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Abstract: This paper presents a new seepage inversion technique to predict the permeability coefficient
of the rock mass with developed fracture or fault. With the measured data of flow and water head
of boreholes, the permeability coefficient of the rock masses near the boreholes are obtained by
inverse calculation on the basis of unsteady seepage tests. Then, a flexible tolerance method is
proposed to invert the permeability coefficient of rock masses in different zones of the reservoir
area. This comprehensive inversion analysis method is applied in one actual project of the water
supply reservoir. The equivalent permeability coefficient of the rock masses in the range of 0 m to
16.0 m below the road surface near the dam axis on the left bank of the mountain is 1.12 × 10−3 cm/s.
The root mean squared error and coefficient of determination of the measured and calculated values
are 1.33 × 10−4 m3/s and 0.9976 m3/s, respectively. The rock masses in the reservoir site area have
high permeability. The groundwater level in the junction area and the mountains on both sides of
Shangmo reservoir is low, and the hydraulic gradient is small. The maximum error between the
calculated value of the groundwater level and the measured values is −0.41 m, and the relative error
is −4.36%. The recommended anti-seepage scheme can effectively solve the problem of large leakage
in the reservoir area. The results show that the innovative approach is appropriate for the seepage
analysis of the field with the fractured rock masses and more meaningful from an engineering point
of view.
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1. Introduction

Seepage generally indicates the flow of water through the connected pores or fissures under
an active pressure gradient. Fractures influence the seepage and stability of rock masses [1].
The deformation and stability of hydraulic engineering, such as dam foundation, dam slope,
underground plant, and tunnel, are significantly affected by their seepage activities [2–4]. Seepage
analysis and control technology are closely related to saturated-unsaturated seepage field and have
a strong influence on the safety of the hydraulic structures and rock masses at the dam site [5–7].
Seepage field analysis and flow prediction are the two main contents of anti-seepage effect evaluation
of hydraulic engineering. The equivalent continuous medium model is widely used for numerical
analysis of engineering [8,9]. The model simulates discontinuous fractured rock mass as continuous
permeable medium, and generalizes the distribution characteristics of fractures. The seepage anisotropy
of fractured rock mass is reflected by its permeability tensor. However, the determination of the
permeability coefficient or tensor is the premise for numerical analysis of seepage problems using an
equivalent continuous model [10,11].
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Currently, the most direct method to determine the permeability coefficient of fractured rock
mass is the field measurement method based on statistics and cubic law [10,12]. This method is
simple, but it is difficult to obtain representative fracture parameters by outcrop measurement or
borehole measurement. The permeability parameters of the aquifer are obtained by an analytical
or a semi-analytical method on the basis of the water pressure test [13,14]. The cross-hole tests and
isotopic tracer methods are developed to determine the permeability tensor of the rock masses [15–18].
This permeability tensor can only represent the seepage characteristics of medium near the test
area. In recent decades, the inversion methods, such as the Pulse Spectrum method, the Numerical
Optimization method, the Artificial Neural Network method (ANN), and the Genetic Algorithm (GA),
are widely used in the seepage parameters inversion of fractured rock masses [19–22]. He et al. (2011)
proposed a new approach to determine the equivalent permeability tensor of fractured rock masses by
combining the geological method, the packer test method, and ANN [10]. Ren et al. (2016) applied the
flexible tolerance inversion method to obtain the seepage parameters of rock masses and faults in the
dam foundation of the Maerdang dam [23].

Existing research is usually based on the field water pressure test to calculate the permeability
parameters of the rock masses near the test area, but its determination object is usually hard or
semi-hard rock mass [24,25]. Scholars have also adopted the stable seepage theory to assess the seepage
parameters of the rock masses by an inversion method on the basis of the groundwater level monitoring
data. However, for the rock strata with extremely developed fissures, fault fracture zones, or karsts,
the stability of field water pressure test is poor [26]. Even if the water pump reaches the maximum
water supply capacity of 100 L/min and shortens the length of the test section to 1.5 m, water cannot fill
the test section. The pressure value in the hole is always zero. The permeability of this strata is greater
than 10−3 cm/s, which exceeds the range of the Lugeon value measured by the test equipment. In view
of this kind of rock strata with high permeability, we attempt to propose a back-analysis method to
determine the equivalent permeability parameters of rock masses near the test boreholes.

