www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Analysis and identification of the
temperature field of dam leakage
based on infrared thermal imaging

Po Li*?2, Lei Tang'*’, Shenghang Zhang?, Pinzhi Luan® & Hui Tian?

Leakage is the most common issue encountered in earth-rock dam projects, with characteristics

of strong concealment in the initial stage and rapid development and significant threat in the later
stage. For a rapid and accurate detection of leakage in earth-rock dams, this paper introduces an
infrared thermal imaging technology by fully considering the correlation between dam leakage and
temperature. The principle behind the application of this technology for the noncontact detection of
water leakage in earth-rock dams was expounded. Based on the theory of flow-heat coupling and
combined with a numerical simulation test on the leakage detection of earth-rock dams under the
effects of varying water heads and water-air temperature differences, the feasibility of the infrared
thermal image technology in detecting leakages in these dams was verified, and the infrared image
characteristics of leakage outlets in the dam and their influencing rules were thoroughly analyzed.
The results showed that the leakage in the earth-rock dam led to low-temperature anomalies in the
leakage outlet area. With the increase in the water air temperature difference and water head, these
low-temperature anomalies became increasingly evident. The temperature and water head of the
leakage outlet showed a decreasing trend that could be characterized by a quadratic polynomial. The
infrared images captured by the UAV could vividly and intuitively present the temperature anomalies
caused by leakage, manifesting as a temperature stratification phenomenon with low values inside
and high values outside. The temperature measurement accuracy of an infrared thermal imager is
positively correlated with reflectivity in a linear manner, whereas it is negatively correlated with the
detection distance. Additionally, with an increase in the angle between the focal plane of the infrared
thermal imager and the normal direction of the soil dam surface, the temperature measurement
accuracy decreases. The development of an unmanned aerial vehicle utilizing the proposed technology
for leakage detection in earth-rock dams, along with the identification of abnormal temperature fields
indicative of leakage on the dam surface, holds significant importance. This technology contributes
to the rapid and accurate detection of leakage hazards, ensuring the safety of earth-rock dam
engineering projects.
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China frequently witnesses catastrophic floods. Earth-rock dams are an important barrier against floods and
play an important role in the development of the national economy'. During the flood season, earth-rock
dams encounter dangerous situations, threatening the safety of the lives and properties of residents in protected
areas. In addition, during the long-term service of dams, due to water-level fluctuations and complex geological
and environmental factors, the damage, leakage, and other diseases that arise in the dam can become serious,
particularly seepage deformation and leakage-induced damage?>. Figure 1 shows that during the 2024 flood
season, the first line of earth-rock dam in Tuanzhouwan, Huarong County, Hunan Province, breached due to
leakage. The leakage problem of earth-rock dams is different from other safety issues. Due to the small amount
of leakage in the initial stage, leakages are hidden and difficult to detect by manual inspection®*. Moreover,
leakage areas have a spatiotemporal randomness®, making it difficult to predict their location and specific time
of occurrence. Therefore, when a leakage is discovered, the dam is typically in an extremely dangerous state’.
Timely detection, accurate identification, and localization of leakage hazards are crucial for ensuring the safe
operation of earth-rock dams.
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Fig. 1. Realistic picture of the breach of the first line of earth-rock dam in Tuanzhouwan, Huarong County,
Hunan Province.

