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Abstract: Cutoff walls are widely used to limit seepage, piping, and the uplift under hydraulic
structures. Therefore, this study focused on a numerical investigation of the hydraulic performance
of cutoff walls beneath hydraulic structures during both static and dynamic conditions, considering
location and inclination angle influences. The results confirmed that placing the cutoff wall at the
upstream heel was more effective in reducing uplift pressure compared to other placements during
static conditions. The inclination angles for the different placements of the cutoff wall had a significant
impact on the total uplift pressure, exit hydraulic gradient, and seepage discharge during both static
and dynamic states. The earthquakes had a noticeable effect on uplift pressure, seepage discharge,
and exit hydraulic gradient. During static conditions, the inclination angle of 90° was the most
effective angle for decreasing seepage discharge, irrespective of the cutoff wall position. During an
earthquake, the seepage discharge values were high regardless of the inclination angle. In the case
of placing a cutoff wall at the upstream heel, the maximum seepage discharge value occurred at an
inclination angle of 45°. This study provided insights into the behavior of cutoff walls under different
conditions and can inform the design and construction of such structures for effective seepage control.
The experimental feed-forward neural network (FFNN) was also successfully built. According to the
following criteria (uplift pressure, seepage, and exit hydraulic gradient), the hydraulic performance
of cutoff walls beneath hydraulic structures under static conditions can be examined. The FFNN can
make predictions with root mean square errors (RMSE) of 0.0697, 0.0021, and 0.0059, respectively,
and R? values of 1.00, 0.9994, and 0.9997.

Keywords: cutoff wall; uplift pressure; hydraulic gradient; seepage; hydraulic structures; artificial
intelligence; feed-forward neural network

1. Introduction

Hydraulic and diversion structures such as dams, weirs, and levees are considered
vital components of water resources management systems, designed to regulate water flow,
store water for irrigation, generate electricity, and provide other benefits. However, these
structures face several challenges, such as seepage, piping, uplift, and natural disasters such
as flash floods and earthquakes, which can lead to instability and failure, causing significant
economic and social impacts. To mitigate the challenges and impacts, various measures
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are utilized, including the use of cutoff walls and drainage systems [1-4]. Seepage occurs
beneath the foundation of hydraulic structures constructed on permeable foundations due
to the difference in water levels upstream and downstream. The seepage impacts on the
permeable foundation can be categorized into uplift force, seepage discharge, and exit
gradient. Uplift force reduces the shear resistance between the dam and its foundation,
leading to tension stress and a decrease in the factor of safety against overturning and
sliding of the hydraulic structure. Meanwhile, exit gradient serves as the primary design
parameter for ensuring the safety of hydraulic structures against piping phenomena [5].

Excess uplift pressure and piping phenomena are considered the primary causes of
hydraulic structure failure [6]. To mitigate these effects, reducing the total uplift pressure
and exit gradient is crucial for ensuring hydraulic structure safety. To achieve this goal,
cutoff walls at the foundation sides of hydraulic structures are implemented [2]. These
walls are impermeable and consist of steel sheet piles, concrete trenches, grout curtains, or
impervious blankets. The placement of these walls reduces seepage discharge and/or exit
gradient, providing the necessary protection against uplift pressure and piping [1,2,7,8].
To manage and dominate seepage flow and mitigate its adverse impacts, hydraulic struc-
tures commonly employ comprehensive drainage systems consisting of drainage galleries,
drainage tunnels, and draining wells [2,9].

Seepage under hydraulic structures has been a topic of extensive research, and several
theories have been developed [10-12]. Bligh [10] proposed the creep length theory to
explain the flow of water under hydraulic structures. This theory defines the creep length
as the path of the first seepage line contacting the foundation. In Bligh’s theory, the
uplift pressure distribution is assumed to be linear under the foundation, and energy
loss along the creep line varies proportionally with its length. Lane [11] found that there
are variations between horizontal and vertical creep paths and developed the weighted
creep theory, in which coefficients of 0.33 and 1.0 were considered for total horizontal and
vertical percolation lengths, respectively. On the other hand, Khosla et al. [12] examined
the flow network under a hydraulic structure on a permeable foundation. A technique
for calculating uplift pressure distribution under foundations was proposed based on
hypothesizing that the flow and potential lines are concentric ellipses and hyperbolas.

Compared to the creep line theories of Bligh and Lane, Khosla’s theory is generally
more dependable. However, when a complicated foundation is present, solving highly
complex equations is needed; also, accuracy could be low in the case of dealing with
anisotropic foundations [5]. An analytical solution based on the Laplace equation can also
be used to calculate an exact uplift pressure distribution for different boundary conditions.
Nevertheless, the equation is difficult for complicated engineering practices, so difficult
integrals were present [13]. Thus, to overcome the complexity of solving Laplace equations
and the low accuracy of other methods, particularly when dealing with complex boundary
conditions, numerical solutions based on a finite element approach have been widely used
recently [14,15]. Numerical solutions based on the finite element method have proven to
be an effective technique for calculating uplift pressure, seepage flow, and exit gradient
under hydraulic structures. These methods involve dividing the foundation soil into finite
elements, allowing for a detailed analysis of the flow and deformation behavior of the
hydraulic structure [7].