The main objective of this paper is, based on the equivalent continuum model, to propose a
comprehensive back analysis approach to determine the seepage parameters of the rock masses with the
developed fractures or fault fracture zone. First, based on the measured data of the flow rate and water
level in the borehole during the unstable seepage period of the water pressure test, a three-dimensional
seepage analysis model of the borehole and surrounding rock masses is established to invert the the
equivalent permeability coefficients of the rock masses around the borehole by using the unstable
seepage calculation theory. Next, a three-dimensional seepage finite element model of reservoir site
area in a natural period is modelling, and the equivalent permeability coefficients of rock masses in each
zone of the whole reservoir site area is obtained by the flexible tolerance method. Lastly, the proposed
method is applied to evaluate the seepage control effect of the recommended anti-seepage scheme for
the Shangmo water supply project.

2. Mathematical Model

Assuming that seepage in unsaturated soil obeys generalized Darcy’s law, and the hydraulic
conductivity tensor is introduced to describe the permeability of rock and soil. The basic differential
equation for the heterogeneous anisotropic saturation-unsaturated soil seepage is written as follows [23].

∂
∂xi

(
ks

i jkr(hc)
∂hc

∂x j
+ ki3kr(hc)

)
− f = (C(hc) + βSs)

∂hc

∂t
, (1)

where xi and x j are the coordinates (i.e., i = 1, 2, 3), ks
i j is the saturated hydraulic conductivity tensor

(m/s), kr is the hydraulic conductivity, 0 < kr < 1, and kr = 1 represent the unsaturated and saturated
zone, respectively, hc is the pressure head (m), ks

i3 is the saturated hydraulic conductivity (m/s), j = 3,
f is the source and sink (m3/s), which indicates whether there is an external injected flow (source) or
outflow flow (sink) in the seepage calculation area, β is a constant, where β = 0 in the unsaturated zone,
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and β = 1 in the saturated zone, and Ss is the elastic water storage rate (m−1), which represents the
amount of water released by saturated soil per unit volume due to the compression (expansion) of soil
and expansion (compression) of water when a unit head is lowered (raised). Ss is a constant in the
saturated zone and zero in the unsaturated zone. C(hc) is the specific water capacity, and C = 0 in the
saturated zone, in the unsaturated zone, C(hc), can be solved as follows.

C(hc) =
∂θ
∂hc

= α(θr − θs)(n− 1)(αhc)
n−1

(
1 + (αhc)

n
)1/n−2

, (2)

where θs is the saturated water content, θr is the residual water content, α and m are empirical fitting
parameters, and m = 1− 1/n and 0 < m < 1 are satisfied.

The definite solution condition used for solving Equation (1) includes the initial condition and
boundary conditions.

The initial condition is expressed as Equation (3) shown below.

hc(xi, 0) = hc(xi, t0), i = 1, 2, 3, (3)

The boundary conditions can be expressed as the formulas below.
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∣∣∣
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∣∣∣∣∣
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)
ni

∣∣∣∣∣
Γ4

= qθ and hc|Γ4 < 0

, (4)

where ni is the boundary surface normal direction cosine, t0 is the initial time, Γ1 is the known head
boundary, Γ2 is the known flow boundary, Γ3 is the saturation overflow boundary, Γ4 is the unsaturated
zone overflow boundary, qn is the normal flow, and qθ is the rainfall infiltration flow.

Take an earth dam as an example. The seepage boundary diagram is shown in Figure 1. The known
water head boundaries, BC, CD, HI, and IJ, belong to Γ1. Boundary AB, AK, and JK are impermeable
boundaries and belong to Γ2. DG and GH are taken as the infiltration boundary and seepage boundary,
respectively, both of which are classified to Γ3. Boundary DE, EF, and FG are the unsaturated zone
overflow boundaries Γ4.
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where in  is the boundary surface normal direction cosine, 0t  is the initial time, 1Γ  is the known 
head boundary, 2Γ  is the known flow boundary, 3Γ  is the saturation overflow boundary, 4Γ  is 
the unsaturated zone overflow boundary, nq  is the normal flow, and θq  is the rainfall infiltration 
flow. 

