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Monitoring the seepage field is essential to characterize the operation of the earth dam. However, conventional seepage monitoring
typically involves the use of a piezometer tube or pressure sensor for point distribution. A mathematical model incorporating the
feedback of the temperature field on the seepage field was proposed based on experimental test observations. First, a theoretical
analysis of the mathematical model is conducted, which includes examining the relationship between the variation of temperature
field and factors, such as hydraulic gradient, water and soil temperature difference, hydraulic conductivity, thermal conductivity,
specific heat, and time. Second, a homogeneous earth dam model is constructed in the laboratory with a distributed temperature
sensor system to obtain synchronous information of the seepage–temperature field. Finally, the parameters of the mathematical
model are quantified using observations from experimental tests, demonstrating good agreement between calculated and measured
values. The experimental results indicate the feasibility of inferring seepage field monitoring information from the temperature
field and elucidation of the interaction mechanism of the coupled fields. The quantitative mathematical model of the temperature
field feedback on the seepage field is validated for its applicability in earth dams.

1. Introduction

Engineering projects have become progressively more com-
plex in recent decades, encompassing the development of
various energy sources, such as oil, natural gas, geothermal,
and others, the construction of large dams for water conser-
vation, the excavation of deep tunnels in the earth, the stor-
age of nuclear waste, and the mitigation of pollutants in
environmental projects [1–3]. These intricate engineering
practices have led to the evolution of single-field studies
toward the coupling of two or more fields, such as tempera-
ture field, seepage field, and deformation field [4]. As a result,
it is crucial to elucidate the interaction mechanisms in these
coupled fields in order to ensure the safe operation of the
engineering projects.

Seepage, as an environmental factor affecting geological
bodies, has significant implications for soil deformation and
structural stability. In the case of earth dams, seepage repre-
sents a major hazard that can compromise their safety. In
fact, studies have shown that 52.5% of earth dam accidents

worldwide are attributed to piping and leakage [5]. About
60% of more than 30,000 endangered earth dams have seep-
age problems in China [6]. The seepage field of an earth dam
refers to the spatial region occupied by the equipotential lines
of the water head and the percolation flow lines. At any given
point within the seepage field, there exists a specific water
head and seepage velocity, which are functions of the coor-
dinates and time of the respective points [7–9]. However, due
to the complexity of the seepage field, traditional monitoring
methods for earth dams are limited to local observations at a
few typical sections using the piezometric tubes or pore pres-
sure sensors. This approach may not capture seepage events
at discrete points, leading to potential hidden hazards, such
as piping, heave, concentrated leaks, and contact erosion,
among others, that could threaten the integrity of earth dams.

The rapid advancements in fiber sensing technology have
led to the recognition of the potential of distributed temper-
ature sensors (DTS) for seepage monitoring [10]. DTS oper-
ates based on the principles of fiber Raman scattering and
optical time-domain reflection, allowing for precise and
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accurate temperature measurements along the fiber length.
Specifically, a laser pulse signal of specific energy and width
is injected into the fiber, and the resulting scattered signal
generated during fiber transmission is continuous [11]. By
analyzing the time interval between the intensity of the back-
scattered light wave and the signal of the incident optical
pulse, the temperature field information of the scattered
point can be demodulated to obtain the temperature profile
of the entire fiber [12–14]. It has been reported that the
temperature field and the seepage field in earth dams are
interrelated, with mutual interactions and influences [15].
Ghafoori et al. [16, 17] developed a laboratory-scaled model
to continuously monitor seepage by a passive optical fiber
DTS system. In addition, the water temperature upstream of
the dam may vary periodically with the seasonal changes. If
the permeability of the soil is small, the temperature in the
dam body is essentially constant with the season. However, if
the soil permeability is high, the temperature within the dam
body may significantly change with the seasonal variations,
with annual temperature variations ranging from 5 to 10°C
[18, 19]. Therefore, the spatial distribution of the tempera-
ture field and the time-series data of the temperature at the
measuring point can be utilized to analyze the distribution of
the seepage field. The DTS can be considered a suitable mea-
surement tool for monitoring the seepage field in earth dams
even if the measuring points of the earth dam are distributed
far apart.

