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Abstract. Infrastructures in the world get old in several decades of their service time.
Falling-offs of parts of deteriorated structures were often reported and sometimes caused
casualties in Japan and many other countries. When an earthquake occurs, in particular,
deteriorated structures have higher possibility to be damaged or collapsed. Thus assessing
the health condition of structures is one of the important topics in civil engineering.
Considering a large number of structures that have been in service more than 40 years in
Japan, efficient evaluation methods are requested. In this regard, non-destructive tests
have high possibility to be applied to various structures without affecting their functions.
Accordingly, this study focuses on the use of infrared thermography to detect internal
deterioration of concrete structures. As a first step of investigation, thermography
diagnosis, hammer sounding test and Schmidt rebound hammer test were carried out to
detect internal deterioration of a concrete retaining wall located in the campus of Chiba
University, Chiba, Japan, and the results were compared to evaluate the capability and
accuracy of these diagnosis methods.

Keywords: Infrared thermography, hammer sounding test, Schmidt hammer,
infrastructure, deterioration.

ENGINEERING JOURNAL Volume 22 Issue 3
Received 12 January 2018

Accepted 13 February 2018

Published 28 June 2018

Online at http://www.engj.org/
DOI:10.4186/¢j.2018.22.3.233

This article is based on the presentation at The International Symposinm of the 11" SSMS and the 5" RCND 2017 in Bangkok, Thailand,
20th-21st September 2017.



DOI:10.4186/¢j.2018.22.3.233

1. Introduction

Modern societies are highly dependent on infrastructures. But infrastructures in the world get old in several
decades of their service time and hence, their retrofits and reinforcements become more and more
important, especially for developed counties where a large portion of infrastructures were built eatlier than
a half century ago [1-3]. Concrete flaking of deteriorated tunnels [4] and building walls were often reported
and sometimes caused casualties in Japan and many other countries. When an earthquake occurs,
deteriorated structures, in particular, have higher possibility to be damaged or to collapse [5]. In addition,
safety/damage assessment of buildings [6, 7] and bridges [8, 9] just after the occurrence of an earthquake is
important for emergency operations and recovery activities [10]. However, considering a large number of
structures in the affected area, efficient on-site damage assessment methods ate requested.

Various non-destructive diagnosis methods, which are considered to be more efficient and economical
than destructive diagnoses, have appeared in the field of civil engineering and construction [11]. Although
they draw significant attention in these days and a number of researches have been carried out, their proper
procedures and applicability should be examined more until there are used efficiently to evaluate
deterioration of structures. As a non-destructive testing technique, sounding tests by striking with a
hammer are often used for the deterioration diagnosis of structures, such as interior walls of tunnels.
However, this method takes a long time to apply for long-extended structures, and requires scaffolding for
objects in high places. Visual inspection [12] is another common and traditional method for structural
health monitoring but it needs experienced technicians/engineers. To overcome these problems, various
types of sensors have also been used for structural health monitoring [13]. But the most of health
monitoring methods need pre-attached sensors to structures.

Image sensing methods, however, are free from this constraint. Using ordinary visible images (photos),
various image processing techniques have been proposed and employed in detecting surface cracks of
concrete walls [14, 15], but they cannot identify internal defects. In this regard, infrared thermography [16]
has been used recently to detect internal deterioration of concrete structures. This method uses thermal
behavior of an object’s surface for detecting deteriorated parts from temperature change in time and its
spatial variation. In recent years, infrared thermography is frequently used in Japan but there still remain
problems. Heating is essential in this method, and hence if the solar energy is used as a source of heating,
the method depends on the daytime weather and temperature. Otherwise this method requires a heat
source and the possibility of uneven heating may lead to wrong diagnosis. To remedy this problems, several
studies have been carried out that combine multiple non-destructive methods for the detection of
subsurface deterioration [16, 17] and investigate thermal behavior with active heating and passive heating
[18. 19]. Infrared thermography cameras are often used in such studies.

In this study, an infrared thermography diagnosis is carried out to detect internal deterioration of a
concrete retaining wall, and the results are compared with those from sounding tests and Schmidt rebound
hammer tests [11]. The objective of this study is to examine whether infrared thermography can accurately
detect deteriorated parts of concrete structures.