Take an earth dam as an example. The seepage boundary diagram is shown in Figure 1. The 
known water head boundaries, BC, CD, HI, and IJ, belong to 1Γ . Boundary AB, AK, and JK are 
impermeable boundaries and belong to 2Γ . DG and GH are taken as the infiltration boundary and 
seepage boundary, respectively, both of which are classified to 3Γ . Boundary DE, EF, and FG are the 
unsaturated zone overflow boundaries 4Γ . 

 

Figure 1. Seepage boundary conditions of a mean earth dam. 
Figure 1. Seepage boundary conditions of a mean earth dam.

3. Back Analysis Method

3.1. Objective Function of Back Analysis

In many practical projects, the permeability coefficient is usually obtained from water pressure
test data used for back analysis. The residual of a finite element calculation head and observation head
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is the weighted sum of squares in the objective function of a parameter inverse optimization problem,
which is used to find matching parameters closer to the actual basic parameters. The objective function
adopted to optimize the parameter inversion can be expressed by the equation below [23,27].

f (X) =
n∑

i=1

ωi
(
h′i − hi

)2
, X ∈ DN, (5)

where X is the permeability coefficient of the undetermined parameter, n is the total number of
observation points, ωi is the weight of the measured values at observation point i, h′i and hi are the
calculated value and measured value of the water head for observation point i, respectively, N is the
number of inversion parameters, and DN represents the space domain.

The method based on the approximate viable concept using the nonlinear simplex method
finds the optimal solution directly, which can solve the optimization problem with various types of
constraints and parameter inversion problems and, in general, engineering seepage problems. In this
paper, the water head are taken as the the known quantity. The flexible tolerance method is applied to
obtain the seepage parameters of the different material zones.

3.2. Procedures of Back Analysis

The borehole water pressure test is a kind of in-situ permeability test carried out in the borehole,
which is used to determine the permeability of the rock mass and understand the relative permeability
and fracture development degree of the rock strata at different depths of the underground. However,
when the rock masses with very developed fissures or fault fracture zone are measured, the stability
of in-situ borehole water pressure test is poor. Therefore, the permeability of rock mass cannot be
calculated directly through the test data. In this paper, a new approach to permeability inversion
of fractured rock masses is proposed to address the problem. The specific implementation steps are
as follows.

(1) Step 1: The permeability parameter of the rock masses near the borehole in the rock mass
area to be measured is recorded as xi. The liquid level in the borehole is allowed to drop freely after
water is injected into the borehole, and the liquid level elevation h j at different times t j is recorded.
Therefore, the measured leakage Qi

j amount in the borehole in each time period can be expressed by
the following formula.

Qi
j = (h j − h j−1) ×A (6)

where A is the cross-sectional area of the borehole (m2).
(2) Step 2: A three-dimensional finite element model of seepage in the borehole area is modelling.

After the seepage boundary conditions of the model are determined, the initial values of seepage
parameters are given. Based on the unstable seepage analysis method, the seepage field in the drilling
area at different times is calculated. Then, the seepage flow qi

j of the drilling model at different times is

calculated by using the mid-section method [28]. The calculated seepage flow Qi∗
j in the drilling area at

each time period can be solved by the following formula.

Qi∗
j =

qi
j + qi−1

j

2
× (t j − t j−1), (7)

(3) Step 3: Adjust the seepage parameters, the error percentage between the calculated seepage
flow rate, and the measured seepage amount in the borehole area in each time period η(xi) can be
expressed as follows.

η(xi) =
(
Qi

j −Qi∗
j

)
/Qi

j·100%. (8)

The permeability coefficient is monotonically decreased by using a simple acceleration method [23],
and the control error percentage is within 5%. Therefore, the permeability parameters of the rock mass
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in the drilling area at different times are inverted, and the inversion of the permeability coefficients of
the rock mass at different depths near a drilling hole is completed.

(4) Step 4: For other similar drilling water pressure tests. Steps (1) to (3) are repeated until the
permeability coefficients at different depths near the boreholes are all obtained.

(5) Step 5: Based on the existing seepage system of the rock masses in the area near the limited
number of boreholes, a three-dimensional finite element seepage analysis model of the whole reservoir
dam area in the natural period is established, and the permeability coefficients of the rock masses
in different zones in the global range of the reservoir dam area are obtained by inversion using the
flexible tolerance method. Next, a three-dimensional seepage model of the dam engineering during
the operation can be established to further evaluate the rationality of the seepage control measures and
schemes of the project.

