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A B S T R A C T

Seepage during the first filling of a reservoir is a critical aspect for earth dams and embankments safety, which 
requires precise monitoring. The thermometric method has demonstrated significant potential for detecting 
seepage anomalies through continuous temperature measurements using optical fiber distributed temperature 
sensing (DTS). However, most previous research has primarily focused on thermal monitoring when seepage flow 
reached a steady-state condition, which highlights the need for more research on seepage and heat transfer in 
transient state, particularly in unsaturated soils during the reservoir’s first filling. This paper addresses the 
transient seepage flow and heat transfer during the first filling of a laboratory sand model. Temperature vari
ations within the sand were recorded using an optical fiber DTS, while seepage progression was tracked through 
digital imaging at regular intervals, followed by image processing. A coupled hydrothermal numerical model was 
also developed to simulate transient seepage flow and heat transfer within the unsaturated and variably satu
rated sand. In numerical modeling, heat dispersion and the thermal conductivity of sand were investigated 
through parameter calibration. Results indicate that thermal monitoring using optical fiber DTS is an effective 
method for estimating the development of the phreatic line during the first filling of the reservoir. Numerical 
simulations further revealed that seepage velocity plays a key role in the heat transfer process during transient 
seepage. Additionally, the results highlight that heat dispersion significantly influences heat transfer, particularly 
during transient seepage flow, whereas the effect of thermal conductivity is relatively minor as seepage 
progresses.

1. Introduction

Seepage is the crucial factor in the health monitoring of earthen 
dams and embankments. Precise control and monitoring of seepage are 
essential, as excessive seepage can erode the soil particles and lead to 
internal erosion, the phenomenon behind 35 % of embankment failures 
[1]. The critical stage in the life of earth dams and embankments is the 
first filling of the reservoir. During this phase, the dam’s body and 
foundation gradually saturate, resulting in consolidation and differential 
settlements. As the dam becomes saturated during the first filling, its 
weight increases, leading to a reduction in both shear strength and 
effective stresses. Most failures caused by internal erosion have been 
documented during or shortly after the first filling of the reservoir [2,3]. 
Notably, nearly 50 % of internal erosion failures in embankment dams 
occurred within the first year, emphasizing the critical need for efficient 
seepage monitoring at the early age of structures [4]. Although the 

duration and rate of the first filling vary for each dam, this process must 
always be carefully managed, controlled, and closely monitored to 
prevent adverse consequences.

The seepage field is characterized by examining the phreatic line, 
also referred to as the seepage line, within the earthen structure. The 
position of the phreatic line plays a crucial role in determining the sta
bility of the dam [5]. Its development is typically assessed through 
analytical and numerical methods, along with physical model tests of 
the structure [6].

Application of temperature-based methods for seepage monitoring 
has gained significant attention, particularly with advancements in op
tical fiber distributed temperature sensing (DTS). In these methods, 
temperature variations measured by DTS using active (heat pulse) and 
passive approaches are analyzed to extract seepage-related information. 
The active method introduces a heat source into the dam body while 
DTS measures heat dissipation to detect seepage anomalies. The passive 
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method relies on natural soil temperature variations for seepage detec
tion [7]. Several studies have explored both techniques to assess seepage 
characteristics, phreatic line development, and seepage-induced 
anomalies.

Su et al. 2018 [8] employed the heat pulse method with different 
heating power to analyze temperature fields above and below the 
phreatic line once steady-state seepage was established. Their findings 
indicated that temperature rise due to heating is smaller below the 
phreatic line, which provided a potential method for phreatic line esti
mation. Similarly, Cheng et al. 2021 [9] investigated phreatic line 
development under a constant hydraulic head using passive temperature 
measurements with over 10 m of optical fiber embedded in an experi
mental setup. Their study demonstrated the capability of passive tem
perature monitoring for estimating phreatic line development as 
seepage reaches steady-state conditions. Ma et al. (2023) [10] and 
Zhang et al. (2023) [11] demonstrated the effectiveness of passive 
temperature measurements in identifying structural damage and 
detecting leakage within the clay core of experimental earth-rock dam 
models. In their numerical modeling, Ma et al. (2023) [10] incorporated 
hydrothermal coupling in unsaturated soils, using the Van Genuchten 
equation to simulate the water retention curve. Li et al. (2024) [12] 
utilized heated optical fiber to investigate the seepage field in an 
experimental model. In combination with coupled seepage and tem
perature field modeling, they applied an inversion technique to estimate 
seepage velocity from the temperature measurements.

