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Abstract: In this research, we propose the use of infrared detection methods for identifying cracks in
the tunnel lining of concrete structures. Through thermal simulation experiments on pre-existing
cracks, we investigate the heat conduction patterns in cracked linings under natural temperature
variations. The influence of temperature differences inside and outside the lining, crack depth, and
crack width on the temperature distribution on the inner surface of the lining is analyzed by using a
controlled variable approach. This exploration aims to assess the feasibility and applicable conditions
of using infrared thermal imaging technology for detecting lining crack defects, contributing to
sustainable maintenance of infrastructure. We further validate the experimental approach through
numerical simulations. Considering the temperature distribution on the inner surface of the lining,
it becomes feasible to comprehensively determine the location and depth of cracks. This offers a
novel and rapid inspection method for tunnel lining cracks, thereby enhancing the sustainability of
tunnel infrastructure.

Keywords: reinforcement corrosion; corrosion rate; infrared detection; numerical analysis; laboratory
test; sustainability

1. Introduction

During the service life of a tunnel, the concrete lining is susceptible to cracking due to
various factors, including geological conditions, material deterioration, and engineering
activities within the protective zone [1]. When cracks in the lining reach a certain extent,
they can lead to issues such as leakage, deformation, spalling, or delamination [2,3], which,
in turn, can impact the performance and operational safety of the tunnel [4,5]. Therefore,
accurate detection of the geometric parameters of concrete structural cracks is crucial, as
it provides guidance for subsequent repairs, reduction of repair costs, minimization of
resource wastage, and enhancement of the sustainability of infrastructure.

Currently, non-destructive crack detection methods often focus on identifying the
shape, length, and width of visible cracks in concrete [6,7]. However, in reality, the detec-
tion of crack depth is even more critical because the depth to which cracks extend into
the structure directly determines the load-bearing performance of essential components.
Existing crack depth detection methods for concrete structures are primarily based on
the stress wave theory [8-10]. Nevertheless, the current stress-wave-based crack depth
detection methods suffer from cumbersome operational procedures and inaccurate results,
making it challenging to effectively and directly measure the depth to which concrete
cracks propagate [11,12].

However, infrared thermography (IRT) has garnered considerable attention, notably
for its merits in providing real-time [13], non-contact [14], and wide-area measurements [15].
Additionally, the affordability of infrared (IR) cameras has recently increased noticeably [13].
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Therefore, IRT emerges as a suitable non-destructive testing (NDT) method for civil infras-
tructures and buildings.

IRT encompasses the practice of capturing surface temperature distribution using
IR cameras and subsequently processing and interpreting the data obtained from IR im-
ages [16]. Its applications across infrastructures and buildings are extensive, including
areas such as thermal insulation [17], internal structure analysis [18], detection of delami-
nation [19], cracks [20,21], identification of air leakage [22], and preservation of cultural
heritage [23-25]. Currently, most of the methods employed for infrared thermal imaging
rely on active thermal stimulation [26-29]. However, these methods often face challenges
in applying uniform thermal excitation and require a significant amount of stimulation
time, which limits their practical application in engineering contexts. To overcome the
limitations of traditional infrared detection methods for remote crack detection in concrete,
this paper proposes the use of natural temperature differences to detect cracks in the tunnel
lining of concrete structures.

To investigate the impact of crack depth on heat conduction and the distribution of
surface temperature both inside and outside the lining, concrete specimens with pre-existing
cracks were exposed to thermal stimulation. This process aimed to generate temperature
differences within and outside the lining, based on the tunnel’s heat conduction model
under winter conditions. Through indoor model experiments and numerical analysis,
the research delved into the impact of crack depth on the temperature distribution of the
lining structure under different crack width conditions. This exploration aims to assess the
feasibility of infrared detection of crack depth in tunnel linings under natural temperature
variations, contributing to the sustainability of infrastructure by improving maintenance
practices and resource efficiency.

2. Experimental Model Design
2.1. Specimen and Defect Preparation

The cement strength was C30, with a material mix ratio of cement:sand:gravel:water
=1:1.98:2.97:0.44. The dimensions of the specimen were 300 mm in length, 300 mm in
width, and 350 mm in height. The specimen was placed horizontally, with the upper and
lower surfaces designated as the thermal image data collection surface and the thermal
excitation surface, respectively. An important distinction to note is that the thermal image
data collection surfaces and the thermal excitation surface were positioned on opposing
sides, marking a difference from the ‘active detection’. In accordance with the experimental
conditions, the dimensions of cracks under various working conditions are presented in
Table 1.