4. Method Verification

4.1. Case Introduction

The seepage field of rock mass around the borehole is calculated based on the unsteady seepage
analysis method, and the seepage flow rate at each time point in the test process is obtained. The seepage
coefficient of rock mass in the corresponding test section is inverted by comparing with the field water
pressure test results. The schematic diagram of the single-hole water pressure test is shown in Figure 2.
The drilling layout of the Shangmo reservoir project in Gansu Province, China is presented in Figure 3.
The water pressure test hole is ZK0, which is about 7 m away from the left end of the dam. The contrast
hole is ZK1, located at the rock mass with better lithology on the downstream side of the left bank
mountain. The other seven pressurized water test holes are ZK2 to ZK8, respectively.
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Figure 2. Sketch of a single-hole water pressure test.
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Figure 3. Layout of boreholes in the dam site.

Pressure water test hole water level measurement process: The water level in the hole at a higher
position. After a period of water injection, the pump stops supplying water. A modified water level
observation device was used to monitor the variation of the water level in the borehole. The water
level in the borehole was recorded until no water was found. The water pressure tests indicate that the
rock masses are the fractured rock mass with high permeability. Figure 4 shows one rock core sample
of the water pressure tests.
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4.2. Model and Parameters of the Case

Considering the symmetry of a single-hole water pressure test model, a 1/4-cylinder model with a
radius of 0.12 m are established. The length and width of the model are both 10 m, and the heights are
32 m, respectively. The depth of the borehole h is 16 m. The top elevation of the model is 1637.10 m.
The 3-D finite element mesh of the calculation model is shown in Figure 5. The total number of model
nodes and units are 19,056 and 18,000, respectively.

In the unstable seepage period, the boundary types of seepage analysis mainly include the
known head boundary, seepage boundary, and impermeable boundary. (1) The known head boundary
includes the boundary around the borehole and the intercept boundary of the given groundwater
level, the periphery of the borehole is the upstream boundary, and the outer side of the model is the
downstream boundary. (2) The seepage boundary is the surface below the upstream water level and
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above the downstream water level of the model. (3) An impervious boundary includes the symmetry
plane of the model (i.e., intercept boundary of x = 0 m and y = 0 m), partial boundary between upstream
and downstream water levels except the given groundwater level, and the bottom surface of the model.
(4) For the unsteady seepage in this test, the drilling water level changes with time, that is, the upstream
boundary water head around the drilling hole changes with time.
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Figure 5. Unsteady seepage calculation model (unit: m).

The flow rate is used as the basis of inversion, the error percentage between the measured seepage
value in the borehole, and the calculated seepage flow rate in the borehole area is controlled within 5%,
so as to inverse the seepage parameters of the rock mass around the borehole. The variation trend
of the water level in the comparative hole with time is presented in Figure 6. As seen in Figure 6,
the water level in the hole decreases monotonically with time. Each rock stratum is generalized into an
equivalent continuous permeable medium to represent the macroscopic permeability characteristics of
the rock stratum, including the permeability of the faults and fissures, but the seepage heterogeneity of
the faults and fissures is not considered in the model. The initial proposed permeability coefficient of the
rock masses in different depths around the borehole are supposed to be 1.0 × 10−5 cm/s to 1.0 × 10−1 cm/s.
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Based on the variation curve of the water level in each borehole, the unstable seepage calculation
scheme is adopted to invert the permeability coefficient of rock mass with different depths by
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controlling the error between the calculated seepage flow rate and the measured seepage amount in
each time period.

4.3. Case Analysis

The time interval of the pressure water test of borehole ZK0 and its measured values of the
seepage flow are shown in Table 1. The water head distribution of the borehole profile at different
time periods is shown in Figure 7. The figure indicates that the water level near the borehole location
drops significantly more than in other areas, and the distribution of water head is consistent with the
general rule.

Table 1. Time interval and measured values of the borehole ZK0.