2. Test site, Methods and Tools of Deterioration Detection

Infrared thermography tests for deteriorated structures were conducted in the Nishi-Chiba campus of
Chiba University, Chiba Prefecture, Japan (Fig. 1). There were several concrete surfaces which might be
suffered from deterioration. Among them, an existing reinforced-concrete (RC) retaining wall shown in Fig.
1(c) was selected as a target object since this wall was seen apparently to be deteriorated, and located at an
easy-to-access place. This retaining wall was built in 1962 as a part of boundary fence, which separates
Chiba University’s campus and the experiment station of the University of Tokyo. The wall is faced to the
west and the sun light illuminates it in the afternoon, which provides uniform heating to the wall.

The observation of the RC retaining wall was carried out using an infrared thermography camera
InfReC R300SR-S (Nippon Avionics co, Itd. [20]) as shown in Fig. 2(a, b). The camera has the frame rate of
60 Hz, measuring range from -40°C to 120°C, and sensitivity 0.025°C. The mechanism to detect
deterioration of concrete by infrared thermography is shown in Fig. 2(c). If there is a void part near the
surface of concrete, its surface temperature increases more rapidly than a healthy part does under the solar
llumination because heat transfer by conduction is hindered by the void. Due to the trapped heat, the
surface temperature above the void will increase under a heating condition.
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Fig. 1. (a) Location of Chiba City, Japan on Google Earth, (b) Nishi-Chiba campus of Chiba University,
and (c) RC retaining wall used in this study.
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Fig. 2. (a) Infrared thermography camera InfReC R300SR-S, (b) a scene of observation, (c) schematic
image of surface temperature change of concrete wall.
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Fig. 3. (a) Scenes of rotary hammering sound test and (b) Schmidt rebound hammer test.

In the thermography diagnosis, the surface temperature was observed by the thermography camera,
which evaluates deterioration parts from the temporal change and spatial distribution of temperature. A
rotary hammering sound tester [21, 22|, shown in Fig. 3(a), was also used for the deteriorated parts that
were detected by infrared thermography and their neighboring areas. When the rotary hammer knocked the
concrete retaining wall, the sound was recorded by a digital voice recorder and the data were analyzed to
characterize deteriorated parts. Additionally, the compressive strength of concrete was also measured by a
Schmidt rebound hammer type-N [23, 24] shown in Fig. 3(b). The concrete compressive strength, Fc
(N/mm?), can be estimated by the following formula [24]:

_F‘c =D':ﬂ [1.2?(}.?3 + R1+ Rz} - 18-{]] (1)

where a, is the correction of the concrete age, Ro is the rebound value measured by the Schmidt hammer,
Ri is the correction coefficient of moisture condition, and Ko is the correction of the knocking angle.

3. Visual Inspection and Measurements of the Retaining Wall

Observation of the RC retaining wall was carried out from 11:00 to 19:30 on July 8, 2014. The weather was
sunny with the maximum temperature 32°C and minimum temperature 21°C. The sun light illuminated the
wall from about 12:30 until about 18:00. These conditions were suitable for infrared thermography. The
surface temperature of the RC wall was observed every 30 minutes by the infrared thermography camera.
Before starting the tests, the target retaining wall was inspected visually as shown in Fig. 4. It is cleatly
observed that the cover mortar of the retaining wall had been deteriorated and fall-off holes of mortar were
observed at several locations. Deep cracks were also developed to the surface and body of the wall. The
existence of voids underneath the cover mortar was also suspected at some locations but it was not so
obvious by visual inspection.

Figure 5(a) shows the photograph of the concrete retaining wall including three areas (the blue dotted
square in Fig. 4) that were chosen for calculating the mean values of temperature and the temperature
change in time (Fig. 5(b)). From this figure, the amount of temperature rise was large in the order of the
areas B, A and C. In the area B, in addition to the highest temperature rise, the surface temperature
dropped sharply after the sunset. If the wall has internal voids, the heat transfer is blocked by the voids and
the heat is likely to accumulate in the surface layer. Accordingly, the temperature increases sharply in the
heating time. In the cooling time, the heat in the surface layer is lost in a short time and thus the
temperature decreases sharply. Based on this reason and the temperature change in each area, there was
high possibility that the areas B and A had internal voids.