Table 1. Test conditions.

Sample Number Crack Width W/mm Crack Depth D/cm
1-o 20
1-B . 50
1-y 100
1-5 250
2-a 20
2-p 50
2 0.5 100
2-% 250
3-a 20
3-B 50
3-V 0.2 100
3-0 250

Steel pieces of appropriate specification were cut according to the prefabricated crack
parameters. The surface of the steel pieces was evenly coated with lubricating oil and
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inserted into the design position of the cracks in the mold. Then, the concrete was poured
and the surface was smoothed out after being pounded with a vibrating bar. All steel pieces
were pulled out after the initial setting of concrete.

2.2. Sensor Arrangement and Data Acquisition Method

The thermal imager used in this type of experiment is the FLIR A655sc with a detector
resolution of 640 x 480, an accuracy of +2 °C, and a thermal sensitivity of <30 mK. The ex-
perimental setup includes a temperature-controlled heating platform and an air conditioner
to create a temperature difference between the upper and lower surfaces of the specimen,
simulating the real environmental temperature gradient inside the tunnel. Additionally,
for precise monitoring of heat transfer within the specimen, PT-100 temperature sensors
are installed on the data collection surface, the thermal excitation surface, and inside the
specimen. A schematic representation of the specimen and the equipment installation is
presented in Figure 1.

Data acquisition
equipment

Insulation materials

I Thermal excitation surface |

STC803-S/II constant-temperature heating device |
[ Aluminum alloy countertop |

W

Isolated base

[ Temperature control device |

Figure 1. Schematic diagram of specimen and defect preparation.

2.3. Experimental Operation Procedure

This type of experiment is conducted with the objective of replicating natural temper-
ature fluctuations via thermal excitation and subsequently discerning the distribution of
surface temperatures across the specimen. Previous investigations have corroborated that
the optimal outcomes in terms of infrared detection are achieved under winter thermal
conditions. Consequently, the test procedure for emulating winter thermal conditions and
conducting temperature field detection is outlined as follows:

1. Ensure the proper alignment of the infrared thermal imager to encompass the entire
detection area within its operational range.
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2. Utilize an STC803-S/1I constant-temperature heating device to facilitate the heating
of the thermal excitation surface, thereby facilitating the transfer of heat to the data
acquisition surface. Concurrently, ensure the regulation of indoor temperature to
uphold the specified temperature difference (ATy) between the thermal excitation
surface and the data acquisition surface within the predetermined range.

3. Surface temperature data of the specimen are monitored until the temperature varia-
tion remains within 0.5 °C, indicating that the specimen has reached a steady-state
heat conduction condition. At this point, heating is discontinued, and the infrared
thermal image of the specimen’s surface is recorded.

3. Thermal Conduction Effects of Cracks under Natural Temperature
Difference Conditions

To accurately describe the experimental phenomenon, the concrete surface was divided
into two regions: the deep blue area represents the crack-damaged region, and the light
blue area represents the healthy region. The distances from the edges of the healthy region
to the crack center were 3 cm and 10 cm, respectively, as shown in Figure 2. For ease
of analysis, the maximum surface temperature difference (AT¢) between the maximum
temperature (Ty) in the cracked region and the average temperature (T;) in the healthy
region was defined on the specimen’s surface.

healthy region

I g

cracked damaged region

"4

|
i

Figure 2. Schematic diagram of concrete surface regionalization.

3.1. Test Results

During the heating process, infrared thermal images of the specimen’s surface were
captured at 20 min intervals. To illustrate this, the infrared detection results for condition
1-a are introduced as an example. In this case, an analysis of the thermal characteristics of
the cracked lining surface was performed. After the concrete specimen was cured, the crack
width was measured using a crack gauge whose accuracy is 0.01 mm, as shown in Figure 3a.
Figure 3b illustrates the variation in the maximum surface temperature difference (AT¢) on
the specimen’s surface throughout the entire heating process.
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Figure 3. (a) Pre-cracked concrete specimen and standardized crack; (b) diagram of concrete surface
temperature change with time.