Time Interval
(-)

Time
(s)

Measured Value
(m3/s)

1 0–18 4.67 × 10−3

2 18–34 4.50 × 10−3

3 34–52 4.00 × 10−4

4 52–72 3.60 × 10−4

5 72–102 3.20 × 10−4

6 102–144 2.57 × 10−4
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To quantitatively evaluate the simulation performance of the models, the root mean squared error
(RMSE) and coefficient of determination (R2) were considered as statistical performance evaluations in
this study [29]. The value of RMSE is a nonnegative value, and a low RMSE indicates good consistency
between the observed and simulated values. R2 ranges from 0 to 1, and a larger R2 value indicates a
better match of the simulated and observed data.

Figure 8 shows the comparison between the calculated seepage flow and the measured seepage
flow in the comparative hole. From this figure, it can be noticed that the maximum error of the
measured leakage values and calculated values in each period are 4.67%, RMSE, and R2 of those are
1.33 × 10−4 m3/s and 0.9976, respectively, which indicates the inversion values can match well with the
measured data.

Inversion analysis results show that the permeability coefficients of the rock masses at the depths
of 0–16 m below the road surface at the position of ZK0 is 1.12 × 10−3 cm/s, respectively. According to
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the geological conditions of the mountain and the distribution law of rock strata, the mountain fissures
in the left abutment are developed and the permeability coefficient is relatively large.Water 2020, 12, x FOR PEER REVIEW 9 of 17 
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For the rock masses with extremely developed fissures or fault fracture zones, this new approach
is used to obtain the permeability coefficient of the rock mass with different thicknesses near the other
boreholes (ZK2 to ZK8, shown in Figure 3). The inversion results of each test boreholes are listed
in Table 2.

Table 2. Inversion results of rock permeability of other boreholes.

Code Borehole Depth
(m)

Rock Permeability
(cm/s)

ZK2
h = 0–12 2.3 × 10−1

h = 12–24 4.7 × 10−2

ZK3
h = 0–14 4.1 × 10−1

h = 14–26 7.4 × 10−2

ZK4
h = 0–13 3.1 × 10−1

h = 13–25 5.7 × 10−2

ZK5 h = 0–10 7.5 × 10−1

ZK6
h = 0–16 5.8 × 10−2

h = 16–34 7.4 × 10−2

ZK7
h = 0–14 4.7 × 10−1

h = 14–30 6.1 × 10−2

ZK8
h = 0–12 3.3 × 10−1

h = 12–28 5.7 × 10−2

5. Engineering Application

5.1. General Description

The Shangmo project is a water source project for the water supply in Tianshui city, Gansu
Province, China. It is a reservoir hub project with full annual regulation. The dam is a sandy gravel
dam with loam core wall with a crest width of 6.0 m, a length of 202.8 m, a crest elevation of 1637.10 m,
and a maximum dam height of 50.0 m. The sandy gravel cover in the riverbed is provided with loam
anti-seepage gullies with a bottom width of 8.0 m, a slope of 1:1.5, and gullies 2.5 m deep below the
bedrock surface. Two rows of dam foundation anti-seepage curtains are built under the foundation.
The first row of curtains goes deep under the severely weathered layer of 5.0 m, the second row of
curtains goes deep under the weak permeable zone at 5 m, and a single row of anti-seepage curtains



Water 2020, 12, 734 10 of 17

are set up within the range of 30 m extending from the dam abutment to both banks. The design
scheme of grouting curtains is to hit the rock foundation with a permeability less than or equal to 5 Lu.

The Shangmo reservoir is a canyon type reservoir with most bank slopes above 35◦, the right bank
steeper than the left bank, and some steep walls. The abutment rock mass is strongly weathered and
unloaded, and the highly weathered and unloaded zone at the top of the bank slope is relatively thick.
Along the river bed, there are steep dip angles along the river to tectonic crushed rock zones with a
width of tens of meters, which may cause reservoir bottom leakage along the river to tectonic crushed
rock zones.

5.2. Seepage Analysis of the Reservoir Site in a Natural Period

5.2.1. Model and Parameters

The three-dimensional seepage finite element calculation model for the natural period of the
reservoir site area is modelling. The right control point of the dam is selected as the origin of the
model, the x axis is along the river direction, and the upstream direction is positive to the downstream
direction. The y axis is along the direction of the dam axis, and the right bank pointing to the left
bank is positive. The z axis is vertical and positively upward. The scope of the model is set as follows:
the left boundary near the dam site is at least 150 m from the left dam end. The right boundary is at
least 150 m from the right dam end, and the right boundary at the downstream of the dam is taken
to the middle line of the gully at the downstream of the right mountain. The reservoir intercepts the
mountains on both sides of the river according to the trend of the river. The upstream interception
boundary is at least 1500 m from the upstream dam toe. The downstream boundary is at least 250 m
from the downstream dam toe. The reservoir and dam foundation boundary is taken at least 150 m
below the curtain bottom line.