Recently, there have been various studies dealing with uplift pressure, seepage flow,
and exit gradient calculations using numerical solutions based on a finite element approach.
Those studies investigated different placements of the cutoff wall and different inclination
angles under the static conditions [1-3,5,8]. A combination of finite element modeling and
a genetic algorithm (GA) model was developed to determine the ideal cutoff position and
inclination angle for a hydraulic structure with a specific cutoff depth to floor length ratio
under static conditions [16,17]. The study conducted by Javanmard et al. [18] explored the
interaction between the core and foundation with the cutoff wall under various static and
dynamic loading conditions. Despite the abundance of studies focused on cutoff walls
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under hydraulic structures during static conditions [1,5,8,19], there remains a significant
dearth of research on the hydraulic response of cutoff walls during dynamic states.

In actuality, artificial neural networks (ANNSs) are frequently utilized in a variety of
civil and environmental engineering applications to test the consistency between the mea-
sured and projected concentrations of key parameters [20-22]. The acceptable performance
of ANNs in modeling has two aspects: first, it enables theoretical analysis, and second, it
offers a useful model to forecast the level of output parameters given comparable input
data. In terms of investigating the hydraulic performance of cutoff walls beneath hydraulic
structures during static conditions, ANN modeling is an alternate data analysis to achieve
quick results utilizing a less involved method with satisfactory results [23-25]. The solution
based on the radial basis function method (RBF) also had acceptable accuracy [26].

The purpose of this study is to investigate the hydraulic characteristics, including
uplift pressure and exit gradient, at different placements and inclination angles of the cutoff
wall during static and dynamic loading conditions. Investigating the behavior during
earthquake shaking is recently considered an urgent need, particularly after the frequent
earthquakes and their subsequent aftershocks. This study aims to fill this gap and provide
a more comprehensive understanding of the hydraulic behavior of cutoff walls in different
conditions, consequently assessing the stability of water structures under both static and
dynamic conditions to protect lives and property in neighborhood regions. To achieve this
objective, this study focused on modeling a diversion dam with a preamble foundation and
a cutoff wall using the finite element Geo-Studio (2019 R2) software. An artificial neural
network (ANN) approach was also employed to predict the parameter measurement.

2. Materials and Methods
2.1. Governing Equations
Seepage flow through porous media follows Darcy’s law and Poisson’s equation

(Equations (1) and (2), respectively). It is worth mentioning that water flows from the
position of a high total head to a low total head under the effect of a hydraulic gradient.

oh
q= —kAg (1)
0 oh 0 oh a6
ax(Kxax>+ay(Kyay>+Q_8t 2

where 4 is the seepage discharge (m3/s), k is the hydraulic conductivity coefficient (m/s), A
is the area of the cross section (m?), 0/9l is hydraulic gradient, K, and Ky are hydraulic
conductivity in horizontal and vertical directions, respectively (m/s), h is the total water
head (m), Q is the applied boundary flux, 8 is the volumetric water content, and t is time.

2.2. Numerical Simulation

The Geo-Studio (2019 R2) commercial software, including Seep/w [27], Sigma/w [28],
and Quake/w [29], was used in this study to determine uplift pressure, exit gradient, and
seepage flow during both static and dynamic loading conditions. Seep/w is finite element
software that is specifically designed to analyze water seepage and pressure problems
in porous media, whereas Sigma/w and Quake/w are utilized for stress, deformation,
and dynamic modeling, respectively. Both steady-state and transient flow problems in
a plane strain domain can be analyzed using Seep/w. In this study, the foundation soil
was assumed to be isotropic and homogeneous with a saturated hydraulic conductivity of
1075 m/s, and a steady-state seepage analysis was performed for all cutoff wall systems
during the static condition. The cutoff wall was simulated as an impermeable interface.
Moreover, a fully saturated analysis was considered for all materials in the hydraulic
structure foundation’s model during the static condition, while a transient analysis was
performed during the earthquake shaking (i.e., dynamic loading condition).



