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Abstract. Correctly assessing seepage amount of the regulated reservoir is vital to water resources
efficlent utilization and engineering safety. A regulated reservoir in mudstone area without
seepage control measures was used as the engineering prototype. Based on the mutual verification
of field monitoring and numerical simulation, the estimation formula of the seepage amount of the
regulated reservoir was determined. In addition, the sensitivity analysis of the factors affecting the
seepage amount of the regulated reservoir was carried out, and the seepage prediction models were
established based on the different optimization algorithms. The research results indicate that the
regulated reservoir without lying geomembranes exists in a certain amount of seepage every day,
accounting for about 7 to 10 % of the total reservoir capacity. The sensitivity ranking of
influencing factors in descending order is as follows: reservoir bottom width, water depth,
hydraulic conductivity, and saturated volumetric water content. The prediction accuracy of
Bayesian regression is significantly better than that of traditional regression models under small
training samples. This research approach provides a highly accurate and strongly robust solution
to the small sample engineering prediction problem.

Keywords: regulated reservoir, seepage calculation, sensitivity analysis, prediction model,
Bayesian regression.

1. Introduction

Water scarcity poses a significant challenge in arid and semi-arid regions, demanding efficient
water storage and management solutions [1-2]. In Ningxia, China, the Yellow River irrigation
district extensively employs regulated reservoirs to optimize water allocation. However, seepage
losses from these reservoirs substantially diminish water-use efficiency, particularly in mudstone-
dominated areas where geomembranes may be impractical due to economic or geological
constraints. Accurate estimation of seepage amounts in such settings is critical for sustainable
water resource management, yet existing models often inadequately account for the
hydrogeological complexities of fractured mudstone [3].

The Hongquangou regulated reservoir in Ningxia presents a representative case where
mudstone serves as the primary foundation without geomembranes anti-seepage measures.
Previous studies on reservoir seepage have predominantly examined highly permeable strata (such
as alluvial deposits) by applying Darcy’s law and numerical simulations [4]. However, mudstone,
despite its low matrix permeability, can exhibit significant fracture-induced seepage under
sustained hydraulic pressure [5]. While field measurements coupled with numerical modeling
(such as MODFLOW) provide a robust framework for seepage quantification [6], there is still
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little research on seepage from regulated reservoirs built on mudstone formations. More and more
new regulated reservoirs are being built in mudstone areas, and their seepage characteristics,
seepage calculations and seepage control treatments need to be solved urgently [7-8]. Some
studies have concluded that the amount of seepage loss from regulated reservoirs in loess areas is
mainly dominated by the saturated water demand on the bottom of the reservoir and the soil layer
around the reservoir in the early stage [9]. However, the permeability characteristics of mudstone
areas are significantly different from those of loess areas. Seepage represents an inherent
characteristic of reservoir operation, yet its quantification and prediction remain critical for
sustainable water management. Uncontrolled seepage not only diminishes water availability but
also threatens infrastructure stability, potentially compromising both water security and public
safety. Accurate assessment of seepage rates enables optimized design and operation of water
storage systems, particularly in water-scarce regions where conservation is paramount [10-11].

Current seepage estimation methodologies encompass analytical solutions (such as Hantush's
equations) and computational models [12], yet their applicability to fractured mudstone remains
underexplored. Existing researches lack reliable predictive models for estimating seepage amounts
in regulated reservoirs constructed on mudstone foundations without anti-seepage geomembranes.
This knowledge gap significantly impedes accurate water loss quantification, leading to two
critical consequences: (1) substantial water resource wastage in arid regions where conservation
is paramount, and (2) compromised water allocation efficiency due to uncertain storage capacity
calculations, ultimately undermining the long-term resilience of water infrastructure in arid
regions [13]. Therefore, the simple estimation and precise prediction of seepage amount in
regulated reservoirs without anti-seepage geomembranes still need to be explored. Similarly,
although sensitivity analysis techniques are well-established in leakage estimations [14], their
application to characterize seepage mechanisms in fractured, low-permeability mudstone
formations is notably absent from current literature [15]. Currently, artificial intelligence has been
introduced in various fields of the water conservancy industry and has achieved remarkable
results, laying the foundation for future development [16]. This study addresses existing research
gaps by creating a field-validated and numerically calibrated prediction model specifically
designed for the hydrogeological environment of Ningxia's Yellow River irrigation network [17].
While primarily focused on regional applications, the research also contributes valuable
knowledge to sustainable water management strategies. The improved method for estimating
water seepage in reservoirs built on mudstone bedrock provides practical data for evaluating the
economic feasibility of anti-leakage measures. Moreover, the developed approach can be
effectively applied to other dryland areas sharing comparable geological challenges, offering
potential solutions for water resource preservation in arid regions.

