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Recently, the use of the temperature tracer method has attracted a great deal of attention to study the dam leakage. Accurate
estimation of temperature variations inside the dam is critical, and the task can be achieved by identifying which variables play
more important roles in the hydrothermal coupling model (HTCM). In the present study, the HTCM of an embankment dam is
defined based on the thermal conductivity model proposed by Lu et al. (2007). The thermal conductivity model needs several input
parameters, many of which are usually determined by pedotransfer functions, which may introduce a certain degree of uncertainty.
Using the Morris method, the embankment dam of a reservoir, located in Shaanxi province of China, was chosen as the case study to
investigate the sensitivity of each parameter of the HTCM on the temperature field of the embankment dam. The sensitivity analysis
showed that the hydraulic conductivity (K,) of HTCM has the highest effect on the dam temperature field. On the other hand, the
saturated water content (0,), residual water content (0,), and porosity (1) only slightly influence the temperature estimation of
the model. Accordingly, the effects of these three parameters on the heat conduction and the subsequent temperature field of the
dam can be neglected. Results of this study showed that the model correction workload can be substantially reduced. Hence, the
efficiency of the model correction procedure leads to reasonable selection of decision parameters and can be significantly improved

by reducing the number of these parameters for the HTCM of the embankment dam.

1. Introduction

In normal operating conditions, the temperature of dam
foundation and dam body are mainly affected by the seepage
conditions. Water movement in the rock-soil medium of
the dam can affect its temperature distribution during the
time [1]. Consequently, studying the coupled temperature
and seepage effects of the embankment dam may provide
a theoretical basis to make a correlation between seepage
and temperature fields, in order to find the safe states of
the seepage [2]. Development of the seepage-heat moni-
toring technology in embankment dams makes it possible
to analyze the seepage field and find the seepage failure
points, by monitoring the temperature field. Accordingly,
many researchers have tried to develop mathematical models
that can reflect the coupled effects of temperature and seepage
fields in embankment dams [1, 3-6]. However, these models

show nonlinear behaviors with many affecting parameters
that will make the models very complex. Various uncertainty
sources, such as the diversification of model parameters scale
and systematic errors, increase the resulting uncertainty of
these models. Therefore, uncertainty and sensitivity analysis
of hydrothermal models are extremely helpful to find the
interaction between input parameters of a model as well
as their weight and influence on the model results [7]. A
quantitative study of the influencing factors of the model can
lead engineers to find the dominant affective parameters in
the temperature field. As a consequence, results can be esti-
mated with improved accuracy by focusing on the dominant
influencing factors and ignoring or reducing the weight of
other factors. Hence, simpler models can be proposed with
less nonlinearity behaviors and the actual phenomenon can
be predicted by use of a more precise numerical model.
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In a sensitivity study, the uncertainty of the input param-
eters and their influence on the model response are analyzed
within a specified design space [8]. Afterward, the sensitivity
factor is reduced, and only parameters with high sensitiv-
ity factors will be calibrated. Accordingly, the model can
be simplified with subsequent improvements in the model
calibration accuracy as well as the decision-making time and
costs [9]. Sensitivity analysis methods are divided into the
local and global techniques. Local methods are usually used
to study the influence of a single parameter uncertainty on
the system response, while other parameters are fixed [10].
Local sensitivity analysis takes the output variation caused by
a single input variable as the sensitivity index. The sensitivity
index analysis method, the differential ratio analysis method
and the automatic differential method all use the local
sensitivity analysis method. [11]. Local methods are based on
linear models and if a nonlinear term appears in the model,
or if the uncertainty of an input variable affects the output
at different orders of magnitude, then the local sensitivity
analysis method might lead to incorrect results. In contrast,
global sensitivity analysis methods can be used to test the
interaction of parameters, and also the simultaneous effects
of multiple parameters on the response variable [12]. The
multivariate regression method [13], the Sobol sensitivity test
method [7], the Fourier amplitude sensitivity test (FAST) [14],
and the Morris sensitivity method [15] are some examples of
these methods. The Morris method is particularly excellent
with respect to the other global methods because it makes
it possible to analyze the influence of variations of each
parameter and also their mutual effects on the model output
[16].