Furthermore, Nan et al. 2022 [13] conducted an experimental and 
numerical study to investigate the coupled hydrothermal process in soil, 
considering different methods for thermal conductivity estimation. 
Temperature sensor arrays were used to measure soil temperature under 
a constant hydraulic head. To enhance the spatial resolution of optical 
fiber measurements, Bekele et al. (2023) [14] proposed a method of 
wrapping the fiber around a PVC pipe for monitoring temperature fields 
in an experimental model under a constant water head [14,15]. While 
this approach significantly improved spatial resolution, the presence of 
PVC pipes influenced both seepage and temperature fields, as discussed 
in their findings.

Recent studies have also explored additional environmental in
fluences on seepage-induced temperature variations. Zhang Tao and Su 
(2025) [16] examined the impact of seepage development on temper
ature fields using an optical fiber heat pulse method. Their study 
included the effects of reservoir water levels and rainfall, which revealed 
that water level variations had minimal influence on the temperature 
field within saturated zones.

Beyond small-scale laboratory models, optical fiber temperature 
measurement also has been applied in full-scale experimental levee 
models to assess seepage propagation [17] and evaluate its impact on 
levee failure due to overtopping [18].

Previous research works have focused on thermal monitoring as 
seepage flow reaches a steady-state condition [12,14] or on temperature 
monitoring of seepage through unsaturated soil under a constant water 
level [11,13]. While some experiments included transient seepage as it 
progressed toward steady-state, they did not examine temperature var
iations during this stage. As the first filling of the reservoir with a 
gradual water level rise is critical for seepage development and failure 
risks, further research is needed to investigate optical fiber DTS moni
toring for phreatic line evaluation and transient seepage characteriza
tion in unsaturated soil during this stage.

In addition to experimental modeling, a coupled hydrothermal 
model can be effectively utilized to predict seepage behavior and ther
mal responses in embankment dams. Numerical simulations can be used 
to interpret DTS temperature data for the detection of singularities and 
unexpected seepage phenomena [19]. The conducted numerical 
modeling in the previous study mostly ignored the influence of heat 
dispersion [9,11,14] or used typical values from the literature review 
[10,20] in coupled hydrothermal analysis of seepage flow in soil. 
However, studies by Lu et al. (2018) [21] and Hopmans et al. (2002) 

[22] concluded that accounting for heat dispersion in coupled hydro
thermal analysis significantly improves the estimation of water flux, 
particularly at higher flow velocities.

To address these gaps, this paper examines the phreatic line devel
opment in transient seepage flow through unsaturated sand during the 
first filling of a laboratory sand model. The phreatic line was assessed by 
numerical modeling, while temperature variations were recorded 
throughout the seepage experiment and the subsequent dewatering 
phase using an optical fiber DTS system. Over 130 m of optical fiber 
were embedded in the experimental model to provide a fully distributed 
thermal monitoring system.

Numerical modeling was conducted to simulate the transient 
seepage flow within the variably saturated sand. The numerical results 
were validated by comparing the computed saturation field with the 
results obtained from image processing. In addition, saturation at six 
reference points was verified using water level measurements from 
loggers embedded within the sand. Following validation, a coupled 
hydrothermal analysis was conducted which incorporated parameter 
calibration for heat dispersion and thermal conductivity of the sand 
grains to investigate their impact on the coupled seepage and heat 
transfer process.

2. Theory

The numerical calculation of seepage during the first filling of a 
reservoir is a complex transient problem, as the hydraulic properties of 
soil are highly dependent on its saturation state. The hydraulic head 
(piezometric head) is the sum of the pressure head (ψ) and the gravi
tational head (z, also called the elevation head); mathematically 
expressed as h = ψ + z. In variable saturation conditions, the pressure 
head is a function of the soil’s saturation (s), denoted as ψ(s). This 
relationship is described by the soil water characteristic curve (SWCC), 
or retention curve, which links the soil’s saturation or water content to 
the negative pore pressure (suction).

