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ARTICLE INFO ABSTRACT

With the aging of tunnels, additional maintenance and assessment procedures are required to monitor their
working conditions. The passive thermal infrared method, which is a nondestructive contact-free method, is used
to find defects in a box-type and shield tunnels with concrete lining. In this study, this method is numerically
applied to detect defects in an unhealthy concrete structure. The thermal field data measurements are reviewed
and the governing heat transfer mechanisms for a defected concrete surface are presented. The heat transfer in
the concrete segment, tunnel air, and the air inside the void due to the conduction, convection, and radiation
mechanisms is explained. Further, the type of cavity, the temperature difference between the healthy and un-
healthy concrete surfaces, the temperature difference between the tunnel air and concrete surfaces, and the
influence of the void depth on the detection accuracy are investigated. The results show that the temperature
difference between the concrete surface and the tunnel air is more than 0.35 °C, which is an ideal condition for
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detecting the voids with an approximate depth of 30 mm or less.

1. Introduction

Infrared thermal application is a nondestructive contact-free
method of using infrared thermometry (IRT) to find defects in a con-
crete structure. However, there are limited cases wherein this method is
used for void detection in tunnel linings (Konishi et al., 2016). The IRT
is implemented using either active or passive methods. In active ther-
mography, an internal or external source of heat is used to create the
temperature difference between the concrete surface and the tunnel air
(Danesi et al., 1998; Maierhofer et al., 2006; Sakagami and Kubo, 2002)
whereas the temperature of the subjects are measured in their natural
states without actively heating or cooling the surface in the passive
method. In the case of active thermometry, the method is appropriate
for visualizing inhomogeneity and defects close to the surface (up to a
depth of 10 cm) (Maierhofer et al., 2006), and in the case of passive
thermometry, the method is recommended for voids with a depth of less
than 5cm (Sakagami and Kubo, 2002). Maierhofer et al. (2004) ex-
perimentally investigated the possibility of locating defects with dif-
ferent sizes and depths in a concrete segment using active thermo-
graphy. The experimental data were quantitatively analyzed and the
effects of environmental conditions and material and geometrical
parameters were demonstrated. In a new attempt, Showunmi (2013)
examined the depth of the defects, temperature difference between the
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ambient and concrete surface, and heating duration by performing an
experimental IRT test on steel-concrete composite walls, and subse-
quently, used numerical analyses to validate the findings. He found that
the numerical method could be used to determine the correct behavior
of infrared thermography; however, the accuracy was not convincing.
The results of his study demonstrated that defects within the specimen
were detectable at certain depths, heating intensities, and heating
duration; however, the depth of the defect is one of the most evident
limitations in detecting the defects on the subsurface of the specimens.
In the application of passive IRT to tunneling, Konishi et al. (2016)
performed several passive field IRT measurements during train non-
operating hours to confirm the feasibility of applying this method to
tunnels and compared the results by conducting a hammering test.

The heat in the concrete segment, tunnel air, and the air inside the
void is transferred via conduction, convection, and radiation mechan-
isms (Guo et al., 2011; Kim et al., 2014). As the performance of infrared
thermography has improved in recent years, the possibility of detecting
voids has increased, even in areas of the tunnel where the variation in
the temperature is small.

This study numerically modeled heat transfer in the concrete, tunnel
air, and air inside the void. We verified the model by comparing it with
thermal field data. The relationship was determined between the tem-
perature difference of healthy and unhealthy concrete surfaces and the
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Nomenclature

List of symbols

q transferred heat, W.m

A area through which the heat is transferred

h convective heat transfer coefficient, W/(m? K)
Ta ambient temperature, °C

To initial temperature, °C

Ts surface temperature of cavity elements, °C

k thermal conductivity, W/m K

c specific heat, J/kg K

Y mass density, kg/m?>

e emissivity of the given system

o Stephan-Boltzmann constant, W/m? K*

ty surface temperature of healthy concrete, °C
to surface temperature of unhealthy concrete, °C
T tunnel air temperature, °C

depth of the void in order to apply this method appropriately to en-
gineering practice. This study demonstrates the accuracy of detecting
non-visible voids by comparing the field measurement data with the
numerical results of relevant heat transfer analyses. Further, the type of
cavity, the temperature difference between the healthy and unhealthy
concrete surfaces, the temperature difference between the tunnel air
and the concrete surfaces, and the influence of the void depth on the
detection accuracy are investigated using numerical analyses.