Currently, the Morris sensitivity analysis method is
widely employed in various engineering problems. King and
Perera [17] performed a case study on the Barwon urban
water supply system in Australia and applied the Morris
method to investigate the importance of input variables used
to estimate the yield of urban water supply systems. Wang et
al. [12] used the Morris method to analyze the sensitivity of a
salt precipitation model to its input parameters and obtained
the main influencing factors in the salt precipitation problem.
The Morris method was also used by Garcia Sanchez et al. [18]
to analyze and illustrate the potential usefulness of combining
first- and second-order sensitivity analyses. They applied this
method to a building energy model (ESP-r). Yi et al. [19]
used the Morris sensitivity analysis technique and focused on
the sample size and factors perturbation ranges to study the
sensitivity with regard to different output metrics of the water
quality model, and they analyzed the consistency between
different sensitivity scenarios.

Sensitivity analysis methods have also been used to study
the temperature field of dams, but, the majority of these works
aim to control the temperature stress in the mass concrete
pouring process [20, 21]. These methods could also be utilized
to find the main influence factors and also investigate the
temperature field of embankment dams affected by seepage,
during the operation. To the authors’ knowledge, no related
research exists in this field and so this study was designed to
do fill that gap. To meet this need, a commercial finite element
numerical simulation software was implemented to simulate
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the hydrothermal coupling process of the embankment dam.
The Morris global sensitivity analysis method was also
employed to perform a sensitivity study and find the degrees
of influence of the input parameters - including: the hydraulic
conductivity (K,), saturated water content (6,), residual water
content (6,), soil density (p,), specific heat capacity (c,)
and porosity (n) — on the embankment dam temperature.
Furthermore, the temporal and spatial variations of the mean
() and deviation (o) of the fore-mentioned parameters are
also analyzed, which provides clues to correct the model
and improve the numerical simulation accuracy. Results of
this study provide a scientific basis for further research work
to make more accurate predictions for temperature field of
embankment dams.

2. Hydrothermal Coupling Model (HTCM)

Richards’s equation describes the saturated-unsaturated tran-
sient seepage field of embankment dams and is written as
follows [22]:

C, ap KK, 0)
Pw <_g + SeSs> 5t Vp <—Wv (p+ ngz)) o

:Qm

where p,, is the water density, C,,, is the specific water capacity,
g is the gravity acceleration, S, is the relative degree of
saturation, S; is the elastic water storage rate, p is the pressure,
0 is the water content, K, is media saturated hydraulic
conductivity, K, () is the unsaturated zone relative hydraulic
conductivity, (T is the dynamic viscosity of water, z is the
elevation of calculated point position, and Q,, is the water
source.

The dynamic viscosity of water is given as a function of
temperature [23]:

@ (T) = 0.00002414 x 10147 #/(T+13316) )

The matrix suction and hydraulic conductivity in the
unsaturated zone are functions of soil water content. The
van Genuchten model is commonly used to describe the soil
moisture characteristic curve [24]:

0=0,+8,(6,-6,) 3)
ot

(U o Y )

Co= 1o (0-0)8" (1= )

K, (0) = S\ [1—(1—3;/’")’"]2 (6)
In the above relations, 8, and 0, are the residual and saturated
water contents, respectively. Also, « is the reciprocal of the
moisture characteristic curve intake. h, is the hydraulic
pressure head (h, = p,/p,,g), which in the unsaturated zone
is equal to the negative pressure head, k.. n, is an indicator of
the slope of the moisture characteristic curve and is obtained
by fitting the soil moisture characteristic curve,m = 1 -1/n,,
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The saturated-unsaturated heat transfer model can be
expressed by the following equation [25]:

T
(p%eq) = (/\quT) + (0p,cuPuVT) = (Bpy,cuT) (7)

+ Q,

where p,, is equivalent density, c,, is equivalent specific heat
capacity, T is water temperature, f is time, V is a Laplace
operator, A, is equivalent thermal conductivity, 6 is water
content which is equal to porosity in the saturated zone, p,,
is water density, ¢, is the specific heat capacity of water, u
is mean water velocity calculated by u = v/0 ((v is the
Darcy seepage velocity), Q, is the heat source, Dy is the
hydrodynamic dispersion coeflicient and is given by:

Dyyij = or [v] 8 + (g — o) viv; [v] (8)

where o and «; are the transverse and longitudinal disper-
sion, v, is the vector of flow velocity in direction i and v is the
vector of flow velocity in direction j, |v| is the magnitude of
flow velocity vector, §;; is a kriging constant, which is I when
i = jand 0 otherwise.