To address the lack of methods for estimating seepage amounts of regulated reservoir without
seepage control measures, this study aims to establish an empirical formula for estimating seepage
amounts in mudstone-based regulated reservoirs by integrating field monitoring with numerical
simulation validation. In addition, we perform a sensitivity analysis to identify dominant factors
influencing seepage and develop a predictive model that ranks these factors by their relative
contributions. The outcomes will furnish water managers with a practical tool to optimize
reservoir design and operations in analogous geological settings, thereby mitigating unnecessary
water losses.

2. On site investigation of seepage amount
2.1. Overview of regulated reservoirs

The regulated reservoir is located on the east side of Xiangshan Township, Shapotou District,
Zhongwei City, Ningxia. The site belongs to the hilly landform unit, with a ground elevation of
1775-1812 meters. The site is mostly exposed in the Neogene strata. The total designed capacity

of the regulated reservoir is 2.05 million m?, with a designed bottom elevation of 1788.00 m, a
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designed water level of 1801.20 m, a designed dam crest elevation of 1802.70 m, a designed
reservoir depth of 14.7 m, and a designed water depth of 13.2 m. The designed dam axis is
1757.40 meters long and the dam crest width is 6.0 meters. The dam is a crushed homogeneous
earth dam, and the fill of the dam is a mixture of soil from the designated soil quarry on the
downstream side of the Xinshui Reservoir and a mixture of strongly weathered mudstone and
loam excavated in the reservoir area, with a fill compaction degree of > 0.97. The maximum fill
height of the dam is 25.7 m. The slope ratio of the front dam is 1:2.75 and the slope ratio of the
back dam is 1:2.5. The upstream dam slope is protected by precast concrete slabs and cast-in-place
concrete slabs, while the downstream dam slope is protected by grass protection. The stratum of
the site mainly consists of loam, gravel and mudstone, of which the thickness of the top layer of
loam is 0.5~3.5 m, with a wet subsidence. The gravel is distributed in the upper part of the terraces
on both sides of the main channel, in a medium-dense to dense state, and is a moderately
permeable layer. The sandy mudstone and muddy sandstone are widely distributed and have not
been exposed within the exploration depth range. They belong to the weakly-moderately
permeable layer. No surface water or groundwater was found in the reservoir area, and no anti-
seepage geomembrane was laid on the dam slope and reservoir bottom. The on-site photo of the
regulated reservoir is shown in Fig. 1, and the layout plan is shown in Fig. 2.

a) Ice cover on the reservoir surface, demonstrating b) Measurement of ice thickness
conditions during the winter monitoring period at the reservoir edge

Fig. 1. On site photo of regulated reservoir. Photographs were taken at the Hongguangou regulated
reservoir site, Zhongwei City, Ningxia Hui Autonomous Region, China, by J.Y. Niu on 15 January 2024
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Fig. 2. Plan d;mensfons of the regulated reservoif
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2.2. Results analysis of on-site investigation

The method for measuring on-site seepage is to mark the height of the water level in the
regulated reservoir twice during the periods when the regulated reservoir is not fed and not
discharged. By calculating the reduction in storage volume based on the decrease in water level,
the leakage rate of the regulating storage tank can be obtained. The on-site operations and changes
in the water level line during the two measurements are shown in Fig. 3. The first measurements
were taken on December 8, 2023 and January 15, 2024 (a total of 38 days), with a distance of
38 cm between the two marked positions on the dam slope surface. The vertical height difference
was 13 cm, and the water depth decreased from 1 m to 0.87 m. The effect of water surface
evaporation on the amount of seepage was considered negligible due to persistent sub-freezing
temperatures (around —13 °C) and the presence of a continuous ice cover during the monitoring
period, as supported by regional meteorological records. The thickness of the ice layer is about
26 cm, which can prove that ignoring the evaporation loss on the water surface is reasonable.