2. Thermal data measurement
2.1. Temperature variation in tunnel

Field thermal data measured inside of an RC-box type tunnel and a
shield tunnel are explained in this part. Fig. 1 shows the application of
the passive infrared thermography for an RC box-type tunnel of length
2km. Fig. 2 shows the same for a shield tunnel (length of 100 m) with
RC lining. Fig. 1 also shows a hammering test and thermal imaging
locations. The temperature difference between the tunnel air and the
concrete surface (t; — T) and between healthy and unhealthy concrete
surfaces (t; — t;) is important for ensuring accurate void detection.
Two sets of thermal measurement data with different thermal condi-
tions are reviewed in this section. The first dataset contains higher
values of t; — T than the second dataset. The criteria for detecting
defected concrete surfaces and the application these criteria to the
datasets using field data and numerical results are given in the fol-
lowing sections. Fig. 3(a) shows the field data pertaining to the change
in the temperature of the tunnel air T, healthy concrete surface t;
(without defect), and unhealthy concrete surface t, (with defect) with
respect to the time of the day (24 h) measured along the RC box-type
tunnel.

During the day, trains commute through the rail and the tempera-
ture inside the tunnel increases. However, the temperature decreases
after mid-night because the trains do not commute (rest hours).
Fig. 3(b) shows the difference in temperatures between the concrete
surface and the tunnel air, i.e., t; — T, and that between the unhealthy
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and healthy concrete surfaces, i.e., t; — t;, pertaining to the same data.
In this set of measurement data, the difference in temperature between
the tunnel air and the concrete surface is considerable—in all cases
more than 0.35 °C. The temperature difference between the healthy and
unhealthy parts of the lining is also indicated on the same graph; the
temperature difference is less than 0.55 °C.

Fig. 4 shows another set of field data similar to that shown in Fig. 3
measured each minute over 24 h. However, in this dataset, there is
relatively little difference in temperature between the tunnel air and
concrete surface (t — T). Fig. 4(a) shows the temperatures of the
healthy and unhealthy concrete surfaces and the tunnel air and
Fig. 4(b) shows values of t, — t; and t, — T for the same data. The
measurement data pertaining to t;, and thus, t, — t; were available
until 12 noon. According to the field measurements shown in Fig. 4(b),
except for the time between approximately 7 and 9 AM, t, — T values
are less than 0.35 °C. The temperature difference between the healthy
and unhealthy surfaces is less than 0.15°C, i.e., |to — t;] < 0. 15°C.
Fig. 5(a) shows the infrared image of a defected tunnel-lining surface.
Fig. 5(b) shows the temperature variation along the two perpendicular
lines 1 and 2. The temperature distribution near the sides of the void
along line 1 is largely symmetrical; however, as the surface temperature
of the concrete is higher near the tunnel crown, the temperature along
the positive direction of line 2 slightly decreases. Along both the lines 1
and 2, a temperature difference of approximately 0.6 °C between the
center and boundary of the defected area is observed.

2.2. Void detection criteria

Void detection using IRT generally depends on the temperature
difference between the concrete surface and the tunnel air and the
temperature difference between the healthy and unhealthy concrete
surfaces. In order to determine how accurate IRT is at detecting voids,
non-destructive hammering tests were performed in the same location
at which IRT was performed (see Fig. 1). The hammering tests were
conducted by skilled inspectors of all surfaces on a limited section of the
tunnel where there was a high chance of the presence of actual voids.
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Fig. 1. Infrared thermography measurement along the RC box-type tunnel.
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Fig. 2. Infrared thermography measurement along a shield tunnel with RC lining.

Owing to the experience of the inspectors, we can assume that the ac-
tual number of voids was very close to the number of the voids they
detected from hammering tests. Indeed, for the purpose of this study,
and for the sake of simplicity, we assumed that the actual number of
voids was the same as those obtained by the hammering tests. The ratio
of the number of voids detected by IRT to that detected by hammering
tests is hereafter referred to as the void detection ratio. Fig. 6 shows the
field measurement data of the void detection ratio in three cases based
on the temperature difference between the concrete surface and the
tunnel air. When the concrete surface temperature is lower than that of
the tunnel air (Case 1: T > t,, heat absorption case), the detection rate
of the defects is approximately 40%, which is also the case even if the
temperature difference between the concrete surface and the tunnel air
is large. For the case wherein the temperature of the concrete surface
exceeds that of the tunnel air (Case 2: T < t,, heat radiation case), the