A three-dimensional finite element model including terrain, rock strata, faults, and the like in
the calculation area is shown in Figure 9. The boundary conditions of the seepage model mainly
include the known head boundary, seepage boundary, and impermeable boundary. (1) The known
head boundary includes the riverbed surface below the river level of the natural river course and the
left and right boundary (known groundwater level) of the model. (2) The seepage boundary is the
hillside surface on the left and right bank of the reservoir, which is the boundary that is in contact with
the atmosphere. (3) The impermeable boundary includes the intercepting boundary on both upstream
and downstream sides of the model and the bottom surface of the model.
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The seepage parameters are drawn up according to the results of field tests and inversion analysis
of unstable seepage tests. Through inversion analysis of a natural period model, the permeability
coefficients of dam foundation and reservoir rock masses can be obtained by the flexible tolerance
method. The parameters of each layered rock masses are presented in Table 3.
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Table 3. Parameters of each layered rock mass.

Rock Classification Rock Permeability
(cm/s)

strong permeable layer,
q ≥ 100 Lu 2.0 × 10−3

medium permeable layer,
10 Lu ≤ q < 100 Lu 3.0 × 10−4

weak permeable layer,
5 Lu ≤ q < 10 Lu 5.0 × 10−5

relatively impermeable layer,
q < 5 Lu 2.0 × 10−5

fault fracture zone,
q ≥ 100 Lu 1.5 × 10−2

5.2.2. Results and Discussions

Four typical sections are selected, including dam axis section x = 0 m, upstream channel section
x = −500 m, channel longitudinal section y = −150 m, and maximum dam height channel longitudinal
section y = 100 m (see Figure 10) to analyze the groundwater level distribution in the reservoir site area.
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Figure 10. Layout of the main typical sections (unit: m).

According to geological prospecting data and inversion analysis, the highest groundwater level
in the reservoir site area of this project is 1607.00 m, and the lowest groundwater level is 1597.60 m.
Figure 11 shows the groundwater level drawn by a geological survey of the dam axis profile and the
groundwater level obtained by inversion analysis. The inversion calculation values of the groundwater
level of the dam axis section are basically consistent with the measured values. In the local area near
the riverbed on the right bank, the fitting error is large, the maximum error between the calculated
value of the groundwater level and the measured value is −0.41 m, and the relative error is −4.36%,
which meets the engineering precision requirements. Therefore, the inversion results fit the natural
groundwater seepage field well, and the calculation model and boundary conditions are suitable.

Figure 12 shows a contour map of the natural groundwater level in the reservoir site area. It can
be seen in Figure 10 that the underground water level on the left bank of the reservoir site area is
relatively high, and the underground water level on the right bank is relatively low and basically equal
to the river bed water level. This is mainly due to the existence of a deep gully near the downstream of
the dam axis of the right abutment, which is close to the dam axis and has a large angle with the dam
axis, which makes the mountain body of the right abutment thin and the underground water level low.
The groundwater level on the left and right banks of the upstream reservoir is also slightly higher than
the river level, but the natural groundwater watershed on both sides of the reservoir does not exist,
which is consistent with the actual situation.
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Figure 13 is the water head distribution diagram of each typical section of the natural model.
As can be seen from the figure, the groundwater level generally decreases gradually from the left and
right banks to the river channel and from the upstream to the downstream. The groundwater flows
from the left and right banks to the river channel and from the upstream channel to the downstream
channel. According to the contour map of the underground water level and the potential distribution
map of each section, the underground water level in the junction area and the mountains on both
sides of the reservoir is relatively low, and the hydraulic gradient is very small. Therefore, there is no
watershed in the calculation range.
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5.3. Seepage Analysis of Recommended Anti-Seepage Scheme for Reservoir Site

5.3.1. Model and Parameters

There are several deep fault fracture zones in the riverbed of the reservoir site of the Shangmo
water supply project, and the fissures of the rock masses in the abutment are extremely developed,
which results in large permeability coefficients of the rock masses. The recommended anti-seepage
scheme of the reservoir site adopts the full anti-seepage form that combined the geomembrane and
concrete slab. The composite geomembranes are laid on the upstream dam slope of the gravel dam
and the riverbed surface, and the concrete slabs are arranged in the mountain areas on both sides of
the reservoir bank below the checked flood level.