The seepage was calculated to be 16562.25 m® for 38 days and 435.85 m® per day. The second
measurements were taken on April 27,2024 and May 15, 2024 (a total of 18 days), with a distance
of 34 cm between the two marked positions on the dam slope surface. The vertical height
difference was 11 cm, and the water depth decreased from 9 m to 8.89 m. The impact of water
surface evaporation needs to be considered during this measurement, with a total seepage and
evaporation of 17693.55 m3.

The specific reservoir evaporation loss is related to the water surface area, evaporation,
precipitation and other factors, which can be calculated according to the following formula:

W=01xXKXEXS, (D

where W is the evaporation loss, 10000 m?; K is the conversion coefficient for water surface
evaporation of E601 evaporator; E is the water surface evaporation rate, mm; S is the water surface
area of the reservoir, km?.

According to the “Specification for hydrologic computation of water resources and
hydropower projects” (SL278-2002) [18], relevant calculation parameters were determined. The
evaporation coefficient K was determined as 0.65 following the SL.278-2002 specification, which
is standard for arid regions like Ningxia when using E601 evaporimeters. A sensitivity analysis
revealed that a £20 % variation in K resulted in approximately +7 % change in the calculated daily
seepage rate, underscoring the need for accurate regional evaporation data in seepage
quantification. It can be obtained that the total evaporation in the second measurement time period
is 10,427.25 m’, the total seepage is 7,266.31 m?, and the daily seepage is 403.68 m>.

RS
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a) Water level change observed during the first b) Water level change observed during the secon
measurement period (December 2023 to January 2024) measurement period (April to May 2024)
Fig. 3. On site measurement of changes in the water level line of the regulated reservoir. Photographs
were taken at the Hongguangou regulated reservoir, Zhongwei City, Ningxia Hui Autonomous Region,
China, by S. Zhang on 15 January 2024 and 15 May 2024

7

Due to the calculation of evaporation using an empirical formula, there is a certain error in the
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leakage rate between the two measurements, but overall they are relatively close. Although the
base of the dam and the foundation of reservoir bottom are weakly to moderately permeable layers,
there is still a certain amount of seepage flow per day. Due to the deep groundwater level, there is
no direct hydraulic connection between the groundwater surface and the reservoir bottom or dam
foundation, and the regulated reservoir will remain in a stable free seepage stage.

3. Numerical simulation of seepage in regulated reservoir
3.1. Calculation model

In order to avoid the influence of errors in evaporation calculation on seepage calculation, the
numerical model is calibrated based on the first measured seepage amount when simulating the
seepage of the regulated reservoir in this section. The middle section is selected as the calculation
section, in order to eliminate boundary effects, the distance from the bottom of the reservoir to the
bottom boundary is 62 m, and the distance from the left and right dam bottoms to the boundary is
50 m, both of which meet the boundary requirement of 2 times the reservoir depth. The 2-D
modeling approach assumes uniform seepage along the longitudinal axis, which is reasonable
given the consistent geological profile and geometry of the reservoir. However, the absence of
detailed downstream seepage mapping or geophysical profiling represents a limitation, and future
work should include 3-D field validation.

The bottom of the model is set as a fixed-head boundary of 0 m, the inside of the reservoir is
set as a fixed-head boundary according to the water depth requirement, and the left and right sides
are set as impermeable boundaries. Most of the dam bodies of the regulated reservoir are
constructed using the fully filled method, and a small portion of the dam bodies are constructed
using the half excavated and half filled method. In order to comprehensively consider the influence
of construction methods on seepage amount, a fully filled (FF) model and a half excavated and
half filled regulated reservoirs (HEHF) model were established, and the numerical models are
shown in Fig. 4.

L
Distance

a) Fully filled model

i

Distance

b) Half excavated and half filled model
Fig. 4. Grid diagram of numerical model for regulated reservoirs

3.2. Calculation of working conditions

By calculating the total underwater anti-seepage area of the entire three-dimensional regulated
reservoir and the underwater anti-seepage area of the regulated reservoir per unit length of the
reservoir bottom, the converted length of the reservoir bottom for the two-dimensional numerical
model was calculated. This converted length can make the total underwater anti-seepage area of
the two-dimensional numerical model and the three-dimensional model equal. The calculation
conditions of numerical simulation, the calculation dimensions of the FF model and the HEHF
model are shown in Table 1. The seepage calculation parameters for different rock and soil masses
are shown in Table 2. The related seepage calculation parameters were selected as a representative
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average based on laboratory tests and geological survey data indicating that weakly weathered
mudstone dominates the foundation.