Figure 6 shows the distribution of surface temperature at two time instants, 15:30 and 19:30. The
surface temperature shows clear difference at the three locations. At the area C, the solid concrete body was
exposed and hence a long time was needed until its surface temperature went up. Thus in the stage of
heating (15:30), the solid parts, like the area C, have much lower temperature than other parts. On the
contrary, the surface temperature went up much faster at suspected deteriorated parts, such as B and A, in
the heating stage. But when the heating stopped and the air temperature went down (19:30), the reverse
phenomenon was observed. Heat was lost from the deteriorated parts faster than that of the solid part and
the surface temperature of the solid part was kept higher than that of the deteriorated parts.
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Fig. 4. Photograph of the west surface of the RC retaining wall. The order of (a), (b), and (c) from the
south to the north. Deterioration stage was visually inspected and the results were plotted by red line
(crack), blue line (flaking hole), and green line (suspected subsurface void). Blue dotted line shows the
primary survey area and black dotted line is the Schmidt hammer test area.
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Fig. 5. (a) Location of three typical patts of the measurement area on the retaining wall and (b) the change
of temperature in time at these parts on July 8, 2014.
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Fig. 6. (a) The surface temperature at 15:30 and (b) 19:30 on July 8, 2014, observed by the infrared
thermography camera.

Fig. 7. (a) Measurement area of rotary hammering test (lines a-a’ and 3-3’) and (b) thermal images at 15:30,
July 8, 2014.

43.0 4320
_ 470 /\j\/\ ~ 420
Sy A\ { \ Q; 410
% 45.0 \ / \\../'/\'l % 400 —
%‘44.0 \.U/ \U’ % 33.0 o
a0 ML 1530 B 250 1550 _
o 19:30 - 1940
¢ Locaticn (pixel) o« g Location (pixel) B
@ (b)

Fig. 8. Distribution of surface temperature at 15:30 (red line) and 19:30 (orange line) on July 8, 2014 along
() line a-o” and (b) line B-B’.

The temperature distributions suggest us the location of voids underneath the surface mortar. The
position and extent of deterioration could be clearly detected using the thermal infrared images. Hence,
thermography is considered to be useful in investigating deterioration of large concrete structures at once in
a short time. Since the temperature change is different depending on the deterioration state, thermal
imagery is effective for assessing the progress of deterioration. But it should be noted that the heating
condition affects the change of surface temperature and its spatial distribution.

The deterioration condition of the target area (Fig. 5(a)) was examined in more detail along two lines
shown in Fig 7(a). From the thermal images, the line -’ was selected in the area of suspected deterioration
and the line 3-8’ in the area of peeled-off but no internal deterioration. Figure 8 shows the distribution of
surface temperature at 15:30 and 19:30 on July 9, 2014 along the two lines. From the figure, it is clearly seen
that the suspected deteriorated part with void shows a higher temperature that that of the solid part in the
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heating condition. It is particularly interesting that the trend of temperature along the deteriorated part in
the heating time and cooling time was just the opposite.

The deterioration state of the concrete retaining wall was also investigated with the rotary hammer in
the area that is shown in Fig. 7. The recorded sound time-histories, the results of time-frequency analysis
[25], and the Fourier spectra are plotted in Figs. 9 and 10, respectively for the lines a-o” and 3-§’. In the
time-frequency plots, the dark color indicates large sound-pressure parts. From the sound-pressure Fourier
spectra, the line a-o’ (Fig. 9(c)) has both low-frequency and high-frequency contents but the line 3-8’ has
low-frequency contents only (Fig. 10(c)). In addition, the areas that were suspected to be deteriorated by
time-frequency analysis (Fig. 9(b)) match the estimated deterioration areas by the thermal image (Fig. 7(b)),
in which the deterioration areas exhibited significantly higher temperature. This observation from the rotary
hammering test provides a further validation of the usefulness of infrared thermography.