24

Temperature: °C

t;: Healthy concrete surface temperature, *C

chances of detecting the defects are high. The larger the difference in
temperature, the higher is the detection rate. If the temperature dif-
ference increases beyond 0.35 °C, the detection rate is approximately
76%. For case 3, the dimensions of the voids are 10cm X 10 cm or
more, and the detection rate reaches an overall rate of 78%. The
thermal camera can detect the voids when the temperature difference
between the healthy and unhealthy concrete surfaces is more than
0.03 °C (regarding the camera used for data measurements). That is, the
detection is feasible if t; — t, > 0.03 °C (Konishi et al., 2016).

Fig. 7 shows the thermal images of the RC box-type tunnel captured
between November 5:26 am to 7:16 am 2013 at the section 0 km, 556 m
(see Fig. 1) under the condition that the range of temperature difference
between the concrete and tunnel air is 0-0.5°C. As the temperature
difference between the concrete surface and the tunnel air increases
above 0.2 °C, the void detection is possible and as this number reaches
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Fig. 3. Field measurements of temperature changes in the tunnel air and healthy and unhealthy concrete surfaces with respect to time (ideal condition).
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Fig. 4. Field measurements of temperature changes in the tunnel air and healthy and unhealthy concrete surfaces with respect to time (difficult condition).

0.35 °C, a clear distinction is noticeable.

3. Numerical analyses

The heat transfer in the concrete segment, tunnel air, and the air
inside the void is due to conduction, convection, and radiation
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Fig. 5. (a) Infrared image of a defected concrete, and (b) temperature variation along the two perpendicular lines 1 and 2.
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Fig. 6. Void detection ratio with respect to the temperature difference between
the concrete surface and the tunnel air.

mechanisms. This issue has been addressed previously (Maierhofer
et al., 2004; Scott et al., 2012; and Mahmoud et al., 2012). These me-
chanisms are employed in the numerical modeling of this phenomenon.
The temperature difference between the healthy and unhealthy con-
crete surfaces, temperature difference between the tunnel air and the
concrete surfaces, type of cavity, and the influence of the void depth on
the detection accuracy are investigated using numerical analyses.

3.1. Heat transfer mechanisms

The heat between the concrete surface, tunnel air (ambient air), and
the air inside the void is transferred as follows:

Concrete segment surface and tunnel air: Heat between the
concrete surface and tunnel air is exchanged via transient heat con-
vection mechanisms. The initial temperature of the whole concrete
segment volume and the temperature changes to the concrete surface
over time (T) is introduced according to the field measurement data
shown in Figs. 3 and 4. The transfer of heat between the concrete
surface and tunnel air by convection mechanisms is derived as follows:

@

Here, q is the transferred heat (W m), h is the convective heat
transfer coefficient (W/(m? K)), A is the area involved in the heat
transfer via convection (m?), and T, and T, are the ambient and surface
temperatures, respectively (°C).

Concrete segment surface and soil boundary: The soil outside of
the tunnel concrete lining is considered to have constant temperature
regardless of depth change from the tunnel crown to the invert of most
tunnels. Fluctuation in soil temperature is negligible at normal depths
of most tunnels throughout the year. Kyuma (1985) measure the soil
temperature at multiple stations of different depths across Japan and
showed that the approximate soil temperature for a depth of more than
2m in the area near Tokyo is between 13 °C and 19 °C. In this study, soil
temperature was taken to be constant and equal to 16 °C. This value was
also suggested by local IRT experts. The initial concrete segment vo-
lume temperature is introduced to the numerical model based on field
measurement data. Then, the temperature at the outer concrete surface
adjusts to the soil temperature via the steady-state heat convection

q= —hA(T; — T,)

2013 Nov. 25 5:27
t,-T=0.173°C

2013 Nov. 25 5:26
t,-T=0.067°C

X

2013 Nov. 25 6:13
t,-T=0.283°C
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mechanisms according to Eq. (1).

Inside the concrete segment: Assuming homogenous and isotropic
material, the heat inside an undamaged concrete segment is transferred
via conduction. By changing the temperature at both the outer and
inner sides of concrete surfaces, the heat transfer inside the concrete is
calculated according to conduction as follows:

q= —kA(AT/An) )

Here, q is the transferred heat (W m), k is the thermal conductivity
(W/m K), and AT/An is the temperature gradient in a direction per-
pendicular to the area A (m?). The temperature distribution inside the
concrete is affected by the thermal properties of the material including
the conductivity (k), specific heat (C), density (p), and thermal diffu-
sivity (a). The transient 3D convective heat transfer for the concrete is
governed by the following Fourier equation.

ar
a

x
a=—
e

= a V2T,
3)

Here, t is the time, and T is temperature.