Table 1. Mechanical parameters of mineral rock mass

Working condition | Construction Water Unit length Converted | Underwater infiltration
number method depth/m area / m? length / m area / m?
1 FF 1 380.85 335.85 127908.09
2 FF 3 392.56 347.51 136417.41
3 FF 6 410.11 364.93 149664.21
4 FF 9 427.67 382.28 163490.38
5 FF 12 445.23 399.56 177895.94
6 HEHF 1 380.85 335.85 127908.09
7 HEHF 3 392.56 347.51 136417.41
8 HEHF 6 410.11 364.93 149664.21
9 HEHF 9 427.67 382.28 163490.38
10 HEHF 12 445.23 399.56 177895.94
Table 2. Calculation parameters for seepage of rock and soil mass
Type Permeability coefficient / (m/s) | Saturated volumetric water content
Seepage interceptor le-07 0.6
Weakly weathered mudstone 2e-07 0.585
Filling material 4e-06 0.8

3.3. Result analysis

After repeated adjustments of the calculation parameters, primarily the saturated hydraulic
conductivity and saturated volumetric water content of the mudstone foundation within their
plausible ranges (refer to Table 2), the simulated seepage amount for the 38-day period was
calibrated to 16,581.59 m3. This represents a relative error of 0.12 % compared to the
field-measured value of 16,562.25 m?, demonstrating a high degree of model fidelity. Fig. 5 shows
the position of the infiltration line of the FF regulated reservoir at different water depths after
38 days of seepage. Fig. 6 shows the position of the infiltration line of the HEHF regulated
reservoir at different water depths after 38 days of seepage. The statistical values of seepage for
each working condition are shown in Table 3. Comparing Fig. 5 and Fig. 6, it can be seen that
seepage always occurs at the dam body and reservoir bottom of the FF regulated reservoir at
different water depths. The HEHF regulated reservoir experiences seepage in both the dam body
and the reservoir bottom when the water depth is 12 m, and seepage only occurs in the mudstone
layer at the reservoir bottom when the water depth is between 1 m and 9 m. The FF regulated
reservoir and the HEHF regulated reservoir have different characteristics of infiltration line
changes. The infiltration line of the HEHF regulated reservoir is smoother than that of the FF
regulated reservoir, which is caused by the difference in permeability coefficients between the
dam body and the mudstone strata.

In order to quantitatively calculate the seepage amount of the regulated reservoir under the
condition of no anti-seepage measures for mudstone, and provide reference for engineering
design, construction, and management personnel to preliminarily estimate the seepage amount,
according to Darcy’s law, the formula for calculating the seepage amount of the regulated
reservoir is defined as:

q=kxAXxaxH, 2)

where q is the estimated seepage amount of the regulated reservoir, m%/s; k is the permeability
coefficient of the foundation of the regulated reservoir, m/s, which is provided by the engineering
geological survey; A is the seepage area of the regulated reservoir, m?; a is the seepage path

6 ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635



CALCULATION AND PREDICTION OF SEEPAGE FROM REGULATED RESERVOIR IN MUDSTONE WITHOUT SEEPAGE CONTROL MEASURES.
JIAYONG NIU, SHUAI ZHANG, TAIYUN LI, LIXIN ZHANG

coefficient, which is related to the degree of seepage of the dam body and the reservoir bottom; H
is the average annual water depth of the reservoir, m.

100 200 300
a) FF regulated reservoir with the meter depth of 1 m

100 200 300

b) FF regulated reservoir with the meter depth of 6 m

c) FF regulated reservoir with the meter depth of 12 m
Fig. 5. Variation of infiltration line at different water depths in the fully filled regulated reservoirs

100 200 300

a) HEHF regulated reservoir with the meter depth of 1 m

100 200 300

b) HEHF regulated reservoir with the meter depth of 6 m

100 200 300
¢) HEHF regulated reservoir with the meter depth of 12 m
Fig. 6. Variation of infiltration line at different water depths
in the half excavated and half filled regulated reservoirs
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Table 3. Statistical values of seepage amount under different working conditions