DTS offers several advantages, including small size, con-
tinuousmonitoring, good flexibility, highmeasuring precision,
and the ability to operate in harsh environments [20–22]. As a
result, various fiber-optic temperature monitoring systems
have been developed and widely used for seepage monitoring
worldwide. For example, Barrias et al. [23] developed a multi-
channel fiber-optic temperature sensor system using an optical
time domain reflectometer for temperature measurements.
Xiang and Wang [24] used DTS to analyze long-term temper-
ature data from a buried pipe in a dam body to assess the
seepage condition of an earth dam. Li et al. [25] constructed
a simplified mathematical model to describe the coupling
between the seepage field and the temperature field, consider-
ing different fiber arrangements and proximity of temperature
measurements. In China, DTS technology has been success-
fully applied to the seepage monitoring of many major water
conservancy projects, including the Three Gorges Dam, Xiao-
wan Arch Concrete Dam, Si Anjiang Concrete Face Rockfill
Dam, and Changtiao Hydropower Station [26].

However, the current application of DTS technique is
limited to qualitative determination of leak location for earth
dams, and the existing mathematical models are only able
to provide qualitative identification. Hence, there is a need
to develop a mathematical model that utilizes quantitative
parameters to establish a feedback mechanism between the
temperature field and the seepage field, enabling accurate
identification of seepage hazards.

In this study, the relationship between the variation of
temperature field and hydraulic gradient, water and soil tem-
perature difference, hydraulic conductivity, thermal conduc-
tivity, specific heat, and time was analyzed theoretically to

build a mathematical model. Laboratory physical model tests
were then conducted to validate the feasibility of the pro-
posed mathematical model, using observations from DTS
and piezometer tubes. The objective of this research is to
develop a quantitative mathematical model that can reveal
the interaction mechanism of the coupled fields for earth
dams by incorporating the temperature field as a feedback
mechanism for seepage monitoring.

2. Materials and Methods

2.1. Analytical Method. The temperature fluctuations at a
specific point within the dam body due to seepage are influ-
enced by several factors, including the hydraulic gradient, the
difference between the water temperature and the soil tem-
perature, the hydraulic conductivity, the thermal conductiv-
ity coefficient, the specific heat, and time. The temperature
variation can be described as follows:

ΔT ¼ F J;Tws; k; λ;C; tð Þ; ð1Þ

where ΔT is the temperature variation, J is the hydraulic
gradient, Tws is the difference between the water temperature
and the soil temperature, k is the hydraulic conductivity, λ is
the thermal conductivity coefficient, C is the specific heat,
and t is the time.

Assuming that the seepage of homogeneous soil con-
forms to Darcy’s law, it should be noted that in a homoge-
neous earth damwith stable seepage, the hydraulic conductivity,
the thermal conductivity coefficient, and the specific heat can
be treated as constants [27]. Hence, the hydraulic gradient, the
difference between the water temperature and the soil tem-
perature, and time are the key factors that impact temperature
variations in different regions of the dam.

The mathematical model for the temperature field of the
dam body under the influence of the seepage field can be
expressed as follows:
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where x; y are the coordinates of the measuring point, ρw; ρ is
the density of water and soil, Cw;C are the specific heat of
water and soil, and vx; vy are the seepage velocity of the x direc-

tion and the y direction, respectively. λ∂T2=∂x2 þð λ∂T2=∂y2Þ
in Equation (2) represents the heat introduced by dam body,

Cwρw ∂ vxTð Þ=∂xþ½ ∂ vyT
À Á

=∂y� refers to the heat carried away
or left behind by water flowing in and out of dam body, and Q

is the heat source inside dam body
It is assumed that the heat introduction effect and other

heat sources inside the dam body are not considered, Equa-
tion (2) can be simplified as follows:
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Equation (3) emphasizes primarily that the temperature
variation of the dam body is proportional to the heat carried
away or left behind by seepage.