From these verification results, it was found that the rotary hammering test is more efficient than
traditional hammering tests. However, the detection of the extent of deterioration and its shape is more
difficult than that from thermal imagery. Hammering test cannot assess the deterioration area of large
extent at one time. It is also pointed out that a video camera is needed in order to match the knocking area
with the amplitudes by the time-frequency sound analysis.
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Fig. 9. (a) Recorded sound time-history, (b) its running spectrum, and (c) Fourier spectrum by rotary
hammer along the line a-o’ on the retaining wall.
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Fig. 10. (a) Recorded sound time-history, (b) its running spectrum, and (c) Fourier spectrum by rotary
hammer along the lineB3-3’ on the retaining wall.

Measurement of the concrete retaining wall by the Schmidt rebound hammer was carried out on June
27, 2013. Three areas measured by Schmidt hammer are illustrated in Fig. 11 and Fig. 4 (dotted black
squares). From the thermal image, the area A’ was considered to have internal voids, the area B’ to be
sound and the area C was already peeled-off and the sound concrete was exposed. In the area A’, the
rebound value R was 24.46 and therefore the compressive strength Fe was calculated by Eq. (1) as 7.87
N/mm?2 In the atea B’, the rebound value R was 28.24 with Fc 10.76 N/mm? The compressive strength of
the area B’ is about 3 N/mm? larger than that of the area A’. In the area A’, it was expected that the internal
deterioration separated the surface mortar from the wall concrete. For this reason, it seems that the
rebound value measured by Schmidt hammer became small. The internal state of structures affects the
rebound value and thus Schmidt hammer could detect internal deterioration.

The rebound value of area C’ was 37.95 with Fc=18.19 N/mm?, which was much larger than those of
the areas A’ and B’. Therefore, it was found that the both areas A’ and B’ have internal deterioration and, in
particular, it is remarkable in the area A’. However, the area B’ was estimated sound from the thermal image.
Thus, if the deterioration spreads in a wide area, the selection of comparison objects is very important to
avold wrong diagnosis.

The temperature distribution of a concrete surface is considered to be affected by wetness condition as
well as heating condition. Figure 12 (a) shows the temperature distribution of the retaining wall in the rain
at 14:00 on December 16, 2014. No natural heating (the sun) was given on the day and because the wall was
wet by rain, the temperature distribution was rather uniform. The surface temperature of the upper part of
the wall was lower probably due to the loss of vaporization heat. It is considered to be difficult to detect
deteriorated parts from infrared thermography on rainy days.

Measurement was also conducted on the time after rain stopped and the sun light illuminated the wall,
at 13:00 on November 27, 2014 (Fig. 12(b)). The deteriorated parts were clearly identified by this image
because the deteriorated parts dried up faster than other parts due to trapped heat. But the wetness
condition is considered to be another factor to determine the surface temperature. Thus the condition of
measuring objects should be examined carefully before conducting infrared thermography.
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Fig. 11. (a) Measurement areas by Schmidt hammer on July 27, 2013; and (b) the corresponding thermal
image.

(b)

Fig. 12. (a) Thermal image measured in the rain at 14:00 on December16, 2014; and (b) one just after rain
stopped at 13:00 on November 27, 2014.

4. Conclusions

In this study, basic measurements of deterioration for a concrete retaining wall were carried out by infrared
thermography, rotary sounding hammer and Schmidt rebound hammer methods. In the deterioration
evaluation by rotary hammer and thermography, the both diagnosis results were consistent. Thus, the
deterioration diagnosis by infrared thermography is considered to be effective for concrete infrastructures.
Rotary hammering test is an easy and simple diagnosis method but it cannot be used for a large extent of
structures in a short time. Hence, infrared thermography is considered to be very effective to confirm the
shape and size of internal deterioration quickly. In the deterioration evaluation by Schmidt hammer and
thermography, two deteriorated areas were detected by Schmidt hammer but one of them was not detected
by infrared thermography. From the rebound values by Schmidt hammer, it is considered that the both
areas have internal deterioration and the retaining wall was deteriorated significantly as a whole.

The diagnosis by infrared thermography can detect deterioration from the temperature difference with
respect to the surrounding areas. Therefore, the comparison areas have to be selected carefully to prevent
overlooking deteriorated parts. To do this, thermal images of a healthy state of structures need to be
captured before deterioration is in progress and it is considered that an accurate diagnosis is possible by
comparing multi-temporal thermal images acquired at various air temperature and sun light conditions.
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