Referring to Figure 3b, it is evident that during the initial 0 to 540 min following
the commencement of heating, the specimen’s surface displays a relatively uniform heat
distribution, primarily due to incomplete heat conduction. After 540 min, the cracked
area manifests as a distinct golden yellow region, with the maximum temperature (Ty)
registering at 34.56 °C, while the undamaged section is characterized by an orange-brown
hue with an average temperature (Ts) of 34.46 °C. The maximum surface temperature
difference (AT¢) on the specimen’s surface is calculated to be 0.10 °C. Figure 4a presents
the thermal image of the specimen’s surface during the testing process. At 1020 min, the
temperature differential on the concrete surface reaches its peak and starts to stabilize. The
cracked area is now characterized by a pale yellow color, with the maximum temperature
(Tq) reaching 36.01 °C, while the region surrounding the crack exhibits a light orange-red
shade, with an average temperature (Ts) of 35.79 °C. The maximum surface temperature
difference (AT¢) on the specimen’s surface is measured at 0.22 °C, as depicted in Figure 4c.

1====y
§

- cracked damaged region
cracked damaged region

P4

[ y— [—

(b) (c)

Figure 4. Thermal images of surface temperature of concrete test block in condition 1-a: (a) 540 min;
(b) 780 min; (c) 1020 min.

Upon analysis, it becomes evident that as the specimen eventually reaches a condition
of steady-state heat conduction, the maximum surface temperature difference (ATf) on
the specimen’s surface stabilizes at 0.23 °C. This stabilization can be attributed to the
presence of air within a certain depth below the crack, which shortens the heat conduction
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cracked damaged region

path to the specimen’s surface, thereby resulting in a localized high-temperature region
at the crack, often referred to as the “hot spot”. Furthermore, considering the infrared
thermal imager’s minimum resolvable temperature difference of 0.1 °C, it is indicated that
crack detection within the lining can be effectively conducted under natural temperature-
gradient conditions.

3.2. The Impact of Crack Width

To elucidate the influence of crack width on the temperature field of the specimen’s
surface, infrared detection was performed under three different conditions: 1-f3, 2-f3, and
3-B, each featuring a crack depth of 50 mm and varying crack widths of 1 mm, 0.5 mm,
and 0.2 mm, respectively. Figure 5 presents the thermal images of the specimen’s surface
corresponding to these distinct conditions.

cracked damaged region cracked damaged region

[— [—

(b) (©)

Figure 5. Thermal images of surface temperature of concrete test block in conditions 1-3 to 3-8:
(@) W=1mm; (b) W=0.5mm; (c) W=0.2mm.

In practical applications, setting the thermal image’s temperature range either too
high or too low may result in challenges in defect detection. As a countermeasure, it
becomes imperative to capture a region-of-interest (ROI) line at a consistent location on the
concrete specimen’s surface, traversing the center of the defect. Subsequently, a temperature
distribution curve is plotted along the horizontal direction of the specimen, as illustrated in
Figure 6.

The overall curve exhibits a single-peak pattern, with the peak’s position correspond-
ing to the defect’s location. This phenomenon arises because the temperature at the crack
surpasses that of the concrete specimen’s surface, thereby resulting in an elevated tempera-
ture at the cross-section’s midpoint. As the crack width grows, the temperature differential
between the edge of the healthy region and the high-temperature area around the crack
progressively amplifies. Specifically, for crack widths of 1 mm and 0.5 mm, the temperature
disparity between the crack’s highest temperature and the average temperature of the
healthy region measures 0.23 °C and 0.16 °C, respectively. Notably, both of these values
exceed the infrared thermal imager’s minimum resolvable temperature difference of 0.1 °C.

The peak temperature in the curve corresponds to the horizontal coordinate aligned
with the crack’s center, and the surface temperature difference augments with an increase
in crack width. Nonetheless, when the crack width narrows to 0.2 mm, the temperature dif-
ference becomes very slight (falling below the minimum resolvable temperature difference
of 0.1 °C). This diminutive temperature contrast complicates the distinction between the
crack area and the healthy region. As a result, when the crack width is less than 0.2 mm
and the crack depth is under 50 mm, the utilization of an infrared thermal imager for crack
depth detection is deemed unfeasible.
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Figure 6. Diagram of concrete surface temperature change with pixel in conditions from 1-f to 3-f.

3.3. The Impact of Crack Depth

To elucidate the influence of crack width on the temperature field of the specimen’s
surface, infrared detection was performed for various crack widths at different crack depths.
Figure 7 illustrates the thermal images of surface temperature of the concrete test block.