The equivalent density and specific heat capacity of
the rock mass are estimated through volume-averaging, as
follows:

Peg = (L=1) p, + 6p,, + () p, )
Cqg=1=n)c;+0c,+(n-0)c, (10)

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

The water content of any unsaturated porous media
highly affect the equivalent thermal conductivity. At normal
temperature conditions, the thermal conductivity of soil
increases with the increase of water content. Several empirical
models have been proposed to estimate the soil thermal
conductivity and among them the Lu’s model is more accurate
and practical [26]. According to Lu’s model, the thermal
conductivity of unsaturated soil is a function of the thermal
conductivity of dry soil (1,,,) and that of the saturated soil
(Agy) and is given by:

Aeq (0) = (Asat - Adry) Ke + Adry (11)
where A,,, and A, are estimated by the following relations:

Adry = —0.56n+0.51 (12)
/\sat = Ai_nAZ} (13)

in which A is the thermal conductivity of soil obtained
from the quartz content (g), its thermal conductivity (A q =

7.7W/(m-"C)), and the thermal conductivity of other miner-
als (4,), ie., A, = AZ/\})_q. Among them, A1, = 2.0W/(m-°C)
(@>02);4, =3.0W/(m-°C) (g < 0.2) and A, is the thermal
conductivity of water.

For conventional soil, the normalized thermal conductiv-
ity K,, in (11), is expressed by the following:

K, = exp {oc [1 - Si‘x—l'”)]} (14)

where S, is the degree of saturation, « is the soil texture-
dependent parameter, and its values for sand, loam, and clay
are 1.05, 0.9, and 0.58, respectively. The value of 1.33, in (14),
indicates the shape parameter.

The surface temperature data observed by the meteoro-
logical department are usually discrete and finite. Hence, it
is necessary to perform a finite Fourier series transformation
on the observed data to obtain a Fourier series function that
expresses the periodic behavior of the surface temperature
with time:

L 27t 27t
T(t)=T,+ A = 4B sin—
t) =T, ;( c0s = + By sin L) (15)

where T, is the annual average temperature and [ is the order
of the Fourier series, I = 1,2,3,...,5. Also, A; and B; are the
coeflicients of the Fourier series. In this study, the period of L
is considered to be 365 days.

The above model can describe the hydrothermal state
of the embankment dam. In the subsequent section, first,
the convective heat transfer process in the embankment
dam is considered to find the temperature field. Next, the
influence of the unsaturated zone on the seepage and the
temperature field is considered. Finally, the effect of cyclic
fluctuations of atmosphere temperature on dam operation is
considered. COMSOL Multiphysics software, a finite element
numerical solver, is used to numerically resolve the governing
equations, through modification of the relevant modules of
the software. Accordingly, the saturated-unsaturated seepage
and temperature fields can be obtained.

3. The Morris Method

Morris proposed his sensitivity analysis method in 1991 [15].
This method is also called the elementary effects method [27],
which can effectively identify and rank the importance of
input parameters of a model by changing the value of only one
parameter in an instance and finding its effect on the model
output. Therefore, it is possible to calculate the “elementary
effect (EE)” of each parameter on the output, one by one, and
finally evaluate the influence of all of them on the results. On
this basis, sensitivity factors can be compared globally and the
nonlinearity of the model can be described qualitatively.

The experimental plan is composed of individually ran-
dom One-At-a-Time (OAT) experiments. Each model input
X; (i = 1,...,k) is assumed to vary across p selected levels
in the space of the input factors. Hence, the region of experi-
mentation, €, is a k-dimensional p-level grid. According to
the principle of Morris sensitivity analysis, the factors are
assumed to be uniformly distributed in the range of [0, 1] and
are then transformed from the unit hypercube to their actual
distribution space.
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TABLE 1: Seepage and temperature fields parameters used in the numerical model.

Water content

VG parameters Solid medium

. -1
Dam material KlemD g om0, (enrem) am) g ) " e pagmy) 1
Dam fill material 4.53x107° 0.441 0.191 1.90 131 10°° 38 800 1740 35
Drainage prism material  1.00 x 1072 0.420 0.027 23.2 2.75 1077 50 800 2600 62
Dam foundation material 3.33 x 10~ 0.380 0.013 151 0.38 10°° 48 800 1620 30
Anti-seepage wall material 8.64 x 10~ 0.490 0.123 0.80 1.09 10°° 10 967 2694 25

For a given value of X, the elementary effect of the ith
input factor on the model is defined as follows [28]:

EE; (X)

CFK X X A Xy X) - F 00 1O

A

where A is a perturbation value that is selected from the
collection {1/(p — 1),...,1 = 1/(p — 1)}, p is the number of
levels, X = (X, X,,..., X)) is any selected value in Q, such
that the transformed point (X+e;A) is still in Q for each index
i=1,...,k and e, is a vector of zeros, but with a unit as its ith
component. The finite distribution of each elementary effect
of the ith input factor on the output is obtained by randomly
sampling different X vectors from Q and is denoted by F,,
(i.e., EE;(X) ~ F,). The number of elements of each F; is
pk_1 [p — A(p — 1)] (for more details, see [15, 28, 29]).