Water 2023, 15, 3870

4 0f22

Elevation

40

30

20

10

The boundary conditions were defined for upstream and downstream sides as a
pressure head, where the values for upstream and downstream were 10.0 m and 0.0 m,
respectively. For stress, deformation, and dynamic analyses conducted by Sigma/w and
Quake/w, respectively, the boundary conditions were also defined, and the initial pore
water pressure was defined from the Seep/w parent analysis. The foundation material was
also defined for Sigma/w and Quake/w analyses as linear elastic. It is worth mentioning
that the definition of material properties differs based on the analysis type. For example, in
Seep/w analysis, the hydraulic properties were defined, while in Sigma/w and Quake/w
analyses, the mechanical and engineering properties were defined. A 0.2 g peak shaking
acceleration of an earthquake was used in the numerical simulation, and the acceleration
versus time was indicated in Figure 1. According to the Instrumental Intensity Scale
developed by the United States Geological Survey based on a peak ground acceleration
of 0.2 g, the earthquake can be categorized as grade IV [30]. This study investigated the
dam shown in Figure 2 without a cutoff wall (i.e., the base case), besides placing the cutoff
wall in three positions in the upstream heel (US), midpoint of the dam base (Middle),
and downstream toe (DS). In addition to the three different placements of the cutoff wall,
various inclination angles were also investigated, including 15°, 30°, 45°, 60°, 75°, 90°, 105°,
120°, 135°, 150°, and 165°.
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Figure 1. Earthquake acceleration versus time.
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Figure 2. (a) Base case and (b) schematic diagrams indicating different positions and

inclination angles.



Water 2023, 15, 3870

50f22

L.coation

Input layer

2.3. Artificial Neural Networks

In a number of engineering applications, artificial neural networks (ANNSs) simulate
and forecast diverse environmental issues using statistical modeling [20-23]. According to
Figure 3, the feed-forward neural network (FFNN) used in this study includes three layers
and three levels. The input layer is the one from which the model’s inputs are derived.
These inputs are provided by the analysis of the slope angles for the various cutoff wall
positions in terms of location and slope angle. Based on the uplift pressure, seepage, and
exit hydraulic gradient in the static state, the most effective location and impacts of the
slope angle to limit leachate discharge were estimated. The Tansig equation (Equation (3))
states that there are M neurons with a specific level of activity in the hidden layer.

tansig(n) = 1 (©)]

14e(-2n)

Hidden layer

Output layer

a = Tasig (n) = ,“'_.a -1

le

-1
a = puretin(n)

Output(predicted)

Figure 3. A hidden layer in the FFNN structure.

The goal of network training, where 7 is the input to this function, is to determine the
best weights and biases for the connections between the layers of the network. The neural
output is often expressed as in Equation (4):

K
Oy—f(way+by> 4)

x=1

where Oy stands for the y-th neuron in the output of a layer that is not an input (wyy). f (.)
stands for the activation function, by stands for the bias value, and denotes the weight of
the connection between the x-th neuron in the previous layer preceding.

The flowchart in Figure 4 represents the training procedure for an FFNN-based pre-
dictive model. The data samples are randomly divided into a training group (70%), a
validation group (15%), and a test group (15%). A typical test criterion for neural network
models in a variety of applications is in the range of 70-30%. It has been widely used in
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other studies with similar focus [22,23]. The FFNN is trained with a set of weights and
biases for all connections selected randomly. The performance of the model is evaluated us-
ing the root mean square error (RMSE) given in Equation (5) and the R-squared coefficient
R? (Equation (6)).

N
RMSE = %2(:@ - 0;)? (5)
i=1
R2: 1— Zf\il(Tl — Oi>2 (6)
YN, (T, — T)2

/ Collect samples of experimental data ]
in an input/output format.

Data preparation includes
‘ normalization of input and output to

the range [0,1]. 5

Prepare the samples of experimental
‘ data in the form of inputs/outputs.
. Determine the total number of runs. o

o !

Initialization of the FFNN weights and
connections' biases at random

i

To train, validate, and test the model,
randomly divide the data samples into
[70%, 15%, 15%].

S

After using the model training
algorithm, give the model's RMS and

R2 values.

NO

the amount of runs has bee
completed.

settings, and the entire training process is
repeated

Describe the best model and the final
outcomes.

v

Figure 4. Flowchart for predicting the suitability for uplift pressure, seepage, and exit hydraulic
gradient supply using FFNN.

N stands for the sample size (training, validation, or test), T; stands for the target
value (i.e., the result of the experiment), T denotes the average of the target values, and O;
stands for the model output for that particular target value. The RMSE is calculated for
both the training set and the validation set in order to monitor model behavior and prevent
overfitting. The RMSE for the test set is calculated following the training phase. To find the
typical model behavior, the entire process is repeated a predetermined number of times.
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3. Results and Discussion
3.1. Uplift Pressure