Assuming the seepage flow obeys Darcy law:

vx ¼ kJx; ð4Þ

vy ¼ kJy; ð5Þ

where Jx; Jy are the hydraulic gradients of the x-direction and
the y-direction, respectively.

Substituting Equations (4) and (5) into Equation (3),
subsequent integrating results in Equation (6):

CρΔT tð Þ∝Cwρwk JxG1 tð Þ þ JyG2 tð ÞÂ Ã
; ð6Þ

where Gi tð Þ is the time-dependent integration variable.
Equation (6) indicates that a higher hydraulic gradient

results in faster temperature changes, indicating a positive
correlation between temperature variation and hydraulic
gradient at the measuring point. Notably, the rate of temper-
ature variation is positively correlated with the specific heat
of water but inversely correlated with the specific heat of soil.

Furthermore, the temperature at a point in the soil is
mixture combination of the water temperature from seepage
and the temperature of the soil particles [28]. It is evident
that a larger temperature difference between the water and
soil temperatures leads to faster changes in the measured soil
temperature [29]. In the laboratory model of the earth dam,
the reservoir water seeps from the upstream surface to the
downstream surface, resulting in a gradual decrease in tem-
perature. As the temperature difference between water and
soil decreases from large to small, the rate of heat transfer at
the heat flow front slows down. This implies that the tem-
perature change in the dam body is negatively correlated
with the distance from a specific point to the upstream sur-
face. To reflect this phenomenon, it is expressed in terms of
the system coordinates in the established model, as shown in
Equation (7):

ΔT tð Þ∝Tws ¼ Φ x; yð Þ; ð7Þ

where Φ x;ð yÞ is the function of the system coordinates
established by the physical model.

Based on the process line distribution of temperature
change at typical measurement points, the temperature
change is related to time as follows:

ΔT tð Þ ¼ b01θ tð Þ þ b02 ln θ tð Þ; ð8Þ

where θ tð Þ is the time difference between the observation
time ti and the initial time t0 (min) multiplied by 0.01, and
b01; b02 are the undetermined coefficients.

Considering the uniformity of the dam and the continu-
ity of the temperature field distribution, the hydraulic gradi-
ent and the time factor were combined with the coordinate
function, respectively. Therefore, when Equations (6)–(8) are
combined, it results in a mathematical model that reflects the
feedback of the seepage field from temperature field in a
homogeneous earth dam.

ΔT x; y; tð Þ ¼ a0 þ J x; yð ÞΦ1 þ θΦ2 þ ln θð ÞΦ3; ð9Þ

where a0 is the constant, J x;ð yÞ is the hydraulic gradient of
the measuring point, and Φi is the expression of the system
coordinate.

Φi ¼ bi0 þ bi1x þ bi2y þ bi3x2 þ bi4y2 þ bi5xy i ¼ 1; 2; 3:

ð10Þ

Then,

J x; yð Þ ¼ ΔT x; y; tð Þ − a0 þ θΦ2 þ ln θð ÞΦ3ð Þ
Φ1

; ð11Þ

where t ≥ t0; x;ð yÞ 2Ω. The initial condition is that T x;ð y;
t0Þ ¼ T0 x;ð yÞ, and T0 x;ð yÞ refers to the initial distribution
of temperature field at time t0.

The heat flow boundaries are described by the Dirichlet
and Neumann boundary condition types. In the Dirichlet
type, a known temperature TD is prescribed on the boundary
domain ΓBT ⊂ Γ and time t [16]:

T x; tð Þ ¼ TD tð Þ on ΓBT × t t0½ ;1Þ: ð12Þ

The Neumann-type boundary condition for the heat
transfer can be described by Equation (13):

q x; tð Þ ¼ qDT tð Þ on ΓBq × t t0½ ;1Þ; ð13Þ

where qT is the heat flux across the boundary ΓBq, and qDT is
the prescribed Neumann heat flux.