The hydraulic conductivity of soil is a function of its degree of 
saturation too, as defined by the relative conductivity curve. This curve 
represents the hydraulic conductivity of soil under varying saturation 
conditions. The hydraulic conductivity tensor k(s) is the product of 
saturated hydraulic conductivity (k) and the relative conductivity 
parameter kr(s) [23]. 

k(s) = kr(s).k (1) 

The Richards equation, derived from the principles of mass conti
nuity and Darcy’s law, is commonly used to evaluate seepage flow in 
unsaturated soil. In Eq. (2), n represents porosity, and t denotes time. 

n
∂s
∂t
− ∇ • [kr(s).k.∇(ψ + z) ] = 0 (2) 

For practical applications, heat transfer in soil is primarily governed 
by conduction and convection due to seepage flow, while the influence 
of radiation is typically neglected. In most natural porous media, local 
thermal equilibrium between the fluid and solid phases is assumed, 
meaning the temperatures of the fluid and solid grains are equal. In 
unsaturated soils, heat conduction in the pores is a two-phase process, 
where both water and air trapped within the pores contribute to heat 
transfer. Heat transfer within the soil is described by the energy balance 
equation under the assumption of local thermal equilibrium [24]. 

ρc
∂T
∂t

+ ρf cf .v.∇T = ∇ • (λ∇T)+ qʹ́ (3) 

where ρ, c and λ are the soil density, specific heat capacity, and thermal 
conductivity, respectively, while T denotes the temperature of soil. v is 
the flow Darcy velocity vector, ρf and cf refer to the fluid density and 
specific heat capacity and qʹ́  is the volumetric heat generation in soil. 
The effects of heat dispersion must also be considered. Eq. (3) is 
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modified by neglecting heat generation and incorporating the heat 
dispersion tensor (D) [25]. 

ρc
∂T
∂t

+ ρf cf .v.∇T = ∇ • (λ∇T)+ nρf cf (D.∇T) (4) 

Heat dispersion in porous media depends on several factors, 
including flow velocity, the structure of the medium, porosity, the ratio 
of thermal conductivities, and the ratio of volumetric heat capacities 
between the solid and fluid phases [26]. In an isotropic medium, the 
heat dispersion tensor in local coordinates forms a diagonal matrix with 
non-zero components, which can be expressed in terms of longitudinal 
and transverse dispersion coefficients [25,27]. 

Dij = βt |v|δij + (βl − βt)
v ⊗ v
|v|

(5) 

here, βl and βt represent the longitudinal and transverse dispersivity 
coefficients of soil, respectively, and δij is the Kronecker delta.

In unsaturated soils, thermal properties are influenced by the degree 
of saturation. Under the assumption of local thermal equilibrium, the 
thermal conductivity (λ) and volumetric heat capacity (ρc) of the soil can 
be calculated as the weighted arithmetic means of the solid and fluid 
phases [28]. 

ρc = (1 − n)ρscs + nsρwcw + n(1 − s)ρgcg (6) 

λ = (1 − n)λs + nsλw +n(1 − s)λg (7) 

where subscripts s, w, and g represent the solid grain, water, and air, 
respectively.

Table 1 
Material properties of the sand.

ksat 

(m/s)
Gs 

(g/cm3)
ρd 

(g/cm3)
n

1.23 × 10− 3 2.7 1.54 0.435

Fig. 1. (a) Details of experimental model; (b) Top view of optical fiber placement; (c) Side view of sand-fill box.
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3. Methodology

3.1. Material

Silica-dominated sand, sourced from a local vendor, was used in the 
laboratory experiment. The saturated hydraulic conductivity of the sand 
(ksat) was measured according to ASTM D2434 using a constant head 
rigid wall permeameter. The porosity of the material was calculated 
based on laboratory measurements of the dry density and particle den
sity of the silica sand. The material properties of the sand used in the 
experiment are presented in Table 1.

The soil water characteristic curve (SWCC) and relative hydraulic 
conductivity of the sand were determined using the evaporation method 
with the HYPROP device [29]. In numerical modeling, the modified van 
Genuchten equation [30] was applied to describe the sand’s behavior in 
unsaturated conditions, with its parameters fitted to the HYPROP data 
for both SWCC and the relative hydraulic conductivity curve. Detailed 
results of the SWCC and relative hydraulic conductivity are presented in 
[19].