Uplift pressure is a key factor to be considered in the design and stability of hydraulic
structures such as diversion dams. It refers to the pressure exerted by groundwater below
the dam structure, which can cause the structure to uplift and potentially fail. Determining
the value of uplift pressure is crucial in ensuring the safety and stability of hydraulic
structures, as it helps to determine the required thickness of the structure’s foundation
and the location and design of cutoff walls to prevent seepage flow. In addition, uplift
pressure can also have a significant effect on the overall structural stability of the hydraulic
structures, causing deformation or cracks and leading to potential failure. Therefore,
accurately determining the uplift pressure distribution and understanding its effect on
the stability of the diversion dam is essential for designing safe and effective structures.
Thus, in this section, uplift pressure is investigated during static and dynamic conditions
by using a cutoff wall at three different positions and various inclination angles. Figure 5
indicates the uplift pressure distribution under the diversion dam. It can be clearly seen
that placing the cutoff wall at the heel (i.e., upstream side US) had the lowest value of
uplift pressure in comparison with the base case (i.e., without the cutoff wall BC) and
another two cases in the middle and in the toe (i.e., downstream side DS). Where the total
uplift pressure values decreased by almost 65% in the case of placing the cutoff wall in the
upstream heel at an inclination angle of 90° (i.e., US_90°). While the total uplift pressure
increased greatly by almost 165% when the cutoff wall was placed at the downstream toe at
an angle of 90° (i.e., DS_90°) in comparison with the base case, this finding matched closely
with Mansuri et al. [1] and Moharrami et al. [8]. It is worth mentioning that water flows
from upstream to downstream through the porous foundation under the effect of a change
in total energy. Therefore, using a cutoff wall at the upstream heel leads to dissipating most
of the seeped water energy at the beginning of the structure’s floor. While using a cutoff
wall downstream toe let the seeped water dissipate its energy at the end of the structure’s
floor. Therefore, installing a cutoff wall at the upstream heel is more effective than that
placement in the downstream toe.

160

140 +

p —0—BC 120
—e—Us_90° 100 -

—o— Middle_90°
60

=1 1

BC us_ag° Middle_00° DS_90°

28

30

32

34

36 38 40 42 H Total uplift pressure head, m B Ratio compared with BC, %

Distance, m

(a) (b)

Figure 5. (a) Uplift pressure distribution; (b) the total uplift pressure ratio compared with the base
case for a static condition at an inclination angle of 90°.

The inclination angles for the different placements of the cutoff wall had a significant
impact on the total uplift pressure, as shown in Figure 6. As the inclination angle increased,
the total uplift pressure decreased, irrespective of the cutoff wall position. This observation
also matches Mansuri et al. [1] and Moharrami et al. [8]. It can be clearly noticed that the
decreasing rate of the total uplift pressure increased as the inclination angle increased. The
decreasing rates in total uplift pressure were almost 72%, 29%, and 21% for the placements
US, Middle, and DS, respectively, when the inclination angle was increased from 15° to
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165°. This can be explained as follows: The inclination angle of the cutoff wall affects
the direction and intensity of the seepage water flow through the foundation soil. When
the angle of inclination is small, then the seepage water flow is parallel to the structure
foundation, which may result in high uplift pressure. On the other hand, when the angle of
inclination increases, the seepage water flow is directed away from the hydraulic structure
foundation, which may decrease the uplift pressure, as indicated in Figure 7. Therefore,
the inclination angle of the cutoff wall is an important factor to be considered during the
design of hydraulic structures to ensure their stability and longevity.

100
20

80
70
60
50
40
30
20
10

0

S§t. 15° 5t.30° St. 45° St. 60° St 75° 5t.90° St 1057 St. 120° S5t.135° St. 150° St. 165°

Total uplift pressure head, m

mUS = Middle = DS

Figure 6. Total uplift pressure head for different positions and inclination angles during
static conditions.

—o— Middle St. 30°
—o— Middle St. 90°
—o— Middle St. 150°

28

30

32

34 36 38 40 42
Distance, m
(a)

Figure 7. (a) Uplift pressure distributions for inclination angles of 30°, 90°, and 150° at the middle
position during the static condition; (b) seepage water flow at the middle position and various
inclination angles.

Earthquakes can have a significant impact on the uplift pressure underneath hydraulic
structures. The total uplift pressure for different placements and inclination angles of
the cutoff wall during static and dynamic conditions is therefore depicted in Figure 8 to
identify the impact of an earthquake on the uplift pressure during different scenarios (i.e.,
inclination angle and position of the cutoff wall). It is worth mentioning that different
scenarios during the static condition were numerically analyzed as a steady state, while
dynamic scenarios were transient analyses, meaning that the uplift pressure distribution
was varying during the shaking period as indicated in Figure 9, therefore the uplift pressure
values were determined at the end of the shaking (i.e., at 10 s). It can be clearly seen that
the earthquake had a noticeable effect, particularly on heel and toe placements during



Water 2023, 15, 3870 9of22

the shaking period. This can be attributed to the excess pore water pressure induced by
shaking in Figure 10. It is worth noting that excess pore water pressure behavior cannot
be specifically identified during the shaking period, in which it may increase or decrease
rapidly based on the earthquake acceleration versus time (see Figure 1), and time is not
enough to dissipate. The increase in the total uplift pressure triggered by an earthquake
can decrease the safety against sliding and may cause damage to the hydraulic structures,
leading to their failure; thus, it must be carefully considered during design.