Concrete surfaces around the void and the trapped air inside
the void: As defects develop in the area near to the concrete surface, air
gaps of varying sizes become trapped within the concrete. This air in-
teracts with surfaces of the closed cavity by radiation. The theory on
which cavity radiation is based is well known and can be found in
Holman (1990). The application of cavity radiation to the inside surface
surrounding the air void within concrete defects has also addressed in
previous studies (Mydin, 2013; Showunmi, 2013). The heat transfer
between surfaces of the void and trapped air is calculated as follows:

4

Here, g is the heat transferred via radiation (W m), e is the emis-
sivity of the system, o is the Stephan-Boltzmann constant
(=5.6697 x 10”8 W/m? K*), A is the area involved in the heat transfer
via radiation (m?), and AT is the difference in temperature between the
two systems.

q= egA(T{ — Ty)

3.2. Numerical model

To generate more data and better interpret the measurement data, a
numerical model was employed. The numerical analyses were con-
ducted using Midas NFX, which is a commercial software program for
finite element analyses. The width, length, and thickness of the lining
segment piece were 80, 100, and 30cm, respectively. The width,
length, and thickness of the cavity were 10, 10, and 0.5 cm, respec-
tively. Assuming that the defected area is located at the center of the
segment piece near the internal concrete surface, only a quarter of the
concrete block is modeled, as shown in Fig. 8(a)-(c). The sides of the
model are assumed adiabatic, implying that the heat is not allowed to
pass through them.

The top of the lining segment piece is in contact with the soil at a
constant temperature of 16 °C and loses heat via the steady convection
mechanism. The internal surface of the segment exchanges heat with
the tunnel air via the transient convection mechanism. The tunnel air
temperature changes with respect to time based on the data shown in

2013 Nov. 25 6:46 2013 Nov. 25 7:16

t,-T=0.338°C

t,-T=0515°C

Fig. 7. Thermal images captured under the condition that the temperature difference between the concrete surface and the tunnel air is between 0 °C and 0.515 °C.

190



A. Afshani et al.

Tunnelling and Underground Space Technology 86 (2019) 186-197

Modeled
30 cm / concrete
block
M80 Y axis 10 cm
/ ‘ (Line 1)
s D
Segment | Defect
5 piece 10 cm
& S—
Lining segment ‘ 100 &0 lcm
defect cm
{X axis (Line 2) Lining segment 8

(a) (b)

defect

Fig. 8. (a) Tunnel lining, and segment defect, (b) modeled concrete block, and (c) analytical model of the segment piece.

Figs. 3 and 4. The cavity in the lining is located inside the surface at a
depth of a few centimeters, and the heat transfer is likely to transfer
through its surfaces via radiation. The initial temperature of the con-
crete segment is read from field data (for instance, 23.04 °C is set for
ideal condition as shown in Fig. 3). The change in the time-dependent
temperature on the surface of the concrete segment is an unknown
variable.

Table 1 lists the input parameters of the numerical model. Among
the thermal parameters of the concrete, the specific heat ¢ and the
thermal conductivity k depend on the temperature of the concrete
(European 2, 1995). The specific heat of a normal concrete is affected
by the moisture content, grain composition, and density of the concrete.
Moreover, the thermal conductivity varies with the density and per-
meability of the concrete (Phan, 1996). For the analyses, the thermal
conductivity and specific heat of the concrete are initially selected by
referring to the range of thermal parameters of the normal concrete
available in literature (European 2, 1995; Harmathy, 1970; Incropera,
Frank and DeWitt, 1990). The heat transfer coefficient was derived by
trial and error. The latter parameter was changed by introducing the
variation in the field-measured tunnel air temperature (see Fig. 3) into
the numerical model, and subsequently, monitoring the temperature
changes on the healthy and unhealthy concrete surfaces with respect to
time. The input parameters, listed in Table 1, were obtained after clo-
sely fitting the measurement data and numerical results, as shown in
Fig. 9. According to Konishi et al. (2016) who also used the same
measurement data as those used in this study, the average of the
maximum steel bar corrosion in the measurement data was reported to
be between 1.9 and 3cm. The temperatures of the unhealthy and
healthy surfaces obtained using the numerical analyses do not show
that the temperature increases as much as that observed in the field
measurement after approximately 8:30 AM. This implies that the con-
crete surface on the field is more sensitive to the change in the tem-
perature compared to the numerical results. By employing the numer-
ical modeling, this degree of sensitivity was unnoticeable.