A passive optical fiber interrogator (SILIXA XT-DTS) [31] was 
employed with a 50/125 multi-mode optical fiber cable. Two PT-100 
thermometers were integrated into the system and served as the sys
tem references. Temperature measurements were conducted using the 
duplexed single-ended installation approach [32], which allows two 
temperature readings per point. To improve temperature measurement 
resolution, optical fiber coils (sensory rings) with a perimeter of 50.8 cm 
were formed, as shown in Fig. 1(b).

The spatial resolution and time response of the optical fiber DTS 
were determined through laboratory experiments to be 0.63 m and 60 s, 
respectively [19]. The efficiency of the fiber coil setup was tested 
through a laboratory experiment where four successive fiber coils of 
varying lengths (25.4 cm, 50.8 cm, 101.6 cm, and 203.2 cm) were 
immersed in an insulated tub of hot water. This experiment demon
strated the impact of spatial resolution on detecting abrupt temperature 
changes.

Additionally, temperature and hydraulic head were measured at six 
reference points (RFs) within the sand using water level loggers. These 
loggers provided temperature measurements with a maximum error of 
0.4 ◦C and water level measurements with a maximum error of 0.6 cm 
[33].

3.2. Experimental setup

An experimental model consisting of a box with dimensions of 150 
cm × 50 cm × 60 cm was designed and constructed. The box was filled 
with 700 kg of sand, which was compacted to match the bulk density 
used in the laboratory tests for saturated hydraulic conductivity. 
Seepage was induced from an upstream tank, separated from the sand by 
a steel wire mesh with openings large enough to allow free seepage flow.

A total of 130 m of optical fiber was embedded in the sand across 12 
vertical layers. The precise location of the cable within the sand was 
recorded relative to the DTS system, which was essential for accurately 
mapping the reported temperature along the cable T(x, t) to the spatial 
coordinates T(X,Y,Z, t) within the sand model. The DTS system was set 
to a sampling interval of 10 in. (25.4 cm) with an acquisition time of 30 
s. The optical fiber DTS provided 520 temperature measurements 
throughout the entire sand model. Six reference points (see Fig. 1(a)) 
were established at two different elevations, equipped with temperature 
and water level loggers.

Digital images were captured at regular intervals through a side 
Plexiglas plate to monitor seepage propagation. The heat boundary ef
fect was minimized using the Plexiglas at the side and an insulation layer 
installed at the bottom of the model. The water level rise in the upstream 
tank, along with the inflow rate, was measured regularly. The outlet 
valve at the downstream tank was opened to allow the seepage to flow 
freely out of the model. Temperature at the upstream tank was 

Fig. 2. (a) Temperature at the upstream boundary due to water raising; (b) 
Water level at upstream and downstream.

Table 2 
Hydraulic and thermal properties of sand.

Van Genchten parameters for 
SWCC and kr cure

Volumetric 
heat capacity 

of grains

Volumetric 
heat capacity 

of water

Thermal 
conductivity 

of water

ga gn gm gl (ρc)s (ρc)f λf

9.67 8.06 0.876 2.2 2 
MJ
m3k 

[34] 4.2 
MJ
m3k

0.65 
W
mk

Table 3 
Numerical models to calibrate heat dispersion and thermal conductivity of grain 
particles.

Model λs [W/ 
mK]

βl [m] βt [m] Model λs [W/ 
mK]

βl [m] βt [m]

M1 2.7 0.005 0.003 M10 4.0 0.050 0.030
M2 2.7 0.050 0.030 M11 4.0 0.100 0.050
M3 2.7 0.500 0.300 M12 4.0 0.500 0.300
M4 2.7 1.000 0.500 M13 4.0 1.000 0.500
M5 3.2 0.005 0.003 M14 4.0 1.000 1.000
M6 3.6 0.005 0.003 M15 4.3 0.005 0.003
M7 4.0 0.000 0.000 M16 4.3 0.050 0.030
M8 4.0 0.005 0.003 M17 4.3 0.500 0.300
M9 4.0 0.010 0.005 M18 4.3 1.000 0.500
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Fig. 3. Temperature measurement by fiber coils with different perimeters.