===

W=0.5mm W=0.2mm
D=20mm D=20mm

W=1mm
D=20cm

cracked damaged region
cracked damaged region cracked damaged region

W=1mm
D=50mm

W=0.5mm W=0.2mm
D=50mm D=50mm

cracked damaged region

cracked damaged region cracked damaged region

Figure 7. Cont.
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Figure 7. Thermal images of surface temperature of concrete test block.

After examining the surface thermal images from the 12 test cases, a noticeable pattern
emerges. Once the heat transfer within the specimen stabilizes, the surface consistently
portrays a configuration wherein a cooler, undamaged region encompasses a warmer,
cracked area. It is worth noting that for cracks with a width of 0.2 mm, discernible cracks
in the thermal images are only observable when the crack depth exceeds 100 mm.

Likewise, temperature distribution curves along the specimen’s horizontal coordinates
were generated for each test case, as depicted in Figure 8. It is evident that for cracks of
the same width, an increase in crack depth leads to a gradual elevation in the temperature
within the crack area. Consequently, this results in a corresponding rise in the maximum
temperature difference observed on the specimen’s surface. Additionally, it was noted that
when the crack width is 0.2 mm, the temperature distribution on the specimen’s surface
lacks a discernible pattern, making it a challenging task to distinguish variations in crack
depths.
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Figure 8. Diagram of concrete surface temperature change with pixel: (a) W =1 mm; (b) W = 0.5 mm;
(c) W=0.2mm.
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4. Simulation Method

In laboratory conditions, maintaining a continuous and steady thermal flow to concrete
specimens can present challenges, and replicating the authentic thermal conditions of a
tunnel environment is subject to certain constraints. Consequently, numerical analysis
methods are employed to simulate the thermal conduction effects at crack sites under
thermal excitation conditions. This analytical approach aids in comprehending the thermal
conduction behaviors of concrete components featuring cracks under natural temperature
differentials, as well as evaluating the influence of crack geometry on the temperature
distribution across the concrete surface.

4.1. FEM Simulation Model

The model dimensions align with those of the concrete specimens used in the exper-
iments. In the model, the backside of the specimen is designated as a high-temperature
boundary (25 °C), characterized by zero heat transfer. On the inner side of the lining and at
its interaction with air, a convective heat transfer boundary (20 °C) is established, with a
convective heat transfer coefficient of 7.97 W/(m?-°C), assumed to mimic environmental
conditions with a wind speed of 0.5 m/s. The remaining four sides are configured as
adiabatic boundaries, facilitating heat transfer solely in the thickness direction. Figure 9
depicts the boundary conditions within the analysis model for the cracked component.

Convective Heat Transfer Boundary

Adiabatic
Boundary

350

Constant
Temperature
Boundary

Figure 9. Analysis diagram.

4.2. Material Properties

The numerical simulation employs materials that match those used in the experimental
setup. The concrete’s strength corresponds to C30, with the cracked section essentially
representing air. The crucial thermal properties of the materials utilized in the simulation
are outlined in Table 2.

Table 2. Thermal properties of materials.

Material Concrete Air

Thermal Conductivity/ (W-m~L.K™ 1) 1.28 0.026
Specific Heat Capacity /(J-kg - K™ 1) 970 1013
Density /(kg-m~3) 22425 1.164

4.3. Simulation Results and Experimental Validation

Using condition 1-f3 (crack width 1 mm, crack depth 5 cm) as an example, Figure 10
presents a comparative chart depicting the temperature distribution along the ROI line.
The figure reveals that under continuous thermal excitation, the measured curve and the
simulated curve do not align perfectly. This discrepancy can be attributed to the sensitivity
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of the infrared thermal imager and the non-uniformity of the specimen’s surface. However,
it is noteworthy that in both numerical simulations and indoor experiments, the surface
temperature distribution exhibits analogous characteristics, notably a single-peak curve
with the peak’s position corresponding to the defect’s location. Comparative results for the
other test conditions are summarized in Table 3.

Srod e e e e Num.

Temperaturtemperature (°C)

21.5 1 —

T T T T
0 100 200 300 400 500

Distance (mm)

Figure 10. Comparisons of temperature profiles in simulation and experiment in ROL

Table 3. Comparative analysis of experimental results.