Table 1
Input parameters used in the heat transfer analyses.

The numerical fitting was performed assuming a void at the depth of
2cm  from the concrete surface with  dimensions of
10cm X 10cm X 0.5cm  (length X width X thickness). The initial
surface temperature of the concrete is 23.05 °C based on the measure-
ment data shown in Fig. 3(a).

Fig. 10 shows the effect of considering the radiation in detecting the
void. The figure shows that considering the radiation effect on the void
leads to an increase in the rate of heat transfer, thereby increasing the
temperature of the unhealthy concrete surface beyond that of the
healthy concrete, which is not the case required for the measurement
data. Hence, to have a better agreement between the analysis results
and the measurement data, the radiation effect on the void is ignored in
the numerical analyses.

3.3. Temperature changes on concrete-lining surface

Different recommendations have been given for the optimum time
range for the IRT imaging of various structures. For instance, Hiasa
et al. (2015) preferred nighttime for inspecting the concrete bridge deck
as the temperature difference is more stable without any heat noises.
The appropriate time for capturing the IRT images of the concrete
lining of the tunnel is when the temperature difference between the
tunnel air and the concrete surface becomes maximum. Based on the
field data shown in Fig. 3, the tunnel air temperature decreases from 9
PM to approximately 8:30 AM, and subsequently, increases gradually
up to 9 PM, and this cycle repeats daily. The increase in the tunnel air
temperature is largely because trains start to run on the line. The trains
halt between 1 AM and 5 AM, and during this time, the inspection of the
tunnel is feasible. This time range is used to obtain the numerical re-
sults.

Fig. 11 shows the comparison between the field measurement,
shown in Fig. 3(b), and the numerical results of the temperature dif-
ference between the concrete surface and the tunnel air (t, — T) and
that between the unhealthy and healthy concrete surfaces (ty — t;). The

Input parameters (concrete) Unit Input values Recommended value in literature (Reference)
Specific heat, ¢ J/kg K 1150 840-1170, (Harmathy, 1970)

Thermal conductivity, k W/m K 0.5 0.5-3.3, (Liu et al., 2014)

Heat transfer coefficient, h W/m? C 3 Derived by trial and error

Emissivity, e - 0.92 0.88-0.93, (Bergman et al., 2011)

Thermal expansion coefficient, a mm/mm 1x10°° (Eurocode 2, 1995)

Mass density, g kg/m? 2300 (Eurocode 2, 1995)

Stephan-Boltzmann constant, o W/m? K* 5.67 x 10~8 (Cengel, 2007)

Initial temperature °C 23.04 (Field measurement)

Input parameters (air) Unit Input values Value of parameter in literature (Reference)
Specific heat, ¢ J/kg K 1000 (Dixon, 2007)

Thermal conductivity, k W/m K 0.021 (Dixon, 2007)

Thermal expansion coefficient, a mm/mm 0.0034 (Dixon, 2007)

Mass density, g kg/m> 1.225 (Dixon, 2007)
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Fig. 11. Comparison of the temperature difference of the tunnel air and healthy and unhealthy concrete surfaces between field measurement and numerical analyses

(ideal condition).

Fig. 9. Fitting of temperatures of healthy and unhealthy concrete surfaces between field measurements and numerical results.
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t, — T values for the measurement data are more than 0.35 °C; this
value for the numerical outputs is somewhat lower after 8:30 AM,
which follows the pattern already explained in Fig. 10. The t; — t;
values are between 0 °C and 0.55 °C in both the numerical results and
field measurements. During the non-operating hours of the trains, this
value is more than the camera detection threshold (ideal condition).
Fig. 12 shows a comparison between the field data, shown in Fig. 4(b),
and the numerical results of t; — T and t, — t;. Except for the time
between approximately 7 to 9 AM, both the measurement data and
numerical results show that the t, — T values are less than 0.35 °C. The
measured t; and therefore t, — t; data were only available until noon.
Using the developed model, however, the analyses were extended such
that the results could be presented for 24 h. The It, — 4l values are
limited to 0.15 °C in both the numerical results and field measurements.
During the 24h, these values are less than the camera detection
threshold. This implies that it is difficult to detect defects on the con-
crete surface under this condition (difficult condition). Nevertheless,
the numerical results for both the ideal condition (Fig. 11) and difficult
condition (Fig. 12) are in good agreement with the measurement data.