Fig. 4. 3D heatmap of sandfill model at the start of the experiment and at 60 min.
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continuously measured during the water level rise at 10 elevations, 
using optical fiber coils with a 1-m length. Water with a constant tem
perature of 17 ± 0.1 ◦C was used in the experiment. Over time, the water 
temperature in the upstream tank was slightly increased due to the in
fluence of higher ambient temperatures in the laboratory. The measured 
temperature in the upstream tank during the experiment was in a range 
from 17.0 to 17.5 ◦C.

The experiment began with an inflow rate of 2.8–3 L/min and 
continued until the water level reached the maximum spillway elevation 
(49 ± 0.2 cm). The inflow rate was then reduced to 1.8–2 L/min to 
maintain a constant water level in the upstream tank until two and a half 
hours, after which the inflow gauge was closed. At steady-state flow, the 
water level in the downstream tank stabilized at 1 cm. The heatmap of 
temperature measured at the upstream tank is shown in Fig. 2(a), while 
the water levels at both the upstream and downstream tanks are dis
played in Fig. 2(b).

Statistical analysis was performed using the NumPy and Matplotlib 
Python libraries to interpolate temperature measurements and deter
mine the temperature distribution during the seepage experiment. The 
ordinary Kriging method, with a linear variogram model, was applied 
for temperature data interpolation. Image processing was also carried 
out on the captured images during the experiment to monitor the 
development of the saturation field. Image thresholding was used to 
enhance the contrast between the dry and wet zones, followed by the 
application of the Convex hull algorithm to identify and extract the 
boundary between the wet and dry sand.

3.3. Numerical modeling

Two-dimensional (2D) numerical modeling was performed using 
FEFLOW (version 7.2) software, based on the vertical planar projection 
of the sand fill. The model assumed a homogeneous, isotropic sand fill, 
with the effects of the optical fiber on seepage flow and thermal prop
erties considered negligible. The model was discretized into 28,588 
three-node triangular elements, with finer mesh applied near the up
stream boundary.

Based on experimental measurements, the sand was initially 
considered dry at its residual water content, with a constant temperature 
of 20.9 ◦C. A time-dependent hydraulic head was applied to the up
stream face, based on water level measurements from the experiment 
(see Fig. 2(b)). The downstream and top boundaries were defined as 
seepage faces (free seepage) which allow fluid outflow at atmospheric 
pressure when fully saturated. The bottom boundary was set as a closed 
boundary. The thermal boundaries were defined based on the experi
mental conditions. A time-dependent temperature was applied to the 
upstream boundary nodes, using the temperature measurements ob
tained from the optical fiber coils (see Fig. 2(a)). The top and down
stream boundaries were set to a constant ambient temperature, while 
the bottom boundary was insulated with thin layers of epoxy.

Initially, transient seepage flow within the unsaturated and variably 
saturated sand was simulated. The numerical model was validated by 
comparing its results with those obtained from image processing and 
water level measurements at the reference points. A coupled hydro
thermal analysis was then conducted to evaluate the heat transfer pro
cess during the seepage experiment.

The thermal and hydraulic properties of the sand were obtained 
either from the laboratory measurements or calibrated from the sug
gested values in literature. The dependency of material properties on the 
degree of saturation was incorporated into the numerical modeling, as 
outlined in Section 2. The water retention and relative hydraulic con
ductivity curves were assigned by fitting the parameters of the modified 
Van Genuchten equation to the measured HYPROP data. Detailed de
scriptions of these parameters can be found in [19,25]. Table 2 presents 
the thermal and hydraulic properties of the sand as used in the numer
ical modeling.

The thermal conductivity of sand was calculated using Eq. (7) for 
various degrees of saturation. However, the thermal conductivity of 
silica quartz grain particles has been reported with a wide range of 
variation in different studies [22,35,36]. In addition, heat dispersion 
coefficients must also be considered in the coupled hydrothermal anal
ysis. A parameter calibration study was conducted, testing different 
values for grain thermal conductivity and heat dispersion coefficients to 

Fig. 5. Temperature measured by optical fiber in reference points during the experiment.
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evaluate their impact on the thermal behavior of unsaturated soil under 
seepage flow. Table 3 presents the numerical models and associated 
parameter values used in the calibration study.