Working . Annual leakage as a
.- Daily seepage Annual seepage Seepage amount per
condition 3 3 3 percentage of total
amount / m amount / 10000 m second / (m°/s) e
number storage capacity / %
1 436.36 15.93 0.00505 7.77
2 490.48 17.90 0.00568 8.73
3 544.66 19.88 0.00630 9.70
4 593.51 21.66 0.00687 10.57
5 649.65 23.71 0.00752 11.57
6 376.94 13.76 0.00436 6.71
7 427.80 15.61 0.00495 7.62
8 481.79 17.59 0.00558 8.58
9 521.47 19.03 0.00604 9.28
10 568.62 20.75 0.00658 10.12

The dam body is equipped with anti-seepage grooves, and compared with the seepage area of
the mudstone formation at the reservoir bottom, the seepage area of the dam body is very small.
In order to simply carry out the parameters assignment in the calculation formula, the permeability
coefficient in Eq. (2) is taken from the permeability coefficient of mudstone strata, and the
calculation results of the coefficient a are shown in Table 4. The variation of coefficient a with
water depth under the construction methods of FF and HEHF is shown in Fig. 7. It can be seen
that for the FF regulated reservoir, the foundation of the reservoir bottom is weakly weathered
mudstone, and the permeability coefficient is taken as 2x107 m/s. Therefore, the range of
coefficient a is 0.018~0.197. If the construction method is changed to half excavated and half
filled, the weakly weathered layer of mudstone is 0.65 times the height of the reservoir depth, and
the permeability coefficient is taken as 2x107 m/s, the value of coefficient a is taken in the range
0f 0.015-0.17. When the water depth is 1-3 m, the variation amplitude of coefficient a is relatively
large, and when the water depth is greater than 3 m, the variation amplitude of coefficient a is
relatively small. It should be noted that when the water depth is small, there may be significant
errors in the selection of coefficient a. The relatively high value of a at 1 m depth (0.197) may be
attributed to the heightened contribution of lateral seepage under shallow conditions. The trend
line in Fig. 7 represents the best fit curve, but there may be corresponding errors in practical
engineering. It is important to note that the seepage amount of the regulated reservoir is also
related to the saturated volumetric water content of the underlying rock and soil mass, so the value
of the geological permeability coefficient is not a complete indication of the seepage amount of
the regulated reservoir. Although the permeability coefficient of weakly weathered or slightly
weathered sandy mudstone or mudstone is relatively small, considering the complexity of the
geological conditions of foundation surface of reservoir, the difficulty in ensuring the consistency
of the construction quality of dam body filling and reservoir bottom backfilling, there is still a
certain amount of seepage in the regulated reservoir every day, which accounts for about 7-10 %
of the total storage capacity. Eq. (2) employs the average annual water depth for simplicity. For
reservoirs experiencing substantial seasonal water level fluctuations, integrating a time-varying
depth H(t) over a hydrograph would yield a more precise annual leakage estimate and is
recommended for detailed design. In addition, the current model uses a lumped coefficient a for
simplicity. A dual-parameter formulation distinguishing between bottom and lateral seepage paths
could improve accuracy, especially at extreme water depths, and is suggested for future research.

To enhance the practical utility of Eq. (2) for engineering design, an empirical relationship
between the seepage path coefficient and the water depth H (in meters) was derived based on the
data for the Fully Filled (FF) condition in Table 4. The best-fit power-law relationship is given
by:

a=0201xH58, (R2=0.98). 3)
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Eq. (3) provides a direct means to estimate coefficient for preliminary seepage calculations
within the studied water depth range (1-12 m).

Table 4. Calculation results of coefficient a under different working conditions

Working condition |  Seepage 3amount Seepage area (2)f Water depth / m Coefficient
number / (m°/s) reservoir / m a
1 0.00505 127908.09 1 0.197
2 0.00568 136417.41 3 0.069
3 0.00630 149664.21 6 0.035
4 0.00687 163490.38 9 0.023
5 0.00752 177895.94 12 0.018
6 0.00436 127908.09 1 0.170
7 0.00495 136417.41 3 0.060
8 0.00558 149664 .21 6 0.031
9 0.00604 163490.38 9 0.021
10 0.00658 177895.94 12 0.015
0.250
——FF
—e— HEHF
0.200
3 0as0
5 0.100

0.050

0.000
0 2 4 6 8 10 12 14

Water depth in the reservoir/m
Fig. 7. Variation of coefficient a with water depth in the reservoirs under different construction methods