120

0 | | | | | |

St. 30° Dyn.30° St.45° Dyn.45° St.90° Dyn.90° St.135° Dyn. 135° St. 150° Dyn. 150°

=
s 8 38 8

Total uplift pressure head, m
N
o

mUS mMiddle m DS

Figure 8. Total uplift pressure head for different positions and inclination angles of the cutoff wall
during the static condition and at 10 s for the dynamic condition.

16

12 —8—US_St. 150°
=—0—US_Dyn. 150° at 1.2sec.

—0—US_Dyn. 150° at 2.14sec.

—@8— US_Dyn. 150° at 10sec.

Uplift pressure head, m
]

28 30 32 34 36 38 40 42
Distance, m

Figure 9. Uplift pressure distribution for US position and 150° inclination angle during static and
dynamic conditions at different times.
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Figure 10. Excess pore water pressure distribution for US position and 150° inclination angle during
dynamic conditions.

3.2. Exit Hydraulic Gradient

The exit hydraulic gradient refers to the gradient of water at the exit beneath a hy-
draulic structure. This gradient is considered an important factor in designing safe and
stable hydraulic structures, where the exit hydraulic gradient directly affects the flow
velocity and pressure at the exit. If the exit hydraulic gradient is too high, it can cause soil
erosion and instability in the structure, leading to potential failure and compromising the
functionality and longevity of the hydraulic structure. Therefore, it is crucial to ensure that
the exit hydraulic gradient remains below the critical hydraulic gradient to maintain the
safety and stability of the hydraulic structure. Figure 11 indicates the distribution of the exit
hydraulic gradient versus the distance measured from the toe of the hydraulic structure to
the end of the model domain for the base case and cutoff wall installed at three different
placements with an angle of 90° during the static condition. As expected, the maximum
value of the exit hydraulic gradient occurred at the hydraulic structure’s toe, regardless
of the position of the cutoff wall. The hydraulic gradient at the toe of the structure was
steep due to the rapid decrease in pressure head as the water exited the structure, while
the hydraulic gradient gradually decreased as the water moved away from the toe of the
structure. The presence of a cutoff wall had a considerable impact on the exit hydraulic
gradient, particularly at the toe. Whereas the exit hydraulic gradient decreased from 2.4 at
the base case (i.e., without using a cutoff wall) to 0.63, 0.58, and 0.25 in the case of using a
cutoff wall at US heel, middle, and DS toe placements, respectively, at an angle of 90°. In
other words, using the cutoff wall at US, middle, and DS positions resulted in decreasing
the exit gradient by ratios of 0.73, 0.76, and 0.89, respectively. Using a cutoff wall at the toe is
more effective in reducing the exit gradient compared to using a cutoff wall at the heel and
in the middle. This is because the exit gradient is primarily influenced by the dissipation of
energy represented in the total energy head along the flow path. The cutoff wall installed at
the toe of the hydraulic structure can intercept the water flow and prevent it from flowing
beneath the structure, which can significantly enhance total energy dissipation before exit
and then decrease the exit gradient. In contrast, a cutoff wall installed at the heel can only
intercept the water flow from the reservoir side, and the water that has already passed may
still contribute to the seepage forces and the exit gradient.



Water 2023, 15, 3870

11 0f 22
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—o—US_St._90°
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Figure 11. Exit hydraulic gradient distribution for the base case and with a cutoff wall at an inclination
angle of 90° during the static condition.

The inclination angle of a cutoff wall also had a significant impact on the exit hydraulic
gradient, as indicated in Figure 12. It can be clearly seen that as the inclination angle
increased, the exit gradient at the toe decreased significantly. However, in the case of angles
135°,150°, and 165°, the exit gradient increased and then decreased after reaching peak
points. This outcome can be explained by the protrusion of the cutoff wall beyond the toe,
causing the seepage water flow to deviate from the toe and exit at other points, resulting
in an increase in exit hydraulic gradients at those points (i.e., peak points). Therefore, it is
crucial to carefully consider the angle of the cutoff wall when designing and constructing
water structures to ensure the safety and stability of the structure, in which case the
advantages of both the inclination angle and position of the cutoff wall can be taken
advantage of. To avoid increasing the gradient again, the wall can be formed so that there
is no protrusion beyond the toe, achieving maximum benefit in reducing the gradient of
the exit and ensuring that it is not increased after that in any other place.