4. Results and discussion

Temperature measurements within the sand were conducted using 
fiber optic DTS during the seepage experiment and at six reference 
points with loggers for long-term monitoring, both before and after the 
experiment. The application of optical fiber coil was examined in terms 
of resolution enhancement. Fig. 3 shows temperature measurements 

from four fiber coils of varying perimeters. The figure highlights two key 
findings: First, an abrupt temperature change may be missed by the DTS 
when the cable segment exposed to the change is shorter than the sys
tem’s spatial resolution, as observed with the 25.4 cm coil. Secondly, 
sampling intervals located at the center of the fiber coil provide the most 
accurate temperature readings, as boundary intervals are influenced by 
adjacent fibers. The fiber coil with a 50.8 cm perimeter, used in this 
study, provided temperature measurements with 95 % expected preci
sion. In the application of fiber coil, care should be taken that the 
bending of the cable be bigger than the minimum bending allowed by 
the manufacturer of the fiber and interrogator system to avoid breakage 
of the fiber or significant loss of light power.

The optical fiber embedded within the sand reported 520 tempera
ture points at 30-s intervals, which provides fully distributed, contin
uous measurements throughout the seepage experiment. A 3D heatmap 
of the sand box, generated from the DTS measurements, is shown in 
Fig. 4, which depicts the start of the experiment and at 60 min through 
the experiment. The figure clearly demonstrates that the temperature 
distribution within the sand is influenced by the propagation of seepage, 
with the sand temperature decreasing as the seepage progresses.

The temperature variations for six reference points (RFs, see Fig. 1) 
are illustrated in Fig. 5. As shown, the temperature change during the 
experiment at each point follows three distinct phases: a) the dry stage 
occurs before water reaches the point, during which the soil remains 
unsaturated and the temperature stays stable; b) the transition stage as 
the soil gradually saturates and the temperature decreases; and c) the 
third stage as the temperature approximately stabilizes before the 
dewatering phase of the model. At the end of the third stage, the soil 
temperature increases by approximately 0.5 ◦C due to the rise in up
stream water temperature from 17.0 ◦C to 17.5 ◦C.

To estimate the rate of temperature change, a linear regression 
analysis was performed for each RF during the transition stage. The 
regression results indicate a relatively strong linear relationship, which 
show the consistency of rate of temperature change during this stage. 
The slope of the regression line represents an estimate of the thermal 
velocity at each point. It was observed that the rate of temperature drop 
varies across different reference points. While RF1 and RF4 at the up
stream boundary experience a steep temperature drop, the temperature 
change at RF3 and RF6, near the downstream boundary, occurs much 
more gradually.

The numerical simulation of transient seepage flow was conducted 
for 150 min to evaluate the development of saturation and Darcy flux in 
unsaturated and variably saturated sand. Water level loggers continu
ously recorded pressure head and temperature variations at six RFs 
within the sand, as shown in Fig. 1(a). It should be noted that the logger 
at RF6 was unable to report pressure head measurements due to a 
malfunction. The simulation was validated by comparing the computed 
saturation and pressure head results with the measurements from the 
five functional reference points. Fig. 6(a) compares the time at which the 
five reference points reached full saturation in the simulation with 
saturation time measured by the water level loggers. Fig. 6(b) shows the 
pressure head development at the reference points, comparing numeri
cal results (continuous line) with logger measurements (dashed line).

As shown in Fig. 6, the numerical simulation aligns well with the 
experimental measurements in terms of saturation degree and pressure 
head, which confirms the assumptions made during numerical 
modeling, particularly regarding the assignment of water retention and 
relative hydraulic conductivity curves using the modified Van Gen
uchten equation.

Image processing was performed on photos captured at one-minute 
intervals during the experiment to extract the boundary between the 
wet and dry sand, here, referred to as the apparent moisture boundary 
(AMB). In Fig. 7(a), the AMB is highlighted in red and compared with the 
phreatic line from the numerical simulation (line 1) and the line rep
resenting 90 % saturation (line 0.9). Each image corresponds to the 
experiment time when the temperature starts to decrease at a reference 

Fig. 6. Comparison of numerical results with reference loggers’ measurements; 
(a) saturation time; (b) pressure head (dashed lines are the loggers’ 
measurements).
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point. The associated RF is marked in black in each image for distinction. 
The results indicate that the interface between the dry soil and partially 
moist soil was effectively estimated through image processing of 
captured digital images using image thresholding techniques in Python. 
To compare the saturation development with the temperature variation, 
the temperature distribution in a vertical planar projection of the sand 
model is visualized using Kriging interpolation in Fig. 7(b). As shown, 

the temperature decline in each RF begins as soon as the saturation line 
reaches that point.