4. Sensitivity analysis of influencing factors
4.1. Experimental plan design

In order to investigate the degree of influence of different parameter variables on the seepage
amount of the regulated reservoir in the numerical simulation, the orthogonal experimental design
method was used for the numerical simulation calculation. Four main influencing factors,
permeability coefficient, saturated volumetric water content, water depth, and bottom width of
reservoir, were selected and three levels were taken for each factor. The three levels of
permeability coefficient k are 6x10® m/s, 2x1077 m/s and 3.4x10”7 m/s, respectively. The three
levels of saturated volume moisture content S are 0.545, 0.585, and 0.625, respectively. The three
levels of water depth H are 1 m, 6 m, and 11 m respectively. The three levels of bottom width of
reservoir B are 100 m, 300 m, and 500 m, respectively. The construction methods are set as fully
filled (FF), half filled regulated reservoirs (HEHF) and fully excavated (FE). Each construction
method includes 9 sets of orthogonal experimental schemes, for a total of 27 experimental
schemes. The calculation results are shown in Table 5.

4.2. Calculation results of sensitivity analysis

Table 6 shows the range analysis results of different influencing factors under three
construction methods. The sensitivity of different influencing factors can be ranked by comparing
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the magnitude of the range analysis results. The larger the range analysis results indicates that the
seepage of the regulated reservoir is more sensitive to the influencing factors. It can be seen that
under the three types of construction methods of FF, HEHF, and FE, the sensitivity of the four
influencing factors from high to low is the bottom width B, water depth H, permeability coefficient
k, and saturated volume water content S. The sensitivity of the bottom width B of the reservoir to
the seepage of the regulated reservoir is the highest, while the sensitivity of the saturated volume
water content S is the lowest. The consistent sensitivity ranking across construction methods,
including the fully excavated (FE) case without a dam, indicates that seepage is primarily
governed by the reservoir’s geometry and the foundation mudstone properties, as the permeability
contrast minimizes the dam’s influence relative to the foundation. It is important to note that this
specific sensitivity ranking (B > H >k > S) is characteristic of seepage through fractured,
low-permeability media like mudstone. In highly permeable porous aquifers, the relative
importance of factors, particularly hydraulic conductivity, would differ significantly.

Table 5. Results of orthogonal tests

Test number | Construction method | k /(m/s) S H/m | B/m | Total seepage amount / m?
1 FF 6.00E-08 | 0.545 1 100 1195.989
FF 6.00E-08 | 0.585 6 300 14212.035
3 FF 6.00E-08 | 0.625 11 500 43550.339
7 FF 3.40E-07 | 0.545 11 300 15601.132
8 FF 3.40E-07 | 0.585 1 500 29828.921
9 FF 3.40E-07 | 0.625 6 100 2508.551
10 HEHF 6.00E-08 | 0.545 1 100 1179.247
11 HEHF 6.00E-08 | 0.585 6 300 13660.145
12 HEHF 6.00E-08 | 0.625 11 500 42402.729
16 HEHF 3.40E-07 | 0.545 11 300 14492.986
17 HEHF 3.40E-07 | 0.585 1 500 29792.436
18 HEHF 3.40E-07 | 0.625 6 100 2371.083
19 FE 6.00E-08 | 0.545 1 100 1173.171
20 FE 6.00E-08 | 0.585 6 300 13508.843
21 FE 6.00E-08 | 0.625 11 500 42280.893
25 FE 3.40E-07 | 0.545 11 300 14391.674
26 FE 3.40E-07 | 0.585 1 500 29761.667
27 FE 3.40E-07 | 0.625 6 100 2350.542
Table 6. Range analysis of influencing factors in numerical simulation
Construction method| & S H B

FF 3695.75(3190.41| 6857.75 | 32982.99

HEHF 3564.21|3085.56| 5996.20 | 32475.49

FE 3540.2313081.00] 5951.89 | 32422.94

In order to verify the correctness of the above analysis results, the grey correlation method was
used to conduct sensitivity analysis on the numerical simulation results under fully filled
construction conditions. The grey correlation degree obtained by the grey correlation method is a
value between 0 and 1, and the closer its value is to 1 indicates the stronger the correlation between
the influence factor and the calculation result. The calculation result of grey correlation degree is
shown in Fig. 8. It can be seen that the results of the grey correlation method are consistent with
the range analysis results, and the sensitivity ranking of the influencing factors is still as follows:
pool bottom width B, water depth H, permeability coefficient k, and saturated volume water
content S.
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5. Prediction model for seepage amount of regulated reservoir
5.1. Introduction to prediction methods

The BP neural network model is a feed-forward network model trained according to the
algorithm of error backward transmission, and it is also the most widely used prediction model
[19]. The network consists of an input layer, a hidden layer, and an output layer. Through forward
propagation of signals and backward propagation of errors, the weights between each layer are
finally obtained, and a prediction model is established. In the parameter settings, the number of
hidden layers is 1, the number of hidden layer neurons is 8, the learning rate is 0.01, the L2
regularization coefficient is 0.001, and the training epochs are 200.