Currently, there are many methods for monitoring earth-rock dams for possible leakages. Conventional
leakage monitoring methods mainly rely on pressure-measuring tubes and water-measuring weirs®. These
monitoring methods have a low coverage, and if the monitoring location is not appropriately selected, hidden
leakage risks can be easily overlooked. Due to the high water content in areas with leakage hazards, these
areas may exhibit physical and chemical properties that differ from those of other normal areas’. Based on
this characteristic, extensive and in-depth research has been conducted on the detection and identification of
leakage areas in earth and rock embankments!, promoting the development of disease detection, identification,
and treatment methods for leakage in earth-rock dams. For example, the high-density resistivity method!! is
based on determining the electrical characteristics of the medium in question, and leakage hazards are identified
based on the low-resistance pattern of the soil and rock media with a high water content. This method has a high
measurement accuracy and can be used to simultaneously obtain the resistivity distribution in both the vertical
and horizontal directions, making it widely applicable in engineering practice. The transient electromagnetic
method!?" is based on utilizing the fact that the intensity of the eddy current generated by a rapidly changing
magnetic field in a medium varies under different moisture contents, which can be used to calculate the internal
moisture content of the soil; the higher the soil moisture content, the stronger the eddy current field generated.
This method can effectively detect potential seepage hazards at a certain depth inside soil and rock embankments.
The ground penetrating radar method!>-'7 is based on the high-frequency electromagnetic wave theory and has
been used to analyze and study the waveform characteristics of transmission and reception, thereby inferring
the location and morphology of leakage hazards. However, due to the high requirements of the above detection
methods, they are mostly used during the dry season and are not very practical for the flood season, where
frequent disasters occur. Due to the average efficiency and low degree of automation of the above methods, they
are less commonly used in extreme weather and emergency situations. In recent years, the distributed fiber-
optic temperature-sensing monitoring method!®! has also been applied to the monitoring of leakage hazards.
This method mainly detects abnormal seepage points inside earth-rock dams by monitoring the temperature
field, thereby detecting leakage hazards. The advantages of this method are its good time continuity and wide
spatial coverage. However, it requires pre-embedding optical fibers in the object to be monitored, and it has a
poor applicability for existing old earth-rock dams. Currently, the fiber-optic temperature measurement-related
instruments and equipment are relatively expensive, and the rather low monitoring accuracy can easily lead to
misjudgment of leakage hazards. Hence, it is necessary to introduce fast and efficient technologies to provide
strong support for flood and drought disaster prevention.

Infrared thermography (IRT) is an advanced technology that employs photoelectric techniques to detect
specific infrared signals emitted by objects. These signals are then converted into images and graphics that can
be visually interpreted by humans, where different colors are used to depict the surface temperature distribution
of objects®. The use of the unmanned aerial vehicle (UAV)-based infrared thermal imaging technology for
the leakage inspection of earth-rock dams not only allows for a noncontact measurement of the temperature
(made possible by the infrared thermal imaging technology) and is not subject to the limitations of time and
distance but also fully utilizes the high maneuverability, ease of operation, and complex terrain adaptability
of UAVs. Currently, it is widely used in fields such as forest fire prevention?!:?, wildlife search and rescue®,
and fault detection?®?. In the application of this technology to the leakage detection of earth-rock dams,
Bukowska-Belniak et al.?® demonstrated the feasibility of using IRT for detecting dam leakage through model
experiments. Chen et al.”’ conducted infrared thermal imaging experiments during the dam water storage and
collapse processes, highlighting that leakage induces abnormal temperature variations on the dam surface. Zhou
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etal.?® conducted passive infrared thermal imaging experiments to detect leakage in soil and rock embankments,

concluding that afternoon and nighttime are the optimal periods for using IRT to inspect such leakage. Xu et
al.? used UAVs equipped with thermal imaging equipment for dam leakage detection, image recognition, and
other technologies to calculate the leakage area. Wang and Peng et al.>*3! observed the temperature distribution
patterns on infrared thermal images and have extracted specific temperature values at certain points on
the captured infrared images for data analysis; however, the above research has to some extent promote the
application of infrared thermal imaging in the identification of earth-rock dam leakages; little attention has been
paid to the texture and morphological features of these images.

In this paper, an infrared thermal imaging technology is introduced by fully considering the correlation
between the leakage and temperature in earth-rock dams. The basic principle of non-contact leakage detection
using infrared thermal imaging is discussed, and the effects of atmospheric transmittance, dam emissivity, wind
force, and solar irradiation angle on the detection accuracy are analyzed. Additionally, numerical simulation
experiments conducted on infrared thermal imaging for seepage detection in earth-rock dams under varying
water heads and temperature differences are presented. The infrared image characteristics and influencing laws
of the leakage outlets in the earth-rock dam are thoroughly analyzed, providing a theoretical support for the
application of the UAV-based infrared thermal imaging technology in detecting leakages in earth-rock dams.