Additionally, Fig. 8 displays the numerically calculated saturation 
line (NSL) overlaid on the heatmap of the sand model. A clear correla
tion is observed between the development of the phreatic line and the 
temperature distribution within the sand, which indicates the relation
ship between saturation and the heat transfer process.

Fig. 7. (a) Comparison of numerically computed saturation with the AMB obtained from processed images; (b) Heatmap of temperature distribution within the sand.
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The normalized temperature differences for RFs are calculated and 
presented together with the saturation degree curve in Fig. 9. It is 
observed that temperature changes occur as soon as the saturation de
gree begins to increase. However, a short time gap is particularly 
noticeable for RF3 and RF6 between the increase in saturation degree 
and the temperature decline. This indicates that the temperature change 
during this short period was less than the detection resolution of the 
optical fiber DTS system, and therefore, it was not recorded by the 
sensor. As also observed in Fig. 5, the rate of temperature change varies 

across different locations. At the upstream boundary, where cold water 
first enters, the temperature drops sharply as the water immediately 
cools the surrounding soil. However, as seepage progresses deeper into 
the model, the specific heat capacity of the soil causes a delay in tem
perature reduction and time is required for the soil to fully adjust to the 
new thermal conditions. At each point, the infiltrating water reaches 
thermal equilibrium with the sand particles and stabilizes at a new 
temperature. This water, now at a modified temperature, then moves 
deeper into the dry sand. As seepage continues, flowing water gradually 

Fig. 8. Numerically calculated seepage line (NSL) on the heatmap of sand model.

Fig. 9. Comparison of normalized temperature difference from optical fiber measurements and degree saturation from numerical modeling.
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transfers heat and eventually imposes the upstream boundary temper
ature onto the soil. As a result, the farther a point is from the upstream 
cold-water front, the slower its temperature decreases.

The Darcy velocity is illustrated in Fig. 10(a) for the six RFs and the 
exit point where the seepage flowed out of the model at the downstream 

boundary. The rate of temperature decline (thermal velocity) is also 
strongly influenced by the magnitude of the Darcy velocity: the higher 
the Darcy velocity, the faster the temperature drop. At 38 min into the 
experiment, water exits the model with a significantly higher Darcy 
velocity compared to other locations, as shown in Fig. 10(b).

After the seepage inflow was stopped and dewatering began within 
the sand, the temperature within the sand slowly increased due to 
thermal conduction. This is a gradual process, as conduction is slower 
compared to convection, and it takes longer for the soil to reach thermal 
equilibrium with the ambient temperature. Fig. 11 shows the tempera
ture measurements at six RFs before, during, and after the experiment. 
As seen in this figure, it takes more than 2 days for the soil to reach 
thermal equilibrium with the laboratory temperature after the dew
atering process begins.

The saturation front advances ahead of the heat flow due to the 
difference between seepage velocity and thermal velocity. Thermal ve
locity is influenced by the soil’s thermal conductivity and heat capacity 
in dry sand, but once seepage occurs, convective heat transfer becomes 
the dominant mechanism, with seepage velocity playing a key role in the 
heat transfer process. As seen in Fig. 11, heat transfer by convection with 
seepage flow is much faster than thermal conduction.

The optical fiber DTS detects small temperature variations within the 
sand, driven by convective heat transfer as water propagates through 
and fills the pores between the particles. The development of the phre
atic line within unsaturated soil significantly affects the soil’s thermal 

Fig. 10. Numerical results of Darcy velocity; a) RFs and exit point; and b) Darcy velocity at 38 min of experiment.

Fig. 11. Temperature in reference points measured by temperature loggers.
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Fig. 12. Thermal analysis of sand with different thermal dispersion coefficients for RF1 and RF5 points; (a) DTS temperature variation and computed Darcy velocity; 
(b) computed temperature bias to DTS measurements.