Equation (11) represents a mathematical model reflect-
ing hydraulic gradient at any point by measuring the distri-
bution of the temperature field of earth dam. The seepage
velocity can be deduced using Equations (4) and (5).

2.2. Physical Model Test. The main objective of the physical
test is to examine the spatial distribution of the seepage field
and the temperature field and to quantitatively validate the
feasibility of the mathematical model. In order to carefully
observe the coupled effect of the seepage field and the tem-
perature field, the use of standard sand, which is a highly
permeable material, is chosen for the earth dam. The dam
body in the physical test is filled with homogeneous fine
sand. It is important to note that this test is only applicable
to low-velocity laminar flows in homogeneous soils not to
high-velocity turbulent flows. In addition, factors such as the
density and hydraulic conductivity of the sample, as well as
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the accuracy and sensitivity of the instrument, can be poten-
tial sources of error during sample preparation and measure-
ment. The specific heat of fine sand is 1,200 J/kg/°C and
water is 4,200 J/kg/°C. The other physical parameters are
shown in Table 1. The top of the earth dam was 30 cm wide,
the bottom was 240 cm wide and 70 cm high. Both the
upstream and downstream slopes were 1 : 1.5. The earth dam
was laid in a sink, where the sides were plexiglass, the bottom
was a plate of steel, and the top was open. Grid lines were
drawn on the surface of the plexiglass to establish the coordi-
nates for various measuring points, as shown in Figure 1.

Sentinel DTS, manufactured by Sensornet of the United
Kingdom, was used in the physical model test. The tempera-
ture resolution was 0.01°C, the accuracy was 0.1°C, and the
spatial resolution was 1.0m, which met the requirement of
technical performance index of the test, as shown in Figure 2.
Once the fiber was laid inside the dam, the distribution of the
temperature field was obtained, allowing for feedback on the
distribution of seepage field. However, in smaller physical
model tests, accurate temperature measurement at a specific
point would be impossible if the fiber was linearly tiled.
Therefore, a fixed length of fiber was used to measure the
temperature at a designated point in the model. In this case, a

bundle of 3m fibers was used as a measurement point to
measure the temperature of the earth dam.

In this test, the fiber bundles were arranged with a hori-
zontal spacing of 30 cm and a vertical spacing of 10 cm. To
avoid direct contact between the optical fiber and the bottom
plate of the sink, a 5 cm thick sand sample was set on the
bottom plate of the sink before laying the first layer of optical
fiber. The first bundle of fibers was laid at the inlet of the
sink, and after laying out eight bundles of fibers, the sand was
filled to a height of 10 cm and then smoothed and com-
pacted. The second layer of optical fiber was laid from the
tail of the sink to the inlet, followed by sand compaction and
so on, until a 70 cm high earth dam was formed in the com-
mon direction of the sink. In total, six layers and 33 fiber
bundles were laid to obtain temperatures at 33 measuring
points inside the dam. The dots in Figure 3 represent the
locations of distributed fibers.

The upstream water level of the dam body was set at
60 cm, and the temperature of water remained at 40°C. How-
ever, there was no water downstream, and the ambient tem-
perature in the laboratory was 17.48°C. The water tank was
heated to ∼70°C, and then the proper proportion of hot
water and tap water were mixed into the sink using the
submersible pump. The upstream water level was kept steady
at 60 cm throughout the test, meaning that the upstream
water level remained constant as the upstream water started
to percolate through the dam until steady seepage developed.
In addition, the distributed fiber temperature measurements
were performed in 1min intervals and lasted for 360min.
Simultaneously, the water level of the piezometer tube and
the quantity of seepage from the dam were observed every
10min. Three samples of seepage quantity were recorded at a
time, with a fixed amount of water used for each observation.