Infrared thermal imaging leak detection theory

Basic principles

According to Planck’s blackbody radiation law2, when the temperature of an object in nature is above absolute
zero (—273.15 °C), the object can automatically absorb, radiate, and reflect electromagnetic waves. The infrared
radiation intensity of a substance is positively correlated with its own temperature, that is, the higher the
temperature, the greater the amount of infrared radiation. The above PlancK’s blackbody radiation law can be
represented by Eq. (1)**:

2\—5
E(\T) = 2ZheA " (1)

exkr — 1

Here, Aand T  are the electromagnetic wavelength and thermodynamic temperature of the substance, respectively;
h is the PlancK’s constant, taking a value of 6.626x 1073 J.s; k is the Boltzmann constant, taking a value of
1.38x 1072 J/K; c is the propagation speed of electromagnetic waves in vacuum, taking a value of 2.998 x 108
m/s.

The specific heat capacity of water (approximately 4.2x 10 J/kg) differs significantly from that of soil
(approximately 0.84x 10° J/kg), and areas with leakage in soil and rock embankments will exhibit different
temperature change patterns from normal areas due to their high moisture content. By scanning and observing
with an infrared thermal imager, it can be observed that the slope surface of the earth dam will form temperature
zones of different colors. Therefore, the temperature field distribution on the surface of the earth dam can be
measured by an infrared thermal imager to determine its leakage state. If the temperature field is abnormal, it is
highly likely to be caused by leakage. Follow-up measures will be taken to conduct a secondary screening of the
abnormal temperature field area, ultimately achieving identification and localization of the leakage area.

Numerical analysis of flow-heat coupling
Mathematical model
The governing equation, i.e., the Richards equations, for groundwater flow is as follows:

Cm 8p k‘skr (9) _
P <pg+sess>at+vp (—H(T)V (P—i-pgz)) =Qm 2

Here, P is the pressure; g is the gravitational acceleration; o (T") is the dynamic viscosity of water, which is a
function of the temperature T; p is the density of water, assumed to be constant here; 6 is the moisture content; z
is the elevation of the leakage point; C,, is the water capacity; ks is the saturation rate of the permeable medium;
Se is the relative saturation of the soil; Ss is the elastic water storage rate; k,. (0) is the relative permeability of
the unsaturated zone (0<k_r (6) < 1), which is a function of the water content 6; V is the Laplace operator; Q,
represents the source and sink term of water flow.

The temperature field is described by the thermal convection heat transfer equation:

0 T

% =V (AegVT) + V (0pucw DuVT) — V (0puwcwuT) + Qs (3)
Here, T is the ground temperature; A4 is the equivalent heat transfer coefficient; ceq is the equivalent specific
heat capacity; peq is the equivalent density; ¢, is the specific heat capacity of the water; p., is the density of the
water; Qs is the heat source-sink term; and w is the average flow rate of the water, which is numerically v = v/6.

Basic assumptions

This numerical analysis focuses on the temperature field characteristics of the leakage outlet and solves the
problem of rapid identification of the leakage outlet by coupling the seepage field and temperature field of the
dam. Due to the seepage effect, it can promote the exchange and transfer of heat inside the dam body, thereby
affecting the distribution of the entire dam temperature field. Figure 2 shows the simplified geometric model

Scientific Reports |

(2025) 15:10551 | https://doi.org/10.1038/s41598-025-95117-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Leakage passage

\

Upstream water level

Fig. 2. Simplified geometric model for leakage.

Thermal conductivity | Specificheat | Density | Permeability coefficient
Material W/ (m - K) J/ (kg - K) | kg/m®* | m/s
Dam body 1.2 800 1400 2.97x1077
Water leakage path | 1.8 2000 1300 2.97x1073

Table 1. Thermodynamic and physical mechanical parameters of the model.

VG model parameters
Material Volume fraction of saturated liquid (6,) | Residual liquid volume fraction (6,) a/m™! | n | Elastic water storage rate (CH]
Dam body 0.3 0.07 0.1 1.8 [107¢
Water leakage path | 0.6 0.03 18 1.7 [ 1077

Table 2. Unsaturated seepage calculation parameters.

of dam leakage. In practice, there are many factors that affect the leakage of earth-rock dams, and the degree
of influence of each factor is different. The mathematical methods and heat conduction theory used are not
unconditional and absolute, they are established under certain conditions and premises. To simplify the solution
while reflecting the key elements, the following assumptions and simplifications are made to the model:

(1) The dam body is a homogeneous and isotropic continuous medium, and the seepage is also considered a
continuous medium.