Sample Number AT¢ (Num.)/°C AT (Exp.)/°C Error/°C
1-« 0.11 0.15 +0.04
1-3 0.22 0.23 +0.01
1y 0.36 0.38 +0.02
1-5 0.54 0.60 +0.06
2-o 0.10 0.12 +0.02
2-B 0.19 0.16 —0.03
2-y 0.27 0.26 —0.01
2-5 0.37 0.36 —0.01

4.4. The Impact of Environmental Temperature Difference

Examining the temperature distribution on the inner surface of the lining for condition
1-B (crack width 1 mm, crack depth 5 cm), with the tunnel lining’s backside at 25 °C and
the inner surface at 20 °C, and taking into account convective heat transfer between the
lining and the surrounding air, Figure 11 presents the comprehensive temperature contour
map of the lining.

It is apparent that due to the temperature difference between the inner and outer
sides of the lining, heat is conducted towards the inner surface of the lining, leading to a
significant temperature gradient in the thickness direction of the lining. When heat transfer
reaches a steady state, the temperature on the inner surface of the lining stabilizes at 21.6 °C.
This observation demonstrates that with a natural temperature difference of 5 °C, once
heat transfer reaches stability, the temperature increase on the inner surface of the lining
amounts to 1.6 °C.

The temperature contrast on the inner surface of the lining in various regions serves
as a critical parameter for evaluating the viability of infrared detection. The temperature
distribution on the inner surface of the lining exhibits variations with different temperature
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differentials. In Figure 12, temperature contour maps of the inner lining surface are
presented for natural temperature differences of 3 °C, 8 °C, and 10 °C, respectively.

Figure 11. Diagram of overall lining temperature contours.

(b)

Figure 12. Simulated thermal images of healthy region and cracked region: (a) ATn = 3 °C;
(b) ATn =8 °C; (¢) ATy =10 °C.

An analysis reveals the following:

In the temperature contour maps of the inner lining surface, a noticeable temperature
distinction exists between the healthy area and the cracked area, and this contrast
becomes more pronounced with increasing natural temperature differences. Con-
sequently, as the natural temperature difference augments, the viability of infrared
detection also improves. It is noteworthy that the high-temperature region associated
with cracks remains relatively constant, suggesting that fluctuations in environmental
temperature differences do not substantially affect the extent of the low-temperature
region on the specimen’s surface.

For natural temperature differences of 3 °C, 5 °C, 8 °C, and 10 °C, the maximum
surface temperature differences (AT¢) on the lining surface are 0.14 °C, 0.22 °C, 0.36 °C,
and 0.46 °C, respectively. Considering the minimum resolvable temperature difference
of the infrared thermal imager, which is 0.1 °C, it can be concluded that when the
natural temperature difference between the inner and outer sides of the lining is 3 °C
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or greater, infrared thermal imaging technology can effectively be employed to detect
cracks in concrete lining with a crack width exceeding 1 mm and a crack depth of 5 cm
or more.

The fitting curve depicting the relationship between the natural temperature difference
(ATN) and the maximum surface temperature difference (ATy) is illustrated in Figure 13. An
analysis reveals that there is a linear correlation between the maximum surface temperature
difference (AT¢) on the inner lining surface and the natural temperature difference (ATyy).
To ensure effective crack detection in a concrete lining with a crack width of 1 mm and a
crack depth of 5 cm, considering the minimum resolvable temperature difference of the
infrared detection to be 0.1 °C, a minimum required natural temperature difference of
approximately 2.2 °C is identified.

=
W
)

0.4+

=
w
1

v =0.0459x
R?*=0.997

)
()
L

=
/i

3
Minimum resolvable temperature difference 0.1°C

Maximum surface temperature difference A7, (°C)

T T T T

4 6 8 10

<
(]

Natural temperature difference (°C)
Figure 13. Relationship curve between ATy and AT;.

4.5. Results and Discussion

Drawing on the earlier experimental findings, we can make an initial inference that
the temperature field distribution on the tunnel lining surface is predominantly influenced
by crack dimensions (width and depth) and the natural temperature difference. In addition
to those presented in Table 1, supplementary simulated conditions were introduced to
investigate the impact of varying crack depths on the surface temperature field, as detailed
in Table 4.

Table 4. Additional test conditions.