3. Results

The results depicting the equipotential lines of the seepage
field at different times are shown in Figure 4, with a time
interval of 60min. In the figure, the blue region represents
the saturated soil, while the upper region indicates the unsat-
urated soil, with the dividing line being the phreatic line where
the pore pressure is zero. As evident in Figure 4(a)–4(d),
during the first 240min, the water head distribution of the
seepage field changes slightly and gradually stabilizes. This
can be attributed to the homogeneous nature of the fine
sand and the steady upstream water level, which results in a
steady percolation flow through the earth dam and nearly
identical head losses. These results are consistent with Darcy
law, which is applicable only to such linear, laminar flow.

The results for the equipotential lines of the temperature
field at different times are shown in Figure 5 for a time
interval of 60min. The temperature contours of the earth
dam exhibit a right bracket-shape distribution, indicating

TABLE 1: The material characteristics.

Soil type Dry density, ρd (g/cm
3) Porosity, n Hydraulic conductivity, k (cm/s) Uniformity coefficient, Cu

Fine sand 1.70 0.32 5× 10−3 3.23

FIGURE 1: Physical model of earth dam.

Backscattered light provides
measuring point every 1 m

Standard multimode optical fiber

Measurements all along the fiber

1 m pulse of light

T1 T2 T3 T4..........

FIGURE 2: The schematic of Sentinel DTS.
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that the temperature in the middle of the dam is higher than
the temperature at the top and bottom of the same vertical
section. With the passage of time, the isotherm gradually
moves downstream, and the distribution of temperature con-
tours changes from dense to sparse. The velocity of motion at
the center of the isotherm is significantly larger than that at
the base of the isotherm. This is most likely due to the longer
percolation diameter of the bottom plate and the heat dissi-
pation in the steel plate. Moreover, the curvature of the
downstream slope temperature contour increases, with the
23°C temperature contour becoming smaller as it moves
downstream. This is caused by the seepage flow of the dam

body not only moving horizontally but also vertically down-
ward, resulting in a smaller height of the percolation section.

4. Discussion

4.1. Determination of Mathematical Model Parameters. In
order to determine the parameters in Equation (9), experi-
mental data from the physical model were used to quantify
the mathematical model. In Figure 3, the temperature data
were obtained for 33 measuring points in the physical model
test. Points 3 and 17, which had poor observational data,
were eliminated, and points 22, 30, 31, and 32 above the
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FIGURE 4: Equipotential line of seepage field at different times: (a) t= 60min, (b) t= 120min, (c) t= 180min, (d) t= 240min, (e) t= 300min,
and (f ) t= 360 min.
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phreatic line were not considered. Moreover, points 9 and 19
were reserved for the verification of the reliability of the
physical model. The coordinates and hydraulic gradients
for the remaining 25 points are shown in Figure 6 and

Table 2. The time series ranges from 183 to 423min, with
measurements taken at 10 min intervals.

The stepwise regression method was used to determine
the undetermined coefficients of Equation (9) based on the
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FIGURE 5: Equipotential line of temperature field at different times: (a) t= 60min, (b) t= 120min, (c) t= 180min, (d) t= 240min,
(e) t= 300min, and (f ) t= 360min.
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observational data. The stepwise regression method auto-
matically selects the most important variables from a large
number of available variables and builds a predictive model
for the regression analysis. The stepwise regression method
was employed, wherein independent variables were introduced
one by one with the condition that their partial regression sum
of squares was significant after testing. Simultaneously, after
introducing a new independent variable, the old independent
variables were tested one by one, and any insignificant vari-
ables were eliminated. This process was repeated until no new
variables were introduced and no old variables are removed.
For the homogeneous earth dam, the resulting mathematical
model exhibited a complex correlation coefficient of 0.96 with
a residual standard deviation of 1.41. A significance level of
0.01 was used to test the regression model. The statistical
value F of this test was 763.52, which was well above the
critical value F(18,606) of 1.99. The correlation coefficient
and the standard deviation of the residuals do not change
much, but the value of the statistic F increases significantly
and is much larger than the critical value, so themathematical
model predicts better. More information about the specific
criteria for variable selection is available in literature [30].