(2) The thermal properties of the soil are uniform and do not vary with the soil temperature.

(3) The seepage of the dam body follows Darcy’s law.

Model calculation parameters

When studying the temperature field distribution under different permeability coeflicients of the dam body,
Zhou et al.** found that the temperature field is quite evidently affected by the seepage field when the permeability
coefficient of the dam body is k; > 5x 107> m/s, and the temperature at each point on the dam body is close to
that in the case of no seepage when the permeability coefficient of the dam body is k, < 7x 1077 m/s. Wang et
al.3® performed a 3D seepage stability analysis of buildings passing through a plain reservoir dam body; the
permeability coefficient of the dam body was taken as 1077 m/s, and the foundation permeability coefficient
was taken as 5x 107> m/s. A pressure boundary was set as the boundary condition and applied to the upstream
surface, with a normal water storage level of 9 m. To simplify the model and perform calculations effectively,
the downstream surface was set as the drainage boundary, and the remaining surfaces were taken as default
impermeable boundaries. Referring to the above research results, the permeability coefficient of the normal dam
body was fixed at k ;= 2.94x 10~ m/s, and the permeability coefficient of the leakage channel was k_=2.94x 1073
m/s. Table 1 presents the thermodynamic and physical mechanical parameters of the model dam body and
leakage channel materials. Table 2 presents the unsaturated seepage parameters.

Field test
To demonstrate the applicability and reliability of the infrared thermal imaging technology onboard the UAV
for dam leakage detection and to provide a theoretical basis and practical reference for the popularization and
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Fig. 3. Design profile of the Xiangshan Reservoir dam.
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Fig. 4. Leakage inspection of earth-rock dam with UAV equipped with an infrared thermal image: (a) Site
map of the dam; (b) Detection system.

application of this technology, an experimental study on its application for the leakage identification of earth-
rock dams was performed in a test site of earth-rock dams.

Dam leakage survey

Engineering overview

The dam studied herein was composed of a rockfill material located in Heihe City. The rockfill pressure body
was set at the upstream and downstream toes of the dam. The length of the dam crest was approximately 385 m,
the width of the dam crest was 5 m, the upstream dam slope was 1:1.65, and the downstream dam slopes were
1:1.5 and 1:1.55 from top to bottom. The slope changed at an elevation of 259.40 m, and a 4 m-wide bench
berm was set up. Because the dike was built on the spot, the dike body was mainly composed of rockfill, and the
miscellaneous fill was distributed locally. Due to the poor filling quality and anti-seepage performance, leakage
occurred in the natural state of the downstream dam surface. The temperature of the UAV during the inspection
was 12.4 °C, and the water temperature of the dam was 6 °C. Figure 3 shows the site map of the dam captured by
the UAV equipped with the infrared thermal imager.

Detection system design

A UAV was equipped with an infrared thermal imager-based detection system, comprising three parts: a
UAV platform, an infrared thermal imager, and a ground remote control station. Figure 4 shows the designed
detection system. The UAV platform mainly performs two tasks: autonomous flight according to the flight plan
and carrying of the infrared thermal imager. The infrared thermal imager was used to capture the thermal image
of the downstream surface of the dam. The ground remote control station was responsible for sending control
commands, receiving the operating state parameters of the UAV platform and the infrared thermal imager, and
displaying the real-time images. Therefore, the DJ 350 RTK UAV and the Zenmuse H20T infrared thermal imager
was selected in this study. Table 3 presents their main technical indicators. The UAV platform in a detection
system has the advantages of portability, high free hovering accuracy, stable flight, high positioning accuracy,
long image transmission distance, and a certain load capacity. To ensure the maneuverability and safety of the
UAY, the operation in rainstorms, strong winds, and other complicated climatic conditions should be avoided.
The infrared thermal imager in the detection system has high resolution, thus achieving identification of small
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Equipment Technical parameters Values/configuration
Minimum focal length/cm 30
Digital zoom 1x, 2x, 4%, 8%
VAV Sensitivity/°C 0.05
Resolution ratio 640% 512
Maximum frame rate/Hz 30
Wavelength range/ pm 8-14
Category Four-rotor
Payload /kg 2.7
Hovering time /min 55
Infrared thermal imager | Wind resistance /(m-s™!) 12
Maximum flight speed /(m-s™!) | 23
Hovering accuracy /m 40.1 (vertical) ; £0.3 (horizontal)
Control mode Manual control/autonomous flight

