These results suggest that differences in the understanding of water distribution were obtained due to the relationship between the penetration depth of the injected water and the wavelength of the frequency, as well as differences in the transmittance of the frequency.





4.3. Effect of Measurement Angle on Reinforced Concrete Members (STEP3)


Figure 12 shows the intensity distribution of the measured angles of the non-uniformly reinforced concrete specimen measured using the frequency of 12.3 GHz. The color scale in the figure indicates the ascending order of the detection intensity from green to white to red.



The highest detection intensity was obtained at a measurement angle of 85 degrees, beyond which the detection intensity diminished with a decreasing measurement angle. The distribution of detection intensity at a 90 degrees angle was similar to the distribution of water content. However, no correlation between the detection intensity and water content distribution was noted at the other measurement angles.



At measurement angles of 85, 80, and 75 degrees, detection intensities resembling vertical stripes were observed, predominantly at the locations corresponding to the rebar, indicating its detection. Although 12.3 GHz has no significant penetrating performance through concrete, Figure 13 suggests that the reflected sub-THz waves from the concrete surface follow a different propagation path compared to the incident waves, leading to the reduced detected intensity. However, the sub-THz waves that penetrated the concrete were reflected by the rebar and traced the same path as the incident wave, which is assumed to have resulted in a clear difference in detection intensity.





5. Conclusions


The following findings were obtained regarding the selection of frequencies and the applicability of the selected frequencies for the purpose of determining the water content of concrete from a distance using sub-THz waves:



	(1)

	
The effects of the measurement angle were systematically investigated: when the angle between the object and the measurement device was established at 90 degrees as the reference, variations of ±2 degrees resulted in a reduction of up to 80% in reflection intensity. This phenomenon exhibited a linear trend up to a deviation of ±5 degrees; beyond a deviation of ±10 degrees, an accurate assessment of the object’s condition might be compromised due to the effects of secondary reflections and electromagnetic wave scattering. These findings suggest that, for the purpose of evaluating the condition of the concrete based on the reflectivity data, the measurement angle should ideally be maintained within a range of ±5 degrees from the 90-degree reference.




	(2)

	
The irradiation range of the sub-THz wave differs depending on the measurement distance. The farther the measurement distance, the larger the irradiation range, and a more diffuse electromagnetic wave was observed. However, it was confirmed that the light was generally focused at about 200 × 200 mm.




	(3)

	
In the estimation of the water content of concrete using the reflection method, the trend of increasing reflectance with increasing water content was confirmed by selecting frequencies (9.4, 10.3, 11.5, and 12.3 GHz). The results indicate that when moisture content distribution is generated in concrete wall members, the selected frequencies may be used to identify locations with high water content.




	(4)

	
Upon conducting measurements of the reinforced concrete wall specimens from varying angles, it was discerned that the relative impact of the concrete surface layer as opposed to that of the reinforcing bars exhibited variance at a measurement angle of approximately 90 ± 10 degrees, contingent upon the specific angle of measurement employed. This variance is ostensibly attributed to the propagation pathways of the reflected waves. Consequently, the findings indicate that, for the purpose of assessing the moisture content within the concrete surface layer, the measurement angle ought to be meticulously maintained within a range of 90 ± 5 degrees.







In this paper, the potential of using sub-THz waves for estimating the water content of concrete surface layers from a distance was demonstrated. The use of sub-THz waves is not limited to estimating water content but is also applicable for identifying cracks inside concrete caused by reinforcing bar corrosion, fire loading, and so on. However, since studying cracks requires measuring defects smaller than the wavelength of the frequency used, it is crucial to understand electromagnetic wave characteristics, including interference, scattering, and absorption by the rebar and propagation paths.



Therefore, as a direction for future research, to precisely obtain information on the interior of concrete, especially targeting cracks, it is essential to comprehend the electromagnetic wave characteristics, construct a measurement system that can disregard the effects of interference, and process information using AI.
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Figure 1. Sub-THz wave optical system. (a) Transmission method. (b) Reflection method. 
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Figure 2. Schematic diagram of the irradiation range measurement. 
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Figure 3. Schematic diagram of the effect of measurement angle. 
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Figure 4. Overview of the reinforced concrete member. 
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Figure 5. Measuring situation of wall specimens. 
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Figure 6. Distance attenuation (transmission method). 
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Figure 7. Distance attenuation (reflection method). 
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Figure 8. Relationship distance and radiation range. 






Figure 8. Relationship distance and radiation range.



[image: Buildings 14 01076 g008]







[image: Buildings 14 01076 g009] 





Figure 9. Effect of the measurement angle. 
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Figure 10. Relationship between the unit volume water content and reflectance. 
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Figure 11. Estimated distribution of water content at the water inlet locations. 
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Figure 12. Reflected intensity as a function of measurement angle for reinforced concrete members. 
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Figure 13. Propagation path conceptual diagram. 
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Table 1. Specification of the sub-THz wave optical system.






Table 1. Specification of the sub-THz wave optical system.





	Device
	Specification





	Oscillator
	Frequency range: 7.5 to 15.0 GHz



	AMP
	0 to 31.5 dBm at 0.5 dBm, Max 1 W,

Frequency range 5 to 20 GHz



	Hone Antenna
	Frequency range: 8.2 to 12.4 GHz

VSWR: 1:15:1 Typ



	Teflon Lens
	ϕ76.2 mm



	Half Mirror
	Silicon wafer, Type: Non-dope,

Resistivity: over 1000 ohm.cm



	Detector
	Frequency range:10 to 18.5 GHz

Voltage Sensitivity: 450 mV/mW



	Wave Absorber
	Supported frequency bands: C, A, B, X, Ku, K










 





Table 2. Mix proportion of concrete.






Table 2. Mix proportion of concrete.





	
W/C

(%)

	
s/a

(%)

	
Unit Amount (kg/m3)

	
Geometry

(mm)




	
W

	
C

	
S

	
G






	
50

	
49

	
172

	
344

	
851

	
912

	
100 × 100 × 100




	
53

	
49

	
172

	
287

	
875

	
936

	
200 × 200 × 200




	
55

	
47.4

	
162

	
295

	
870

	
965

	
780 × 780 × 150




	
58

	
44

	
176

	
303

	
780

	
1012

	
780 × 780 × 150
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