ΔT ¼ 18:233þ J 59:823 − 1:249x þ 2:966y þ 0:004x2 − 0:022xyð Þþ
ln θð Þ −5:925þ 0:16y − 0:007y2 þ 0:003xyð Þ:

ð14Þ

4.2. Verification of Physical Model. The calculated values in
Equation (14) were compared with measured values obtained
from the distributed optical fiber at points 9 and 19 at differ-
ent times, as shown in Figure 7 and Table 3. The comparison
revealed that the calculated and measured values are in good
agreement overall. At point 19, the mean square error was
only 2.84%, while at point 9, themean square error was 5.36%,
possibly due to fewer sampling points downstream than
upstream. Nevertheless, the overall reliability of the model
has been verified through this comparison.

Equation (11) provides the means to determine the
hydraulic gradient by obtaining the coordinates of the point,
the time, and the corresponding temperature change. For
example, although the calculated values of the hydraulic gra-
dient at point 19 are not the same at different times, the
relative errors are generally within 10%, which is close to
the measured value of 0.25, as shown in Figure 8 and Table 4.
This indicates that the hydraulic gradient at the measuring
point of the homogeneous earth dam can be quantitatively
predicted by the feedback mathematical model based on
Equation (14). Furthermore, the seepage velocity can be
also calculated using Equations (4) and (5). By analogy,
mathematical models of the temperature field feeding back
the seepage field can be established under different operating
conditions.

4.3. Analysis of Coupled Mechanism. The interaction between
the seepage field and the temperature field in the dam body
leads to a coupled and dynamic equilibrium state, where the
seepage field is influenced by the temperature field, and the
temperature field is influenced by the seepage field. This
mutual interaction results in a complex and dynamic rela-
tionship between the two fields. The coupling process

TABLE 2: Coordinates and hydraulic gradients at measuring points.

Point x y J

1 15 5 0.009
2 45 5 0.055
4 105 5 0.191
5 135 5 0.249
6 165 5 0.311
7 195 5 0.439
8 225 5 0.627
10 180 15 0.356
11 150 15 0.274
12 120 15 0.224
13 90 15 0.165
14 60 15 0.091
15 30 15 0.033
16 45 25 0.067
18 105 25 0.205
20 165 25 0.300
21 195 25 0.384
23 150 35 0.262
24 120 35 0.236
25 90 35 0.195
26 60 35 0.113
27 75 45 0.179
28 105 45 0.245
29 135 45 0.236
33 90 55 0.322
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FIGURE 7: Temperature variation of measured and calculated values
at points 9 and 19.
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between the temperature field and the percolation field is a
process of dynamical change of the thermal energy and fluid
in the medium. Any instability in one field can cause changes
in the other field. On the one hand, a change in the seepage
field of an earth dam will allow the seepage flow to partici-
pate in the heat transfer and exchange of soil, which affects
the distribution of the temperature field. On the other hand,

the temperature gradient formed by the variation of the tem-
perature field of the earth dam causes the movement of the
percolating water and thus changes the permeability of the soil.

From a physical perspective, heat is exchanged through
medium contacts, while the seepage diffuses and flows in the
pores of the porous medium due to the potential energy
difference. At the same time, fluid also serves as the medium
for heat propagation, carrying heat along the track lines
through seepage in the porousmedium. Additionally, changes
in thermal energy can alter the physicochemical properties of
the medium and the fluid, affecting medium and fluid volume
effects, as well as characteristic parameters of the fluid. There-
fore, the coupling between the temperature field and the seep-
age field involves energy balance, dissipation processes, as well
as physical reactions within the medium.