In addition, Morris proposed two sensitivity measures
for each elementary factor, y and o, which are, respectively,
the mean and standard deviation of F;. In order to estimate
these quantities, Morris suggested performing sampling on
r elementary effects from each F; via an efficient design that
constructs r trajectories of (k + 1) points in the input space,
each providing k elementary effects, one per input factor. The
total cost of the experiment is thus r(k + 1) [28]. The formula
for computing ¢ and o is given by the following [29]:

1 N
= — Y EE. 17
H N Z br (17)

1 n
%=\ N-1 r; (EE;, - 1"1’)2 (18)
where EE;, corresponds to the rth EE of X; and N is the
sample size. The higher the value of y, the greater the
influence of the corresponding parameters on the output
value of the model. The higher the value of o, the greater
the interaction of a certain parameter with other parameters.
Thus, the effect of that certain parameter has on the model
output is nonlinear.

4. Case Study

4.1. Description of the Site. The reservoir chosen for this
study is located in the middle reaches of the Heiheze River, a
primary tributary of the Wuding River (the primary tributary
of the Yellow River) in Shaanxi Province, China. The length
of the channel above the dam site is 14.3 km, the control basin

area is 117.4 km?, and its gradient is 5.03%o. The normal water
storage level of the reservoir is 1207.00 m, the designed flood
level is 1208.50 m, and the check flood level is 1209.03 m.
The total capacity of this reservoir, as a daily regulating one,
is 4.86 million m>. This project is designed for a residential
water supply, irrigation water supply, and drought relief and
its construction has a great significance for local economic
development. The hub building consists of three parts: (1) the
water retaining dam; (2) the water discharge culvert; and (3)
the diversion culvert. The water discharge culvert is arranged
parallel to the diversion culvert, which is located on the right
bank of the dam, and the water discharge and diversion
towers are combined together. The layout of the hub building
is shown in Figure 1.

4.2. Model Setup. The coupled characteristics of saturated-
unsaturated transient seepage and temperature fields of the
embankment dam was solved using the numerical solver, and
the results are presented in the following sections.

4.2.1. Geometric Model. Figure 2 depicts a schematic of the
dam structure. The embankment dam is homogeneously
filled with silty clay with a crest length of 282.1 m, crest width
of 5 m, crest elevation of 1210 m, and a maximum height
of 16.2 m. The slope ratio upstream of the dam is 1:3 with
the concrete slope protection. The slope ratio downstream
of the dam is 1:2.5, and a 1.5 m width berm is set at the
elevation of 1203 m. The drainage prism is made of gravel and
is designed in the dam toe. The homogeneous soil is used as
an impervious material for the dam body and the concrete
antiseepage wall is utilized as the thick overburden layer to
prevent seepage. The thickness of the antiseepage wall is 0.8
m and the upper part of the wall body inside the dam body
is 2 m. The abutment antiseepage wall enters 60 m into the
abutment.

4.2.2. Model Parameters. Referring to the customary engi-
neering design data and literature, the influencing parameters
to account for the seepage and temperature fields are given
in Table 1. Among these parameters, the unsaturated seepage
parameters are selected from [1, 4, 30], and the other param-
eters are based on empirical evaluations and engineering
design data [31]. The thermal diffusion coefficient is 0.01 m,
and the thermal conductivity of air and water are, respec-
tively, considered to be 0.024 W/(m-"C) and 0.58 W/(m-"C).
The heat capacity of air and water are 1005 J/(kg-"C) and 4186
J/(kg-"C), respectively, and the density of air and water are
1.205 kg/m® and 1000 kg/m?, respectively.
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FIGURE 1: The geographical location and layout of the embankment dam.

Normal storage level 1207.00 m

Muddy gravel pavement

~
AN
A A

Second stage S

cofferdam section  “2” ~ _ Dam fill

cC D

Crest elevation 1210.00 m

Sod slope protection

Dam fill ~ ~

A A

1194.00 m  Drainage prism

Dam foundation

Dam foundation

Dam foundation

Anti-seepage wall

— ]

FIGURE 2: Diagram of embankment dam structure (A through H are the boundary numbers).