Table 3. Main performance parameters of the UAV and the infrared thermal imager.

temperature differences. The DJI GL900 ground remote control station was selected. Its signal transmission
distance can reach 8 km, and the transmission signal is strong and stable. A thermometer with a range of 0-30 °C
and an accuracy of 0.01 °C was used to measure and record the temperature difference.

Analysis of detection accuracy

The detection of leakage in a dam body from its infrared thermal image involves the use of a UAV equipped with
an infrared thermal imager to capture the temperature field on the surface of the dam body. In this method, a
possible leakage in the dam body is detected by analyzing the collected data. The infrared image captures the
thermal radiation on the surface of the object. To ensure the accuracy of the temperature measurement of the
UAV-borne infrared thermal imager, it is necessary to consider the effects of atmospheric transmittance, dam
surface emissivity, wind force, and solar irradiation angle**7.

(1) Atmospheric transmittance

The attenuation of infrared radiation is affected by atmospheric composition, mainly meteorological attenuation,
such as carbon dioxide, water vapor, rain, and snow-S. Floating particles in the atmosphere absorb infrared
rays, which distort the image captured by the infrared thermal imager and cause errors. During rain, snow,
or a sandstorm, due to the interference from water vapor and dust, the scattering phenomenon affects the
accuracy of the temperature measurement. When using an infrared thermal imager to detect leakage, reducing
the temperature measurement distance as much as possible on the basis of ensuring a wide field of view; when
shooting, hazy, rainy, and snowy conditions must be avoided, and it is best to test under conditions with a
humidity of no more than 75%.

(2) Dam surface emissivity

The emissivity of a dam surface refers to the strength of the radiation capacity of the dam surface, which is the
main factor affecting the temperature measurement accuracy of the infrared thermal imager. The temperature
obtained by remote sensing is linearly positively correlated with the reflectance, and the higher the reflectance,
the greater the temperature at the measuring point, as shown in Fig. 5. When the reflectivity is below 0.95, the
remote sensing temperature of the dam surface will continuously decrease with a decrease in the reflectivity;
when the reflectivity is higher than 0.95, as the reflectivity increases, the remote sensing temperature of the dam
surface will be higher than the actual true value. The surface emissivity is related to the vegetation coverage,
flatness, color, and roughness of the dam surface. A wide coverage of vegetation on the dam surface can decrease
its emissivity, and when the dam surface is uneven, the emissivity will increase. The surface emissivity of common
materials, such as soil, sand, and water, used in the construction of earth dams is above 0.9. The remote sensing
detection of target temperature is done within an error of +15% of the actual real temperature, making them
ideal infrared detection targets*’.

(3) Shooting angle and distance

The angle between the focal plane of the infrared thermal imager and the slope surface of the earth dam can
also affect the detection effect. The larger the angle between the focal plane of the infrared thermal imager and
the normal direction of the earth dam surface, the lower the temperature measurement accuracy‘“. In addition,
the temperature measurement accuracy of infrared thermal imagers is negatively correlated with the detection
distance, as shown in Fig. 6. The farther the detection distance, the lower the temperature detected by the infrared
thermal imager will be compared to the actual temperature of the target object, and the relationship between the
two satisfies an exponential function. Therefore, close range detection should be ensured as much as possible*2.
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Fig. 6. Relationship curve between detection distance and temperature measurement accuracy.

(4) Wind

The infrared detection of earth-rock dam is performed outdoors, and the wind force will significantly impact the
infrared detection results. The greater the wind force, the faster the dissipation of the heat to the defect area of
the target object, forming a strong cooling effect, resulting in a lower infrared detection temperature compared
with the actual value®. In practical engineering exploration, it is advisable to choose a time period with lower
wind speeds, which is also beneficial for maintaining the stability of drone travel and prolonging the travel time.