Fig. 5 shows the variation in the temperature along the Line 1 (y
axis) and line 2 (x axis) for a defected concrete surface. Fig. 13(a) and
(b) show the numerical results of the normalized temperature variation
on the concrete surface T — Tpnin/Tmax — Tmin With respect to every
hour during the non-operating hours of the trains. In these figures, the
changes in the temperature for a distance of 10 cm from the center of
the void along the y-axis, i.e., Line 1 and x-axis, i.e., Line 2, are shown.
Tmax and T, are the maximum and minimum temperatures, respec-
tively, of the unhealthy concrete surface obtained hourly during the
non-operating hours of the trains (1 to 5 AM).

In Fig. 13(a) and (b), both the field measurement and numerical
results signify the location of the void via the temperature difference
around the void. As mentioned earlier, the temperature distribution
along Line 1 is largely symmetrical; however, it decreases slightly along
the positive direction of Line 2 because the temperature near the tunnel
crown is higher. As the field data pertaining to the variation in the
tunnel temperature with respect to the height were unavailable, the
variation in the temperature on the concrete surface was considered
constant with respect to the height, thus leading to a discrepancy be-
tween the numerical and measurement data, as shown in Fig. 13(b).
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3.4. Open and closed cavities

The corrosion-induced cavities in the concrete lining of the tunnel
can be divided into two types: if the cavity is in contact with the tunnel
air, the cavity is termed open; otherwise, it is called closed, as shown in
Fig. 14. In an open cavity, the temperature inside the cavity changes
depending on the variation in the temperature of the tunnel air. Fig. 15
shows the numerical results of the temperature changes on the two
unhealthy surfaces in the cases of the open and closed cavities.

The temperatures of the healthy concrete surface and tunnel air are
also shown on the same graph. In the case of the open cavity, the cavity
walls are affected by the outside air, and the temperature on the lining
surface becomes closer to that of the tunnel air. Therefore, the lining
surface in the case of the closed cavity exhibits a lower temperature
compared to that in the open cavity type. This implies that while in-
specting cavities with the same depth using IRT, the ones with a closed
boundary can be easily detected. Fig. 16 shows the numerical result of
the temperature distribution for the open and closed cavities at a time
of 5h.

3.5. Considerations of void depth and temperatures of healthy and
unhealthy concrete surfaces and tunnel air

In this section, the temperature measurement data, shown in
Fig. 4(a) and (b) are considered. This set of data was measured on
November 25, 2013 along the RC box-type tunnel, and the tunnel air
temperature values are close to that of the lining surface. The mea-
surement data of t;, and thus, t, — t; were available until 12 noon. As
shown in Fig. 4(b), except for the time between approximately 7 and 9
AM, t, — T values are less than 0.35°C and | t, — t;| values are less
than 0. 15°C.

Based on the collected field measurements in this study, the voids
due to the steel bar corrosion are located at a depth ranging from
19mm to 30 mm. The infrared active thermometry is suitable for de-
tecting defects in concrete structures when the void depth is less than
10 cm. However, it is recommended to set this limitation at a depth of
5cm in the case of passive thermometry (Sakagami and Kubo, 2002).

By considering the data pertaining to the tunnel air temperature,
shown in Fig. 4, between 12 midnight to 12 noon, the void depth was
changed between 5 and 50 mm to monitor its influence on the tem-
peratures of the healthy and unhealthy lining surfaces. Fig. 17(a) and
(b) show the numerical results of the void depth effect on t, — t; and
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Fig. 12. Comparison of the temperature difference of the tunnel air and healthy and unhealthy concrete surfaces between field measurement and numerical analyses
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Fig. 14. Open and closed types of cavities.

ty — T, respectively.