4.2.3. Initial and Boundary Conditions. For the saturated-
unsaturated seepage field, the upstream dam body, H-A-
B-C in Figure 2 and downstream, D-E in Figure 2, dam
bodies are considered as constant water head boundaries.
The water head on the upstream body is 13.2 m and the
dam surface head changes linearly according to its buried

depth. A water head of 0 m is considered for the downstream
boundary. The other boundaries are considered as zero flux
boundaries.

For the temperature field, the H-A-B boundary, below the
reservoir water surface, is selected according to the annual
variations of the reservoir water temperature, as follows:
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FIGURE 3: Comparison of the seepage and temperature fields of the dam, with and without a concentrated leakage at the same time (June 22,
2020): (a) the dam seepage field without leakage; (b) the dam temperature field without leakage; (c) the dam seepage field in presence of the

leakage; (d) the dam temperature field in presence of the leakage.

T(y) t) _ 11.376_0'005(13'2_),) + 12.346_0'012(132_),)
7T
- COS . (19)

[t - 6.5~ (0.53 +0.008 (13.2 - y))]

where y is the reservoir water level elevation in meters, and ¢
is the time.

The bottom boundary, E-F-G-H in Figure 2, is adiabatic.
The B-C-D-E boundary, above the reservoir water surface, is
in contact with the atmosphere which follows from seasonal
temperature fluctuations and measured by daily average tem-
perature. The local scattered temperature data from China
Meteorological Information Center (http://data.cma.cn) are
used in this study. In addition, the temperature fluctuation
model of the year is obtained by using the Fourier series
(see (15)) and is used as a periodic temperature boundary.
The 5th-order Fourier series can meet the required accuracy.
The Fourier series coefficients of the annual temperature
regression model are as follows: T, = 8.8141, A; = —14.24],
A,= —1.0891, A, = —0.3545, A,= —0.0169, A = 0.0563, B,
= -2.5332, B, = —0.3466, B, = —0.2486, B, = 0.1595, B,
= —0.0471. This Fourier series can be used to determine
the temperature fluctuations at any time, and its calculated
average annual temperature is 8.8°C.

The pressure head of 0 m and the annual average temper-
ature of 8.8°C are considered to be the initial conditions of the
seepage and temperature fields.

4.3. Embankment Dam Seepage: Temperature Fields Analysis.
An abnormal leakage from the embankment dam will change
the dam body temperature. Using the thermal monitoring
technology in embankment dams, existence of any abnormal
temperature variation can be detected in the field, at any time.
The temperature tracing detection technology also helps
to determine concentrated leakages in embankment dams.
Accordingly, these two methods make it possible to find leak-
age through the temperature field. Hence, a leakage problem
in the dam is identified and is simulated to investigate the
influences of concentrated leakage on the temperature field
of the dam. It is assumed that the antiseepage wall has a
fine (0.02 m) width crack at a specific time. The leakage is
positioned at depth of 6.2 m from the bottom of the dam.
The simulation time is 2880 days, and the simulation time
of concentrated leakage is 731 days, using 1-day time steps.
In this manner, the sharp temperature variations of the dam
body under the concentrated seepage condition are obtained.

The seepage and temperature contours of the dam, with
and without a concentrated leakage, at the same time are
shown in Figure 3. When no concentrated leakage exists (see
Figures 3(a) and 3(b)), the phreatic line is in a relatively low
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TABLE 2: Probability distribution of hydro-thermal parameters of the embankment dam.

Parameters Symbol Units Parameter-observed probability distribution
Hydraulic conductivity K, cm/s K, ~(107,107°)

Saturated water content 0, cm’/em’ 0, ~ (0.36, 0.49)

Residual water content 0, cm?’/cm? 0, ~(0.013, 0.190)

Soil density ps kg/m’ ps ~ (1390, 2690)

Specific heat capacity of solids C J/(kg-C) ¢, ~ (400, 1500)

Porosity n % n ~ (21, 68)

Thermal conductivity A W/(m-°C) A ~(0.25,5.03)

position. The temperature gradually increases from the low- 145 - x107°
temperature zone of the reservoir water, in front of the anti- 140 b ‘_' 70
seepage wall, to the high-temperature zone on the surface of 13.5 F

the dam body. In this condition, the isotherms are distributed _130r

in a relatively uniform pattern. When the leakage occurs S 125¢ =
(Figures 3(c) and 3(d)), obviously the phreatic line rises and g ﬁg E
the reservoir water in front of the antiseepage wall seeps into E ol £z
the unsaturated zone through the concentrated leakage zone. & los i,
A sudden temperature change region with dense isotherms B 100k

is formed in front of the antiseepage wall and the dam body 951

temperature, behind the antiseepage wall, is lowered as a 9.0

consequence of passing the low-temperature reservoir water 85& ) L 0.0

through the concentrated leakage zone. Hence, the influence
of the air temperature becomes smaller.