The Bayesian regression (BR) is a statistical modeling method based on a probabilistic
framework. The integration of uncertainty quantification and domain knowledge is achieved by
introducing the prior distribution of the parameters and deriving the posterior distribution of the
parameters jointly with the likelihood function of the observed data [20]. Compared with
traditional regression methods, its advantage lies in its ability to integrate a priori information such
as expert experience or physical mechanisms through prior distributions, which significantly
improves the generalization ability of the model, especially in small sample scenarios. The
Bayesian regression encodes the degree of influence of input variables (bottom width of reservoir
> water depth > permeability coefficient > saturated volume water content) into model parameters
by setting a heteroscedastic normal prior distribution, in order to improve generalization ability in
small samples. The prior standard deviation g; of the regression coefficient f; is positively
correlated with the importance of the variable, as shown in Eq. (4):

B ~N(0.07), o5 =[4321] @
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where 0, 0,, 05 and g, correspond to the prior constraint strengths of bottom width of reservoir,
water depth, permeability coefficient, and saturated volume water content in sequence. The
variables with high importance, such as bottom width of reservoir (o, = 4), are assigned larger
standard deviations, allowing their coefficients to be freely adjusted to capture dominant effects.
The secondary variables, such as saturated volumetric moisture content (o, = 1), are strictly
constrained to suppress noise interference. This setting is equivalent to adaptive regularization,
which can avoid overfitting while ensuring that the model focuses on key physical laws. The noise
term o is assumed to follow a half-normal distribution(c~ HalfNormal(10)), which can limit the
observation error standard deviation to a reasonable range.

After determining the prior distribution, the No-U-Turn Sampler (NUTS) algorithm is used to
perform Markov Chain Monte Carlo (MCMC) sampling. The parameters are set to 2000 total
iterations (including 1000 combustion periods), 2 chains, and a target acceptance rate of 0.90. The
convergence is verified by the Gelman-Rubin statistic, and subsequently the posterior mean
coefficients are extracted to calculate the predicted values of the test set.

The support vector machine (SVM) model is a generalized learning method developed on the
basis of statistical learning theory and structural risk minimization principles. The SVM can
demonstrate strong generalization ability when facing pattern recognition problems with small
samples, nonlinearities, and high dimensions [21]. In the parameter settings, the penalty factor is
taken as 4, and the radial basis function parameter is taken as 0.8.

5.2. Prediction result analysis

The diagonal error of prediction and the relative error of prediction of the total seepage from
the regulated reservoirs by the BP neural network model, Bayesian regression model and the
support vector machine model are shown in Figs. 9-10, respectively. For the total seepage
predicted by different models, the coefficient of determination R? is used to evaluate the fitting
accuracy of the seepage prediction models for different regulated reservoirs, as shown in Eq. (5).
The prediction accuracy is evaluated using mean absolute error (MAE), mean relative error
(MRE), and running time, as shown in Egs. (6-7):

gt g (@ = Q2

=1-== < (5)
(0=
1 , .
MAE:;;|Qi—Qi|x100 %, (6)
iv|e-a .

i=1

where n is the number of test samples; Q; is the actual seepage amount; Q; is the predicted seepage
amount; Q; is the average value of the actual flow.

The evaluation indicators for the prediction results of different prediction models are shown
in Table 7.