Sample Number W/mm D/ecm
1-¢ 1 175
2-¢ 0.5 175
4-o 20
4-B 50
4-5 1.5 100
4-¢ 175
4y 250
5-a 20
5-p 50
5- 2 100
5-¢ 175
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Given the linear correlation between the maximum surface temperature difference
(ATf) and the natural temperature difference (ATy), temperature scaling factors (k) for
various conditions could be computed using the formula k = AT¢ /ATy. The precise values
are detailed in Table 5.

Table 5. Temperature scaling factors.

W/mm
D/mm
0.5 1 1.5 2.0

2 0.020 0.022 0.023 0.023

5 0.037 0.044 0.048 0.050
10 0.054 0.072 0.080 0.086
17.5 0.068 0.096 0.113 0.124
25 0.073 0.108 0.133 0.150

In practice, the temperature scaling factor k is interconnected with the crack width
(W), crack depth (D), and their interplay. A relationship curve was fitted to depict the
connection between crack depth (D) and the temperature scaling factor (k) for varying
crack widths (W), as depicted in Figure 14.

T T T T
30 4 O— D=0.5mm il
D=1.0mm
D=1.5mm
25 1 D=2.0mm 3 X . 4
820 4
Q
E
2151 4
4
23
<
=
© 04 y, 4
5 ) 8
//’
0 =" T v . .
0.00 0.04 0.08 0.12 0.16

Temperature scaling factor &
Figure 14. Relationship curve between W, D, and k.

Hence, during the detection process, when armed with the known natural temperature
difference (ATy) between the inner and outer sides of the tunnel lining, the maximum
surface temperature difference (ATy), and the crack width (W), the following equations can
be used to estimate the crack depth (D):

D = 30.28W1-324(ek/t — 1)
k= AT¢/ATy
t = 0.0505W

Utilizing the infrared detection method as delineated previously, crack depths were
computed for various typical indoor test conditions, as detailed in Table 6. Upon comparing
the actual depth with the estimated depth, it is evident that this method is well-suited for
accurate crack depth estimation, when ATy =5 and AT; is based on indoor test data.
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Table 6. Comparative analysis of formula results.

Sample o ° D/mm o

Number ATNIC ATC Wimm Calculation Actual Error/%
1-B 8 0.36 1.0 43.54 50 —12.92
1-y 5 0.38 1.0 106.10 100 +6.10
1-y 10 0.71 1.0 93.24 100 —6.76
2-p 5 0.19 0.5 42.38 50 —15.44
2-y 5 0.27 0.5 90.56 100 —9.44

5. Conclusions

Based on the temperature difference inside and outside the tunnel lining, this study
conducted indoor experiments to analyze the heat transfer patterns and infrared image
characteristics of concrete with cracks. The main conclusions are as follows:

1.  During the winter season, the surrounding rock temperature in the tunnel is higher
than the environmental temperature inside the tunnel. A heat transfer phenomenon
is observed from the rock—soil body to the surface of the lining. The healthy region on
the inner surface of the lining appears as a low-temperature area, while the cracked
region presents as a high-temperature area.

2. The temperature contrast among distinct regions on the inner surface of the lining
escalates proportionally with the inherent temperature difference between the interior
and exterior, along with the depth of cracks. However, it diminishes as the crack
width expands. Specifically, for crack widths of 1 mm and 0.5 mm (both with a crack
depth of 50 mm and a natural temperature difference of 5 °C), the maximum surface
temperature differences are 0.23 °C and 0.16 °C, respectively.

3. The relationship between the crack depth (D) and the natural temperature difference
(ATn), the maximum surface temperature difference (AT¢), and the crack width (W)
can be expressed as D = 30.28W1324(ATf/ (ATx-0.0505W) _ 1) " This formula enables
the rapid detection and diagnosis of lining crack depth defects.

6. Discussion

In this study, we conducted experimental and numerical investigations on the feasibil-
ity of using infrared thermography to detect the depth of cracks in concrete lining under
natural temperature differentials. While the research has yielded certain findings, there
are notable limitations that require further refinement in the following areas: In practical
engineering scenarios, cracks may not be confined solely to the surface of the lining but
could also exist within the material. Hence, future research should integrate various de-
tection methods to ensure a broader scope of detection. Due to constraints related to the
experiment site and equipment, this study was only able to simulate natural temperature
differentials within tunnel linings during winter. Consequently, it did not analyze the
process of heat transfer from the tunnel surface to the back of the lining under summer
conditions. Subsequent research should focus on employing different simulation methods
to address and simulate conditions specific to summer.
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