Therefore, presence of the concentrated leakage caused
the low-temperature reservoir water to flow, mainly through
the concentrated leakage zone, into the downstream and
changed the spatial distribution of the surrounding temper-
ature field as a result of the convective heat transfer within
the path of the low-temperature reservoir water. Temperature
measurement data of the embankment dam depicts that the
temperature field (in time and space) can be affected by the
presence of concentrated leakages, and the seepage field can
be predicted by an inverse procedure through temperature
measurement.

The seepage velocity and temperature variations over
time at the outlet of the concentrated seepage zone of the
antiseepage wall as exhibited in Figure 4 show that the
concentrated seepage begins at the 731*" day of the simulation
time and leads to an incremental jump in the seepage velocity
from 3.9 x 107 m/s (before leakage) to 7.6 x 107® m/s, after
which the seepage velocity gradually becomes stable. Before
leakage initiation, the temperature at the outlet of the anti-
seepage wall was approximately 10.5°C with little variation.
However, when leakage starts, the outlet temperature rapidly
declines to 9.8°C and then decreases at a slower rate to the
lowest temperature of 8.5°C, over a period of 100 days. In
this condition, the outlet temperature is consistent with the
trend of variations of the water temperature at the bottom of
the reservoir. After the leakage of the antiseepage wall, the
seepage outlet leakage velocity increases rapidly, and the low-
temperature water flows through the bottom of the leakage
passage; hence, the leakage outlet temperature will change.
Accordingly, the outlet temperature variation is in line with
the reservoir water temperature. It can be concluded that
the temperature variations during the time is sensitive to the
leakage and can effectively indicate the location and time

0 100 200 300 400 500 600 700 800 900
Time (d)

—e— Velocity
—=— Temperature

FIGURE 4: Flow velocity and temperature variations along the time
at the crack of the antiseepage wall.

of the leakage. Thus it is feasible to detect the leakage of
embankment dams through temperature measurements.

4.4. Morris Global Sensitivity Analysis. Since a coupled
hydrothermal problem is considered, the dam temperature
field should be affected by both the regional thermal con-
dition and the seepage characteristics. Assuming that the
computational domain is quite large, it can also be assumed
that no heat exchange between the seepage system in the dam
body and the geological body occurs. Therefore, the main
influencing thermal boundaries are the following two known
temperature boundaries: (1) the water temperature at the
bottom of the upstream reservoir; and (2) the temperature at
the surface of the downstream dam. The principal parameters
of the seepage medium that can affect the temperature field
are the hydraulic conductivity, the saturated water content,
the residual water content, the specific heat capacity, the
porosity, and the thermal conductivity. In order to reduce the
computational costs, only a transverse section of the dam is
selected to be analyzed.

The ranges of variation of hydraulic and thermal prop-
erties of the soil are summarized in Table 2, according to
the literature [24, 30, 32]. In addition, the range of porosity
variations is selected from typical values of different types of
soil [33].
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FIGURE 5: Morris test results for the 10 monitoring points.

TABLE 3: A sampling example of hydro-thermal parameters of the
embankment dam.

Sample Trajectory 1

1 (717 x 1078, 0.434, 0.038, 2504, 400, 34.4, 2.299)
2 (717 x 107, 0.434, 0.038, 2504, 400, 27.7, 2.299)
3 (7.17 x 10, 0.434, 0.038, 2690, 400, 27.7, 2.299)
4 (5.76 x 1075, 0.434, 0.038, 2690, 400, 27.7, 2.299)
5 (5.76 x 107%, 0.434, 0.038, 2690, 400, 27.7, 2.981)
6 (5.76 x 107%, 0.434, 0.038, 2690, 557, 27.7, 2.981)

7 (5.76 x 107, 0.434, 0.013, 2690, 557, 27.7, 2.981)

8 (5.76 x 1075, 0.416, 0.013, 2690, 557, 27.7, 2.981)

Following the experimental procedure of the Morris
method, 80 sample groups of the selected hydrothermal
parameters (K, 8, 0., p,, ¢, n, A) were obtained using 10 tra-
jectories and 8 levels sampling, where X; ; (i=1,...,10; j =
1,...,8) is the sensitivity factor of the ith trajectory and the
jth vector. As an example, the sampling results of the first
trajectory are listed in Table 3.