Results and discussion
Numerical calculation of the model
As the main purpose of this model experiment is to use the image technology to solve the problem of rapid
identification of leakage outlets in earth-rock dams, the focus is on the infrared image characteristics and patterns
of leakage outlets, and a quantitative analysis of the seepage field inside the dam body is not currently conducted.
Therefore, assuming that the dam body is a homogeneous isotropic continuum, ignoring the heterogeneity and
layering of the actual dam body filling material can not only simplify the model calculation but also not affect
the infrared image characteristics and laws of the leakage outlet.

To investigate the abnormal temperature field on the downstream dam surface caused by dam leakage.
Based on the measured operating environment temperature of the dam during the flood season, the dam body
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Fig. 7. Numerical calculation results of the dam leakage flow-heat coupling.
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Table 4. Thermal distribution maps of the dam section and downstream dam surface with various water-air
temperature differences under different water heads.

temperature was set to 17 °C, the reservoir water temperature to 15 °C, and the atmospheric temperature to
25 °C. As shown in Fig. 7, when the temperature is greater than the reservoir water temperature, and if dam
leakage occurs, the seepage field in the dam interacts with the temperature field, the temperature field in the
dam changes, and the leakage outlet on the dam surface exhibits a low-temperature anomaly. This is because
the earth-rock dam only has seepage phenomenon when there is no leakage, the flow velocity is low and stable,
and there is time and space for heat exchange between the soil material and water; therefore, the temperatures
of the soil material and water are the same. However, when there is a leakage channel, the flow rate of the water
in the channel is accelerated. Compared with the seepage water in the stable seepage period, its temperature is
closer to the water temperature at the entrance of the leakage channel. At this time, the temperature difference
inevitably produces heat conduction. Due to the flow velocity, the heat exchange between the water and the soil
in the channel is incomplete, and heat is exchanged only between the surrounding channel and the earth-rock
mass and thereafter advances to the interior regions of the dam. Therefore, the original stable temperature field
varies significantly due to the generation of leakage channels, forming a new temperature field. By comparing
the temperature field with the original temperature field, the location of the leakage channel can be determined
more intuitively.

Effects of water head and water-air temperature difference

Through the coupling analysis of the seepage and temperature fields, the temperature field distribution of the
dam surface under various water—air temperature differences and water head was calculated, as listed in Table 4.
When air temperature > reservoir water temperature, and there was leakage in the dam, the temperature field on
the downstream dam surface of the model dam body exhibited an evident low-temperature anomaly, and the
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temperature at the outlet point was significantly lower than that of the normal dam body, exhibiting an elliptical
low-temperature area. With the increase in the water—air temperature difference, the temperature anomaly of
the downstream dam surface was higher, and the greater the water head, the more evident the anomaly of the
elliptical low-temperature area. This is because the leakage degree of the dam model was affected by the water
head. An increase in the water head strengthens the migration ability of the leakage channel, and the fluid flow
rate and leakage amount in the leakage channel will also increase, thus reducing the heat transfer capacity of
the dam leakage area. The outlet point of the leakage water was affected by the water temperature, resulting in
a temperature drop. The temperature at the water outlet point was lower than that of the surrounding normal
dam body, exhibiting a low-temperature anomaly. When the leakage was sufficiently large, the insufficient heat
transfer of the soil made the temperature at the water leakage point closer to the water temperature, and the
temperature gradient changed more evidently under the action of the water—air temperature difference.

As shown in Fig. 8, the temperature varies at the leakage outlet under different water heads and water
temperature differences. Under the condition of temperature > reservoir water temperature, the temperature at
the leakage outlet for each water temperature difference shows a gradually decreasing trend with the continuous
increase in the water head. The smaller the water head, the closer the temperature of the leakage outlet is to the
dam surface temperature. When the water head is 2.5 m, the water—air temperature difference is 10 °C is used
to detect leakage. The temperature at the leakage outlet compared to the water—air temperature difference of
5 °C is slightly higher by 0.2 °C. As the water head continues to increase, the temperature value at the leakage
outlet tends toward the reservoir water temperature but will not be lower than the reservoir water temperature
by 15 °C.