To obtain the data, shown in Fig. 17(a), the void depth was varied,
and the values of t; — t; were calculated between 12 midnight to 12
noon. The maximum and minimum values of t, — t; were observed at
times of 1 AM and 7:30 AM, respectively. The sensitivity threshold of
the temperature difference obtained using the camera ([t — t;| =
0.03) was also shown in the graph. By increasing the void depth, t; — t;
becomes smaller and the chances of detecting the voids decrease. The
data are quite informative, e.g., for a time ranging approximately from
7 to 9 AM, the t, — t; values with respect to the depth of the void can
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be represented to that obtained at a time of 7:30 AM as shown in
Fig. 17(a). For this time limit, the voids with depths less than 30 mm are
detectable using the camera as t, — t; > 0.03 °C. Moreover, beyond
this time limit, say 1 AM, the voids with a depth of 13 mm or less are
detectable.

Fig. 17(b) shows that the variation in t, — T with respect to the void
depth is not so sensitive. For depths more than 30 mm, the variation in
ty — T is largely independent of the depth, whereas it gradually de-
creases for depths under 30 mm. This implies that in the case of shallow
voids, as the defected portion of the lining surface is small, the tem-
perature on the surface quickly becomes in equilibrium with the tunnel
air temperature, and thus, approaches the same more faster compared
to that observed for deeper voids. The maximum value of t; — T occurs
at 7:30 AM, as shown in Fig. 17(b). t, — T is greater than 0.35 °C for a
time limit ranging from 7 to 9 AM whereas it is < 0.35°C for other
times, which closely matches with the field measurement data, as
shown in Fig. 4(b). Therefore, a temperature difference between the
concrete surface and the tunnel air of more than 0.35°C, i.e., t; —
T > 0.35°C, is an ideal condition for detecting the voids with an ap-
proximate depth of 30 mm or less.
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Fig. 16. Numerical results of the temperature distribution for the open and closed cavities at time = 5h using the data shown in Fig. 3.

4. Conclusion discrepancy was observed between the measurement and numerical
results as the field data pertaining to the variation in tunnel tem-
perature with respect to the height were unavailable. By accessing
these types of field data, a better surface temperature fit between the
numerical results and measurement data along the two perpendi-

cular lines is possible.

This study simulated the defect detection of an unhealthy part of a
tunnel concrete lining using field temperature measurements and nu-
merical analyses. A model of the heat transfer in the concrete, tunnel
air, and air inside the defected part of the concrete was employed by

considering heat transfer mechanisms, and subsequently, validating the 2. Two types of corrosion-induced cavities were discussed: open and
same by comparing with field measurements. The normalized tem- closed. In the case of the open cavity, the cavity walls are affected by
perature distribution on the concrete surface around a void was shown. the outside air, and the temperature on the lining surface becomes
Two types of cavities were considered discussed, and the effects of void closer to that of the tunnel air. The lining surface in the case of the
depth on the temperatures of the healthy and unhealthy lining surfaces closed cavity exhibits a lower temperature compared to the open-
were investigated. cavity type. This implies that while detecting cavities with the same
The following are the main findings of this study: depth using the surface-temperature differences, the ones with the
closed boundary could be easily detected. The studied cavities were
1. The normalized temperature distribution on the concrete surface parallel to the concrete surface; however, cavities with different
along the two perpendicular lines of a defected part of the unhealthy alignment angles with respect to the concrete surface could be in-
concrete in the case of the RC box-type tunnel was used to detect the vestigated in the future.
location of the defects. The numerical results of the normalized 3. By increasing the void depth, the temperature difference between

temperature curve around the defected part is similar to the results
of the field measurement along Line 1; however, along Line 2, a

the healthy and unhealthy concrete surfaces becomes smaller,
thereby decreasing the chances of detecting the voids. The
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Fig. 17. Numerical results of void depth effect on the variations in (a) t — t;, and (b) to — T.

numerical results show that the temperature difference between the
healthy and unhealthy concrete surfaces, i.e., to — t;, depends on
both the void depth and the temperature difference between the
concrete surface and the tunnel air, i.e., t — T. During performing
of infrared thermometry, as the temperature difference between the
tunnel air and the concrete surface becomes greater, deeper voids
can be detected.

. The temperature difference between the tunnel air and the defected
concrete surface is not so sensitive to the void depth. For void depths
more than 30mm, this temperature difference is largely in-
dependent of the depth. A temperature difference between the
concrete surface and the tunnel air of more than 0.35°C, i.e., t; —
T > 0.35°C, is an ideal condition for detecting voids with an ap-
proximate depth of 30 mm or less.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tust.2019.01.013.
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