The 80 groups of sample parameter vectors obtained
by sampling were substituted into COMSOL Multiphysics
software to start the simulation. Next, the temperature vari-
ations of the embankment dam at the monitoring points
were obtained. Four monitoring points were set along the
horizontal direction with the coordinates of 1* (20, 5), 2*
(40, 5), 3* (60, 5), and 4* (80, 5). In the vertical direction,
three monitoring points are set, either before or after the
antiseepage wall, with the following coordinates: 5% (55, 10),
6" (55, -5), 7* (55, —20), 8" (60, 10), 9" (60, —5), and 10"
(60, —20). As an example, using trajectory 1, the temperature
values at the eight monitoring points, calculated by the
numerical solver, are listed in Table 4.

After the numerical simulation of 80 groups of the sample
parameters, the temperature values at the 10 monitoring
points can be obtained. Next, the sensitivity index, y, and

deviation, o, of the seven parameters were calculated accord-
ing to the test procedure of the Morris method. Table 5 shows
p and o of each parameter affected by the temperature in the

ten monitoring points at the 2880™ time step. In order to
compare the influence of each parameter on the temperature
values of the model, the absolute deviation values of Table 5
are also exhibited as scatter plots in Figure 5.

The y and o values of the ten mentioned monitoring
points are different, and there are certain fluctuations in their
trend of variations. Moving horizontally from the dam body
upstream to its downstream (point 1 to point 4), and also
moving vertically from the dam crest to the dam foundation
(point 5 to point 7 and point 8 to point 10), the influences of
parameters on temperature values are increasing, both before
and after the antiseepage wall. Also in these two directions,
as shown in Table 5, the conjugate interaction of parameters
is also increasing, when they affect the model temperature
output.

It can be seen from Figure 5 that though the y value of
the 10 monitoring points is varying with the position, but the
mean value (¢) of the hydraulic conductivity (K;) and the
specific heat capacity (c,) is generally larger than the other
parameters. Hence, these two parameters are affecting the
model output, the temperature, in a significant way. On the
other hand, the corresponding mean values () of the thermal
conductivity (1), the saturated water content (0,), the residual
water content (0,), the porosity (1), and the soil density (p,)
are relatively small. As a consequence, these parameters have
a little impact on the model output. Furthermore, among
all of the input parameters, the hydraulic conductivity (K,)
has the highest impact on the temperature field. Also, the
zero sensitivity indices of the saturated water content (6,),
the residual water content (6,), and the porosity () reveal
that they have the minimum impact on the model output.
Therefore, their influence on temperature variations of the
dam can be neglected.
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TABLE 4: Temperature at the 10 monitoring points of the embankment dam.
Temperature value of each monitoring point (°C)

Sample iy 2* 3 4 5 6" 7* 8 9* 10*

1 8.9917 10.9409 11.7681 11.3842 11.8443 11.1437 10.9288 12.8233 11.3093 10.9299

2 8.9917 10.9409 11.7681 11.3842 11.8443 11.1437 10.9288 12.8233 11.3093 10.9299

3 8.9917 10.9408 11.7885 9.9169 11.9182 11.1438 10.9288 11.9406 11.3080 10.9299

4 8.9807 10.9310 11.7581 9.0427 11.8846 11.1613 10.9188 14.0056 11.3378 10.9186

5 8.9799 10.9304 11.7878 12.3193 11.9533 11.1603 10.9179 13.0001 11.3412 10.9177

6 8.9799 10.9304 11.7811 10.6677 11.9678 11.1603 10.9179 13.0147 11.3415 10.9177

7 8.9799 10.9304 11.7811 10.6677 11.9678 11.1603 10.9179 13.0147 11.3415 10.9177

8 8.9799 10.9304 11.7811 10.6677 11.9678 11.1603 10.9179 13.0147 11.3415 10.9177

TABLE 5: Morris test results of monitoring points of hydro-thermal parameters of the embankment dam.
.. Monitoring results