TABLE 3: Temperature errors of measured and calculated values at points 9 and 19.

Time (min)
Point 9 Point 19

Measured value (°C) Calculated value (°C) Error (%) Measured value (°C) Calculated value (°C) Error (%)

183 15.26 13.65 10.50 26.89 29.06 8.07
193 15.31 14.23 7.04 27.85 29.41 5.62
203 15.34 14.80 3.53 28.62 29.75 3.93
213 15.39 15.35 0.29 29.36 30.08 2.44
223 15.54 15.89 2.30 30.05 30.39 1.16
233 15.58 16.43 5.45 30.71 30.71 0.01
243 15.68 16.96 8.14 31.17 31.01 0.53
253 15.85 17.48 10.29 31.62 31.31 0.98
263 16.02 17.99 12.29 31.83 31.60 0.74
273 16.16 18.49 14.48 32.10 31.88 0.66
283 16.44 18.99 15.53 32.24 32.16 0.25
293 16.70 19.49 16.67 32.43 32.44 0.04
303 17.17 19.98 16.38 32.37 32.71 1.06
313 17.43 20.46 17.39 32.48 32.98 1.54
323 17.88 20.94 17.16 32.49 33.24 2.32
333 18.34 21.42 16.78 32.48 33.50 3.15
343 18.95 21.89 15.53 32.56 33.75 3.67
353 19.45 22.36 14.93 32.48 34.01 4.70
363 20.05 22.82 13.81 32.36 34.27 5.86
373 20.60 23.28 13.04 32.26 34.50 6.95
383 21.06 23.74 12.74 32.27 34.75 7.66
393 21.56 24.20 12.20 32.17 34.99 8.76
403 22.12 24.65 11.44 32.11 35.22 9.68
413 22.52 25.10 11.46 32.10 35.46 10.45
423 23.03 25.54 10.93 32.16 35.69 10.98

Mean square error: 5.36 Mean square error: 2.84
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FIGURE 8: Error bar of calculated values at point 19.

TABLE 4: The calculated values of the hydraulic gradient at point 19.

Time (min) 213 223 233 243 253 263

Hydraulic gradient 0.272 0.261 0.252 0.247 0.243 0.245
Error (%) 9.07 4.95 1.01 0.83 2.49 1.66
Time (min) 273 283 293 303 313 323
Hydraulic gradient 0.245 0.249 0.252 0.261 0.265 0.272
Error (%) 1.43 0.05 1.04 4.72 6.48 9.27
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5. Conclusions

A mathematical model was proposed to quantitatively study
the coupling between the temperature field and the seepage
field. The reliability of the mathematical model was verified
through observations of the physical model. The main con-
clusions are as follows:

(1) The relationship between temperature variation,
hydraulic gradient, temperature difference between
seepage water and soil, hydraulic conductivity, ther-
mal conductivity, specific heat, and time was derived
based on theoretical analysis, leading to the develop-
ment of a mathematical model for the feedback of the
temperature field to the seepage field in a homoge-
neous earth dam.

(2) The parameters of the mathematical model for the
seepage field, which is fed back from the temperature
field, were determined through the observations of
the physical model test. The stepwise regression
method was used to ensure the accuracy of the math-
ematical model.

(3) The hydraulic gradients calculated from the mathe-
matical model are verified by the physical model test.
The use of distributed temperature sensor systems to
infer seepage information was found to be feasible,
providing a new approach for quantitative monitor-
ing of the distribution of seepage in earth dams.

The mathematical model provides a deeper understand-
ing of the coupling mechanism of the seepage–temperature
field for an earth dam. The methods and results may be of
interest to hydrologists, mathematicians, and water engi-
neers who focus on groundwater. This mathematical model
is currently limited to stable laminar flow through a homo-
geneous earth dam and requires testing in engineering prac-
tice. Further studies involving models with different types of
soils under complex geological conditions and nonlaminar
flow regimes should be more considered.
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