Table 7. Evaluation of prediction results of the BP model, Bayesian Regression, and SVM model
Computational models | R?> | MAE (m®) | MARE (%) | Run time (s)
BP 097 | 1,376.67 18.72 5-10s
BR 0.99 653.45 543 25-30's
SVM 097 | 1,347.74 15.79 <5s

The prediction results of total seepage from BR model have the largest R? and the smallest
MAE and MRE, indicating that the BR model has the highest prediction accuracy. The prediction
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results of total seepage based on SVM model and BP model have the same R?, but the MAE and
MRE of both models are significantly higher than that of BR model. The prediction accuracy
based on SVM model is slightly better than that based on BP model. Leave-one-out cross-
validation was used to assess robustness. Performance metrics gradually degraded with smaller
training sets (e.g., R? decreased to 0.88 for n =9), yet Bayesian regression consistently
outperformed comparative models, demonstrating its suitability for small-sample engineering
prediction problems. Then, in terms of the training time of the models, the SVM model has the
shortest training time, followed by the BP model, and the BR model has the longest training time.
This is because the BR model takes into account the effect of ranking the degree of influence of
input variables on model performance, resulting in increased computation time. Neither the BP
model nor the SVM model integrates the ranking of the degree of influence of variables, so the
prediction accuracies of both models are significantly lower than that of BR model, and the
training time of both models are significantly shorter than that of BR model.
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Fig. 9. Diagonal error of seepage amount for different prediction models
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Fig. 10. Relative error of seepage amount for different prediction models

In summary, Bayesian regression realizes the organic coupling of data-driven and physical
mechanisms by embedding domain knowledge into prior distributions. Its application in seepage
prediction shows that this method can not only effectively improve the modeling robustness of
small sample data, but also provide probabilistic basis for engineering risk assessment through
posterior distribution. This method can be extended to other engineering scenarios where
monitoring data is scarce but some prior information is clear, providing new methodological
support for reliability analysis of complex systems.
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Future studies should consider time-dependent permeability due to consolidation or clogging.
A long-term monitoring program, including periodic in-situ permeability tests and seepage
measurements every 3-5 years, is recommended to validate and update the predictive model over
the reservoir's lifecycle. The quantified seepage rates provide essential input for subsequent
economic analyses comparing the present-value cost of water loss against the installation and
maintenance expenses of anti-seepage measures like geomembranes. The proposed methodology
is primarily applicable to arid/semi-arid regions with fractured mudstone geology. Its applicability
may be limited in humid climates, or in geological settings dominated by matrix flow (e.g., porous
aquifers) or significant karstification.

6. Conclusions

Based on the prototype of the Hongdugou regulated reservoir in Ningxia, the seepage
estimation formula of the regulated reservoir under the condition of mudstone without seepage
control measures was determined on the basis of mutual verification of on-site monitoring and
numerical simulation. In addition, the sensitivity analysis was conducted on the factors affecting
the seepage of the regulated reservoir, and a seepage prediction model based on the importance of
the influencing factors was proposed.

1) For the regulated reservoir built in sandy mudstone or mudstone geological conditions,
when the stratum permeability coefficient is 6x108-2x107 m/s (slightly weathered, weakly
weathered), the regulated reservoir still exists in a certain amount of seepage every day, accounting
for about 7 to 10 % of the total reservoir capacity. In the formula for estimating the seepage amount
of a regulated reservoir without lying geomembrane, the seepage path coefficient can be taken as
0.015-0.197. When constructing regulated reservoirs on sandy mudstone or mudstone formations,
anti-seepage design of the bottom and surroundings of the reservoir should be carried out.

2) The total seepage amount of the regulated reservoir was set as the target parameter, the
sensitivity of the factors affecting the seepage of the regulated reservoir was analyzed by
combining the grey correlation method with numerical simulation. The sensitivity ranking of
influencing factors from high to low is as follows: reservoir bottom width, water depth,
permeability coefficient, and saturated volume water content. This hierarchy is particularly
representative for fractured, low-permeability geological settings similar to the mudstone studied
here.

3) Based on the results of the sensitivity analysis of the influencing factors, the Bayesian
regression method can adaptively adjust the variable contribution weights through the prior
distributions. The prediction accuracy of the adopted method is significantly better than that of
traditional regression models under 27 training samples. This research approach provides a highly
accurate and strongly robust solution to the small sample engineering prediction problem.

This study presents a comprehensive framework for quantifying and predicting seepage in
regulated reservoirs constructed on fractured mudstone formations. The key innovations include:
(1) development of a field-validated empirical formula for rapid seepage estimation in mudstone
geology, providing practical tools for engineering design; (2) implementation of a Bayesian
regression model that incorporates domain knowledge through prior distributions, demonstrating
superior predictive accuracy with limited training data; (3) establishment of a novel methodology
integrating field monitoring, numerical simulation, and machine learning for robust seepage
prediction in data-scarce environments.
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