Morris index Parameters " . 5 < o - o o 10*
K, 0.63 1.82 5.29 1.82 5.79 6.12 9.89 6.03 8.57 9.73
0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

u Ps 0.00 0.00 0.64 —5.26 0.12 —0.01 0.00 -2.29 —0.01 0.02
o 0.14 0.45 0.10 1.70 0.58 1.68 2.45 -0.15 2.24 2.39
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A —-0.01 —-0.03 0.44 3.57 0.47 0.00 0.00 0.53 0.03 0.00
K, 0.67 213 6.38 6.76 7.39 7.65 11.63 9.50 10.71 11.36
0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

o Ps 0.00 0.04 2.25 10.79 1.05 0.10 0.01 2.92 0.07 0.06
1o 0.43 1.33 5.81 11.31 5.62 4.85 731 8.68 6.67 719
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 0.01 0.07 1.88 11.86 112 0.04 0.03 9.27 0.09 0.03

As was observed, the corresponding o values of K, and
¢, are large, indicating that these two parameters have the
greatest interaction with the other parameters, when all
parameters are affecting the temperature. In other words,
temperature shows a nonlinear behavior with respect to these
to parameters. Conversely, the deviation values () of A, 6, 0,,
n, and p, are relatively small, indicating that the interaction
between these five parameters and other parameters is small
with respect to the temperature.

As was observed, when the y value of one parameter
is large, its corresponding o value will be large too. This
fact indicates that the greater the influence of a parameter
on the model output, the greater the interaction between
that parameter and the other parameters. Therefore, in
practical research, improving the observation accuracy of the
hydraulic conductivity and the specific heat capacity can lead
to more accurate simulation results, even without considering
some other secondary factors.

In addition, results of Table 5 indicate that each parameter
has both favorable and unfavorable effects on the model
temperature value. These impacts can provide a certain
reference for model correction. The favorable effects indicate

that variations of the parameters are consistent with temper-
ature variations, during the model calibration. The unfavor-
able effects indicate that fluctuations of the parameters are
adversely changing the temperature value. In terms of this
study, if a simulated temperature value of the dam is less
than its measured value, the whole model can be adjusted
by increasing the value of the favorable acting parameter or
decreasing the value of the unfavorable acting one. Thus, the
model can be corrected to obtain simulation results that are
closer to the actual situation.

5. Conclusions

The main factors of the hydrothermal coupling model
(HTCM) parameters affecting the temperature field of an
embankment dam were investigated to reduce the work-
load in the model calibration process. The HTCM of an
embankment dam, based on the thermal conductivity model
of Lu et al. [26], was investigated using the commercial
COMSOL Multiphysics finite element software. Comparison
of the seepage and temperature fields of the dam, with and
without concentrated hydrothermal coupling analysis, makes
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it possible to reasonably analyze probable anomalies in an
embankment dam. The sensitivity of the influencing factors
on the embankment dam’s temperature field was analyzed
implementing the Morris sensitivity method and results were
presented in terms of the mean and deviation values. After
investigation of the results, the following points can be
concluded:

(1) Moving horizontally from upstream of the dam body
to its downstream and also in the vertical direction
from the dam crest to the dam foundation, both
before and after the antiseepage wall, the temperature
dependency on the input parameters is increasing.
In addition, the interaction between each parameter
and other ones is also increasing, when they affect the
model output temperature.

(2) In general, the hydraulic conductivity (K;) and the
soil specific heat capacity (c,) are dominantly affecting
the model output (i.e., temperature), whereas the
other parameters, including thermal conductivity (1),
saturated water content (6,), residual water content
(0,), the porosity (1), and the soil density (p;), have
less effect on the temperature. Furthermore, when
affecting the temperature, the hydraulic conductivity
(K,) and the soil specific heat capacity (c,) have a large
interaction with other parameters, while the inter-
actions between the other parameters are smaller.
Moreover, the greater the influence of a parameter
on the temperature, the greater the interaction with
other parameters. Therefore, when analyzing the tem-
perature field of embankment dams, the hydraulic
conductivity (K) and the specific heat capacity (c,)
of the soil should be taken as the key parameters.
These two parameters can be determined through an
inverse estimation study, and the other parameters
with lower sensitivity can be simplified considering
proper assumptions.

(3) Each parameter can have both favorable and unfa-
vorable impacts on temperature values. Results show
that the hydraulic conductivity (K;) has a favorable
influence on the temperature values, while, depend-
ing on the position, the soil density (p;), its thermal
conductivity (1), and the soil specific heat capacity
(c,) have both favorable and unfavorable effects on
the temperature. These impacts can provide valuable
information for hydrothermal coupling model cor-
rection of embankment dams.
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