18
—o—DS_St._15°
1.6 &
—o—DS_St,_45°
1.4
—DS_St._75°
1.2
» —s—DS_St._90°
g
z —e—DS_St._120°
B g ®
w 08 DS_st,_135°
B
* 0.6 DS_St._150°
0.4 DS_St._165°
0.2
0 L 1 1 l 1 J
40 45 50 55 60 65 70 75

Distance, m

Figure 12. Exit hydraulic gradient distribution for different inclination angles of the cutoff wall at the
middle position during the static condition.
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The earthquake had a significant impact on the exit hydraulic gradient. During an
earthquake, the ground motion can cause the soil to rapidly compress and dilate, resulting
in rapid changes in the pore pressure within the soil. The excess pore water pressure
triggered by an earthquake affects the total energy head, which then changes the exit
gradient as indicated in Figure 13. When the excess pore water pressure is high, it can lead
to a steeper exit gradient and higher water velocities, and the hydraulic structure could
be damaged. The excess pore water pressure induced by shaking changes spatially and
temporally, and the total water head is consequently changed spatially and temporally.
Therefore, the gradient of exiting water is not only dependent on the location but also
changes over the shaking period.

“ [
1.8 & —8—DS_5t. 45°
1.6 | —0—DS_Dyn. 45° at 1.2 sec.
14 r —8—DS_Dyn. 45° at 2.14 sec.
1.2 |

-DS_Dyn. 45° at 2.2 sec.

1 L
ﬂ DS_Dyn. 45° at 10 sec.
&

0.8

" A
04 | \‘/

Q F
02 | o

S 1 — - D 1

0 L L
40 45 50 55 60 65 70 75
Distance, m

Exit gradient

Figure 13. Exit hydraulic gradient distribution for the cutoff wall at US position with a 45° inclination
angle during the static and dynamic conditions at 1.2, 2.14, 2.2, and 10 s.

During an earthquake, the presence of a cutoff wall in a hydraulic structure had a
considerable impact on the exit gradient, and the effect varied depending on the location
and inclination angle of the cutoff wall, as indicated in Figures 14 and 15, respectively. After
10 s of shaking time, for a cutoff wall installed at different locations with a 90° inclination
angle, the DS toe position of the cutoff wall showed a lower exit gradient distribution,
followed by the middle and US heel positions. This trend matched closely with what
happened during the static condition mentioned earlier. However, as we moved away
from the toe of the hydraulic structure, there was no consistent pattern of the exit hydraulic
gradient. The inclination angles also had a significant impact, where the exit hydraulic
gradient at the toe of the hydraulic structure increased as the inclination angle decreased,
while no clear trend can also be discerned as farther away from the toe. This can be
attributed to the spatial and temporal changes in the excess pore water pressure induced by
the earthquake over the shaking time. When the shift in the exit hydraulic gradient occurs
at a safe distance from the toe, it poses minimal risk to the hydraulic structure. While
the hydraulic gradient reaches a critical level at the toe of the dam and the surrounding
region, it poses a direct and significant threat to the stability and safety of the hydraulic
structure. Therefore, it is essential to consider earthquake forces when designing hydraulic
structures and to ensure that they can withstand the potential shifts in the exit gradient
that may occur.
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Figure 14. Exit hydraulic gradient distribution for a cutoff wall with a 90° inclination angle at
different positions during the dynamic state at 10 s.
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Figure 15. Exit hydraulic gradient distribution for a cutoff wall at US position with different inclina-
tion angles during the dynamic state at 10 s.

3.3. Seepage Discharge

Seepage discharge is also a key factor to be considered during the design of hydraulic
structures, as it can have a significant impact on the stability of the structure. Uncontrolled
seepage can cause erosion and undermine structures, leading to potential failure. Seepage
can also increase the uplift pressure, which can further reduce the stability of the structure.
In addition to the previously mentioned impacts, seepage can also have environmental
consequences, particularly when it comes to mine waste levees. In such cases, seepage
can potentially contaminate downstream water sources, posing a significant threat to both
the environment and public health. The presence of a cutoff wall beneath the hydraulic
structure had a noticeable influence on reducing seepage discharge, as indicated in Figure 16.
During the static condition, as the inclination angle was raised, the seepage discharge
diminished until reaching an angle of 90°. Beyond that point, as the inclination angle
continued to increase, the seepage discharge also increased, irrespective of the cutoff
position, as illustrated in Figure 17. This implies that an inclination angle of 90° was the
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most effective angle for decreasing seepage discharge. The ratios of seepage discharge
compared to the base case were 58.5%, 61.0%, and 58.5% for the upstream heel, middle, and
downstream toe locations, respectively. Furthermore, it was found that with an inclination
angle of 90°, the placement of the cutoff wall at both the upstream heel and downstream
toe positions had an equivalent impact on the seepage discharge; this observation matches
closely with Mansuri et al. [1]. It is worth mentioning that during static conditions, different
scenarios were numerically analyzed as steady states, meaning that the inflow (i.e., from
the upstream) and outflow (i.e., to the downstream) seepage discharges are equal and
constant (i.e., time-independent).

nBC mUS mMiddle mDS

Figure 16. Seepage discharge without a cutoff wall (BC) and with a cutoff wall at different locations
and inclination angles during static conditions.