According to the relationship between the temperature at the leakage outlet point and the permeability
coeflicient of the leakage channel, a quadratic polynomial Eq. (4) was used to fit it, and the fitting curve showed
a trend of first rapidly decreasing and then gradually decreasing.

y=a-x>+b-z+c (4)
In the formula, a, b, and c are constants.

UAV equipped with an infrared thermal imager for leakage inspection of earth-rock dams
From the numerical simulation test of the dam leakage coupled with the seepage and temperature fields, it is
known that the water temperature difference affects the degree of temperature field anomaly at the leakage outlet.
Therefore, to better detect leakage in earth-rock dams, when conducting on-site inspections of earth-rock dams,
priority should be given to selecting time periods with significant temperature differences. On September 13,
2023, a drone equipped with an infrared thermal imager was used for inspection, and a thermometer was used
to measure the upstream water temperature of the reservoir at 5.8 °C and 13.6 °C.

Bench berm

The UAV equipped with the infrared thermal imager was used to detect possible leakage in a certain earth-
rock dam. As shown in Fig. 9, when air temperature > reservoir water temperature, a low-temperature anomaly
appeared in the leakage outlet area of the dam surface. Due to the significant difference between the specific heat
capacity of the soil (approximately 0.84 kJ/kg) and the specific heat capacity of the water (approximately 4.2 kJ/
kg), under the influence of solar radiation, a thermal difference is typically observed between the reservoir water
and the earth-rock dam surface. The normal dam surface is affected by atmospheric radiation and environmental

2571 ° AT=10°C

24 + @ AT=5°C

23 | — Fitting curve(AT=10 °C)
O 2l — Fitting curve(AT=5 °C)
o
s 2 y=3.1:3-16.39-x+37.54
2 201 ~ (R’=0.99)
2 19t
5 18| )
2 y=1.6-x-8.04-x+25.72

17 F (R?=0.99)

16 Reservoir water temperature

X
15 - L [ 1 1 . 1 n 1 n 1
0.5 1.0 1.5 2.0 2.5 3.0

Water head / (m)

Fig. 8. Temperature changes at the leakage outlet under different water heads and water temperature
differences.
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Fig. 9. Inspected bench berm leakage by a UAV equipped with an infrared thermal imager: (a) Visible light
image, (b) Infrared thermal image, and (c) Isothermal change diagram.
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Fig. 10. Leakage inspection of dam slope by a UAV equipped with an infrared thermal imager: (a) Visible light
image, (b) Infrared thermal image, and (c) Isothermal change diagram.

impact, and its temperature will be close to the air temperature, and the heat transfer is uniform. Therefore, when
there is a leakage, local thermal anomalies typically occur at the leakage outlet. As shown in Fig. 9b, as the soil
around the seepage point continues to absorb water, the surface of the seepage boundary will be soaked by the
water, and heat is exchanged with the seepage water flow. The temperature of the soil around the seepage point
also increases, forming a temperature zone, which is represented by different colors. As shown in Fig. 9c, the
inner boundary of the leakage outlet temperature is 6.5 °C, which is slightly higher than the upstream water
temperature due to the influence of thermal convection inside the dam body. The farther the soil is wetted by
the seepage water flow at the outer boundary, the more heat is lost by the water flow to the low-temperature air
during this process. Therefore, less heat is transferred to the distant soil, causing the temperature value at the
outer boundary to be higher than the water temperature but slightly lower than the air temperature, ultimately
resulting in a temperature stratification phenomenon characterized by lower values inside and higher values
outside.