Fig. 13. Heat distribution within sand at 35 min measured by optical fiber DTS and numerical results.
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state, making thermal monitoring an effective method for estimating the 
phreatic line’s location. A temperature decline occurs as soon as the 
saturation front reaches the measurement points.

Seepage flow plays a crucial role not only in heat transfer by con
vection but also as a key factor in heat dispersion. The influence of heat 
dispersion and conduction in coupled hydrothermal analysis was 
investigated through numerical modeling and parameter calibration. 
The validated seepage model was enhanced for hydrothermal analysis 
by considering different values for heat dispersion coefficients and 
thermal conductivities. Fig. 12 presents the thermal analysis results, 
showing the temperature differences between the numerical simulations 
and DTS measurements at two reference points. The analysis in
corporates models with constant thermal conductivity and variable 
longitudinal and transverse heat dispersivity coefficients (as detailed in 
Table 3).

As expected from the energy balance equation, heat dispersion does 
not influence the thermal behavior of soil in the absence of seepage flow. 
However, once seepage begins and the Darcy velocity deviates from 
zero, heat dispersion effect becomes evident. It can be seen that heat 
dispersion is significant in coupled hydrothermal analysis when the 
Darcy velocity increases, causing heat dispersion occurs faster due to 
seepage flow. The influence of dispersion is most notable during tran
sient seepage conditions, but as seepage reaches the steady-state con
dition and the velocity stabilizes, the significance of dispersion 
decreases. This is observed in Fig. 12(a), where steady-state conditions 
are established approximately 63 min after the start of the seepage 
experiment. The impact of heat dispersion is also demonstrated in 
Fig. 13, where the temperature distribution obtained from optical fiber 

DTS is compared with three thermal analysis models using different heat 
dispersivity coefficients at 35 min into the experiment.

The influence of thermal conduction during the transient seepage 
flow was studied by conducting numerical modeling considering 
different thermal conductivity values. As shown in Eq. (7), while the 
thermal conductivity of water and air remains relatively constant, the 
thermal conductivity of solid grains is the only variable, with significant 
variation reported in the literature. The computed temperatures at two 
reference points for different numerical models are presented in Fig. 14, 
where all other thermal properties remain constant, and only the ther
mal conductivity of the solid grains is varied (see Table 3).

As shown, the influence of thermal conductivity is minimal during 
the heat transfer process when seepage flow is in progress. This indicates 
that heat conduction becomes less effective, and heat transfer occurs 
almost entirely through convection driven by the seepage flow. Even 
during dewatering, when water flows out of the model, it takes a 
significantly longer time for the temperature to return to its initial state 
and reach equilibrium with the ambient temperature. This is due to the 
low thermal velocity associated with heat conduction.

5. Conclusion

An experimental and numerical study was conducted to evaluate 
transient seepage flow within variably saturated sand during the first 
filling of a sand model. The temperature of the sand was measured using 
130 m of optical fiber, forming a fully distributed continuous sensor 
within the model. The numerical modeling of seepage flow was vali
dated by experimental measurements. A coupled hydrothermal analysis 

Fig. 14. Thermal analysis of sand with different solid thermal conductivities for RF1 and RF5 points. (a) DTS temperature variation and computed Darcy velocity; (b) 
computed temperature bias to DTS measurements.
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was performed, focusing on the effect of heat dispersion and heat con
duction during the transient seepage. The findings of this study lead to 
the following conclusions: 

• Thermal monitoring using passive optical fiber DTS is an effective 
method for estimating the progress of the phreatic line during the 
first filling of the reservoir.

• The phreatic line precedes the thermal front within the sand. The 
temperature change in dry sand occurs as soon as the saturation 
degree increases. However, the rate of temperature change depends 
on the Darcy velocity of seepage and the distance of the point from 
the reservoir.

• The thermal velocity due to heat convection by seepage flow is a far 
faster process than heat conduction.

• Seepage flow is the primary factor driving heat transfer during 
transient seepage in variably saturated soil. It controls heat convec
tion, the dominant heat transfer mechanism, and significantly in
fluences heat dispersion.

• Coupled hydrothermal analysis shows that heat dispersion plays a 
significant role during transient seepage flow, with its influence 
increasing as Darcy velocity changes and diminishing as seepage 
flow stabilizes.

• Heat conduction has a minor effect on the heat transfer process when 
seepage flow is active within the soil.
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