St.30° St.45° St. 60° St 75° St.90° St 105° St. 120° St.135° St. 150° St. 165°
mUS ® Middle = DS

Figure 17. Seepage discharge changing ratios with cutoff walls at different locations and inclination
angles during static conditions compared to BC.

During earthquakes, the ground shaking induces an excess pore water pressure;
consequently, the water total head is greatly affected. Since water flows under the effect of
changes in water total heads, seepage discharge is also affected by earthquakes. It is worth
noting that dynamic scenarios were transient analyses, meaning that the seepage discharge
was varying during the shaking period, as indicated in Figure 18, and therefore the seepage
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discharge values were determined at the end of the shaking period (i.e., at 10 s). Figure 19
indicates seepage discharge for different positions and inclination angles during the static
condition and at 10 s for the dynamic condition. The effect of earthquakes on seepage
discharge was evident, as the values of seepage discharges are significantly higher during
dynamic conditions compared to static ones. In the case of placing a cutoff wall at the
upstream heel, seepage discharge values were found to be high regardless of the inclination
angle. The maximum seepage discharge value was observed at an inclination angle of 45°.
In conclusion, for both static and dynamic scenarios, the most favorable location for placing
the cutoff wall from a seepage discharge perspective is at the downstream toe. Eventually,
designers must consider the potential impact of earthquakes on seepage discharge when
designing and maintaining hydraulic structures to ensure their stability and safety.
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Figure 18. Inflow seepage discharge distribution for a cutoff wall in the middle position with 90°
inclination angles during static and dynamic conditions.
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Figure 19. Seepage discharge for different positions and inclination angles during the static condition
and at 10 s for the dynamic condition.
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3.4. Neural Network Modeling

FFNN has been utilized for estimating the uplift pressure, exit hydraulic gradient,
and water seepage discharge under static conditions. Given that the model begins by
assigning random weights for connections and randomly dividing data patterns, it is best
to evaluate model performance over a number of runs. The best, average, and standard
deviation values of RMSE are shown after completing the complete training procedure
in Figure 4 for 20 different computer runs. The studied models are trained on a PC with
8 GB of memory and a 2.8 GHz core i5 processor. Simulation is carried out using Matlab
R2020a’s ANN Toolbox [20]. The simulations show how well the FENN with 15 neurons
in the hidden layer can simulate the process. The activation function of the hidden layer
is the hyperbolic tangent sigmoid (tansig) (trainbr), and the training method is Bayesian
regularization backpropagation. The model needs to be trained for an average of 25 epochs
to avoid overfitting. Figure 20 shows that each pattern’s training, validation, test, and
overall regression coefficients are all greater than 0.999. Because they closely match the
experimental patterns, the FFNN predictions for the whole data set are emphasized in
Figure 21. Figure 22 displays the experimental findings and the FFNN forecasts for the test
patterns. The FENN hyperparameters are also researched in order to select the optimum
network and training configurations. Table 1 and Figure 23 (Taylor diagram) display the
numerical outcomes of the test set’s hidden layer size evaluation for a range of values (2, 5,
10, and 15). The use of 20 neurons and 25 neurons in the hidden layer results in a minor
gain in model performance when compared to only 15 neurons, but the cost of training
complexity rises. The hidden layer performs considerably worse when there are 10 fewer
neurons present (higher RMSE compared to utilizing 20 neurons).

Table 1. Effect of the number of neurons used in the hidden layer of each model.

Number of Neurons

Model Error 2 5 10 15
Uplift (m) RMSE 0.4134 0.1840 0.0830 0.0697

P R2 0.9998 1.00 1.00 1.00
5 (e /s.m) RMSE 0.0163 0.0024 0.0021 0.0032
cepage (m-/(s.m R2 0.9567 0.9992 0.9994 0.9985
Exit gradient (dimensionless) RMSE 0.0471 0.0328 0.0059 0.0102
& R2 0.9802 0.9905 0.9997 0.9991

Note: RMSE: Root Mean Square Error.

As demonstrated in Table 2 and Figure 24 (Taylor diagram), tansig is the best option
for the activation function, whereas (radbas) or the triangular basis transfer function
(tribas) produce worse RMSE results. In conclusion, a variety of options were taken into
consideration while choosing the best FFNN training settings. The appropriateness of the
constructed FENN for the existing experimental data demonstrate that the model may be
utilized to precisely forecast the output of inputs in related experimental circumstances. If
the experimental parameters or inputs change, the model might also need to be retrained
and its structure altered. However, the process outlined above for choosing the best
regression model will be helpful.
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Figure 20. The FFNN model’s (a) uplift, (b) seepage, and (c) exit hydraulic gradient calculated linear

regression relationships for training, validation, testing, and overall, per model.
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gradient are predicted by FENN for each model.
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Table 2. Effect of the training algorithm and hidden layer’s activation function in each model.