Dam slope

As shown in Fig. 10a, there is a leakage on the dam slope. When air temperature > reservoir water temperature,
and there is leakage on the earth-rock dam surface, the specific heat capacities of the water and earth-rock
medium are quite different, leading to an abnormal temperature distribution. Figure 10b shows that the
temperature in the water outlet point area of the leakage channel is lower than that in the surrounding normal
dam body, and the infrared thermal imaging diagram shows a dark-blue low-temperature area, which is the
leakage area found in this detection. The leakage in the dam will also be due to the existence of a slope, resulting
in a “trailing” phenomenon of the leakage in the image. In addition, as shown in Fig. 10c, the isotherm of
the leakage area exhibits a temperature stratification phenomenon with low values inside and high values
outside. The outer boundary temperature of the leakage area was close to the air temperature of 13.6 °C, and the
inner boundary temperature was slightly greater than the reservoir water temperature. This is due to the heat
conduction between the dam surface and the atmosphere so that the dam surface and the atmosphere maintain
a thermal balance, and the dam body is affected by the thermal convection of the reservoir water temperature
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and the air temperature, and the water temperature at the leakage outlet will slightly increase. Therefore, the
temperature field distribution on the earth dam surface can be measured using the infrared thermal imager for
the identification and positioning of the leakage area.

Due to the different degrees of leakage in the raceway and dam slope, the temperature anomaly at the leakage
outlet varies. Therefore, it is still possible to measure the temperature field distribution on the surface of the
earth-rock dam through UAV's equipped with infrared thermal imagers, achieving identification of the leakage
area. As a surface sensing technology, IRT does not have internal detection capability. This technique is only
effective when the seepage effect approaches or reaches the slope surface. Currently, the main reliance is on
manual inspections to detect leakage risks, which may only be effective after the leakage has escaped. In contrast,
IRT has the advantages of intuitive visualization, wide coverage, high work efficiency, and can operate normally
at night. The rapid identification of leakage hazards in soil and rock embankments during flood season has
important application value.

Conclusions

A UAV equipped with an infrared thermal imager was used as a new nondestructive testing technology to
detect leakages in earth-rock dams in a natural environment. Based on the coupling theory of the seepage and
temperature fields and considering the effects of the water vapor temperature difference and water head, the
spatial distribution characteristics of the thermal image of the leakage area were obtained. Better conditions for
identifying leakages in earth-rock dams using the infrared thermal imager were explored. The main results and
conclusions drawn are as follows:

(1) Based on the flow-heat coupling theory, when there is leakage in an earth-rock dam, the temperature field
of the downstream dam surface of the model dam is evidently abnormal, and the temperature field of the
dam surface leakage exhibits elliptical spatial distribution characteristics. This proves the feasibility of using
the temperature field to identify leakages in the earth-rock dam, and it represents a new technical means to
study possible leakages in dams.

(2) Considering the influence of the water head and water-air temperature difference, when the temperature
was greater than the water temperature of the reservoir, a low-temperature anomaly appeared at the leakage
outlet point on the dam surface. With the increase in the water-air temperature difference and water head,
this low-temperature anomaly became increasingly evident, providing a scientific basis for identifying pos-
sible leakage in earth-rock dams using the UAV equipped with the infrared imaging technology.

(3) When the UAV-borne infrared imaging method is applied to the actual leakage risk identification in earth-
rock dam projects, it is affected by environmental factors related to engineering service. Therefore, the
effects of atmospheric transmittance, dam surface emissivity, wind force, and solar irradiation angle were
analyzed to ensure the accuracy of the temperature measured by the UAV-borne infrared thermal imager.

(4) In the application of the UAV equipped with the infrared thermal imager to detect leakage on the surface
of the earth-rock dam, a low-temperature anomaly appeared in the leakage outlet area, manifesting as a
temperature stratification phenomenon with low values inside and high values outside. Due to the existence
of the dam slope, a “trailing” phenomenon of leakage was evident in the infrared thermal image.

Our results can serve as a basis for advancing the application of drone technology for the inspection and
maintenance of hydraulic infrastructure. Despite these achievements, some shortcomings remain in the
existing work. In the process of leakage identification, the human eye must observe the image to achieve leakage
identification. Therefore, studying automatic leakage identification algorithms and models is an urgent problem
to be solved. Given that the infrared images of dam leakage have distinct contour and brightness features, it is
possible to consider transforming the problem of leakage identification into a classification problem of infrared
images. In the field of image classification, deep learning has produced advanced results, which can be used
for reference. Utilizing pre-trained deep neural networks for transfer learning is a research method worth
considering.

Data availability
Some or all data, models, or codes generated or used during the study are available from the corresponding
authors by request.
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