Activation Training Algorithm
Model Function of the Error
Hidden Layer’s Trainlm Trainscg Trainbr
tansi RMSE 0.0406 0.3505 0.1862
& R? 1.00 0.9998 1.0000
. RMSE 0.3571 1.2833 0.1849
Uplift pressure (m) radbas R2 0.9998 0.9978 1.00
" RMSE 0.2070 0.3181 0.4286
tribas R? 0.9999 0.9999 0.9998
tansi RMSE 0.0021 0.0042 0.0014
& R? 0.9994 0.9971 0.9997
RMSE 0.0024 0.0031 0.0014
3
Seepage (m”/(s.m)) radbas R2 0.9991 0.9985 0.9997
b RMSE 0.0028 0.0047 0.0781
ribas R? 0.9987 0.9964 0.7722
tansi RMSE 0.0059 0.0457 0.0419
& R? 0.9997 0.9813 0.9844
Exit gradient " RMSE 0.0367 0.0507 0.0668
(dimensionless) radbas R? 0.9888 0.9771 0.9605
b RMSE 0.0691 0.0286 0.1088
ribas R? 0.9590 0.9928 0.8996

Note: RMSE: Root Mean Square Error.
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Figure 24. Taylor diagram for (a) uplift, (b) seepage, and (c) exit hydraulic gradient.

4. Conclusions

Uplift pressure, seepage flow, and exit hydraulic gradient are critical factors that must
be taken into consideration during the design of hydraulic structures such as diversion
dams. Cutoff walls are commonly used to mitigate the negative impacts of seepage
beneath hydraulic structures. Consequently, this study focused on the investigation of
their hydraulic impacts under both static and dynamic conditions, which is essential in
designing hydraulic structures for safe and reliable performance. This study showed that
placing the cutoff wall at the upstream heel was more effective in reducing uplift pressure
compared to other placements during static conditions. Therefore, placing a cutoff wall at
the upstream heel is recommended to dissipate the seeped water’s energy at the beginning
of the structure’s floor and improve the hydraulic structure’s stability. The inclination
angles for the different placements of the cutoff wall had a significant impact on the total
uplift pressure during the static state, in which as the inclination angle increased, the total
uplift pressure decreased, irrespective of the cutoff wall position. The earthquake had a
noticeable effect on uplift pressure, particularly for heel and toe placements during the
shaking period, because of the excess pore water pressure induced by shaking.

The exit hydraulic gradient was considerably affected by the presence of a cutoff
wall, particularly at the toe. Whereas the exit hydraulic gradient decreased from 2.4 at
the base case (i.e., without using a cutoff wall) to 0.63, 0.58, and 0.25 in the case of using
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a cutoff wall with an inclination angle of 90° at US heel, middle, and DS toe placements,
respectively. The inclination angle of a cutoff wall also had a significant impact on the exit
hydraulic gradient; whereas the inclination angle increased, the exit gradient at the toe
decreased significantly. Therefore, it is crucial to carefully consider the angle of the cutoff
wall when designing and constructing water structures to ensure the safety and stability
of the structure, in which case the advantages of both the inclination angle and position
of the cutoff wall can be taken advantage of. During an earthquake, the cutoff wall had
a considerable impact on the exit gradient, and the effect was dependent on the location
and inclination angle of the cutoff wall. The DS toe position of the cutoff wall showed a
lower exit gradient distribution, followed by the middle and US heel positions. However,
as we moved away from the toe of the structure, there was no consistent pattern of the
exit hydraulic gradient. The inclination angles also had a significant impact, where the
exit hydraulic gradient at the toe of the hydraulic structure increased as the inclination
angle decreased. While no clear trend can also be discerned as farther away from the toe
due to the spatial and temporal changes in the excess pore water pressure induced by the
earthquake over the shaking time.

The presence of a cutoff wall beneath the hydraulic structure had a noticeable influence
on reducing seepage discharge. During static conditions, the inclination angle of 90° was
the most effective angle for decreasing seepage discharge, irrespective of position. The
ratios of seepage discharge compared to the base case were 58.5%, 61.0%, and 58.5%
for the upstream heel, middle, and downstream toe locations, respectively. The effect
of earthquakes on seepage discharge was evident, as the values of seepage discharges
were significantly higher during dynamic conditions compared to static states. During an
earthquake, the seepage discharge values were high regardless of the inclination angle in
the case of placing a cutoff wall at the upstream heel, and the maximum seepage discharge
value occurred at an inclination angle of 45°.

Additionally, the implemented FFNN demonstrated great accuracy in predicting the
indices of uplift pressure, seepage, and exit hydraulic gradient under static conditions. R
for most of the output parameters achieved 1.00, although RMSE values varied between
0.0021 and 0.06. Overall, this study highlighted the importance of considering both static
and dynamic conditions in the design and analysis of hydraulic structures with cutoff walls.
However, further studies are needed to improve our knowledge of the hydraulic response
of cutoff walls installed beneath hydraulic structures during seismic loads.
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