Based on the seepage model of the reservoir in a natural period, the structures of excavation,
dam body, geomembrane, and concrete slab are supplemented to form the reservoir model of the
recommended scheme. The geomembrane is simulated by a certain thickness of seepage medium.
The other structures are simulated according to their actual sizes. The seepage model of the reservoir
site area of the recommended anti-seepage scheme is shown in Figure 14.Water 2020, 12, x FOR PEER REVIEW 14 of 17 
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Figure 14. Model of the reservoir site area of the recommended anti-seepage scheme.

The rock parameters of the recommended scheme adopt the parameters of the natural period
model, as listed in Table 3. The permeability coefficients of the dam body, geomembrane, concrete
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panel, and other materials are presented in Table 4. The normal water storage level is 1632.27 m,
and there is no water downstream. The seepage boundary conditions of the model are as follows:
(1) The known head boundary includes the riverbed, banks, and the dam below the normal water level,
and the left and right boundary (known groundwater level) of the model. (2) The seepage boundary is
the surface on the left and right bank of the reservoir and the dam above normal water level, which
is the boundary that is in contact with the atmosphere. (3) The impermeable boundary includes the
intercepting boundary on both upstream and downstream sides of the model and the bottom surface
of the model.

Table 4. Seepage parameters of main material zones.

Zone Permeability Coefficient (cm/s)

dam gravel 2.0 × 10−1

inverted filter 1.0 × 10−5

core material 1.0 × 10−5

concrete panel 1.0 × 10−7

drainage 1.0 × 10−1

geomembrane 1.0 × 10−9

5.3.2. Results and Discussions

Figure 15 shows the contour map of the groundwater level in the reservoir site area of the
recommended scheme. As can be seen in the figure, the water storage of the reservoir is affected by
the seepage resistance of the geomembrane and the concrete slab, and the infiltration surface drops
suddenly at the anti-seepage parts of the geomembrane and the concrete slab. Therefore, the water
storage of the reservoir has little influence on the distribution of the groundwater level in the reservoir
area. The movement trend of the groundwater is that the two banks supply water to the river channel,
and seepage flows from the mountain on both banks of the upstream to the stratum below the bottom
of the downstream reservoir. The water storage of the reservoir would leak to the outside of the
reservoir through geomembranes at the bottom of the reservoir and concrete slabs on both sides of
the reservoir.
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Figure 15. Groundwater level contours of the reservoir site for a recommended anti-seepage scheme
(unit: m).

The water head distribution of typical sections in the reservoir site area under the recommended
scheme is presented in Figure 16. The figure shows the seepage gradient of the rock masses on both
sides of the reservoir bank is small and uniform. The free surface in the rockfill area of the dam body is
slightly higher than the dam foundation surface, and its maximum seepage gradient is 0.032, which
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occurs at the exit point of the downstream dam slope. The seepage gradient of the left bank rock mass
at the exit of the downstream side of the dam body is 0.263, and the maximum seepage gradient of the
fault fracture zone is 0.0345. The water head is mainly reduced by the effects of the geomembrane and
concrete slab. The maximum seepage gradient of the geomembrane and concrete slab is 322.70 and
161.35, respectively. The seepage gradient of each zone of the reservoir area is within the allowable
range, which meets the requirements of seepage stability.
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In the natural period, the seepage flow rate through the dam axis section is 2.794 m3/s, and that is
2.801 m3/s for the recommended anti-seepage scheme. Therefore, the leakage of the reservoir under the
recommended scheme is 0.007 m3/s, which is far less than the multi-year average runoff of 0.355 m3/s
at the reservoir site. This shows that the recommended anti-seepage scheme can effectively solve
the problem of large leakage in the reservoir area and ensures the normal storage and operation of
the reservoir.

6. Conclusions

In this paper, a comprehensive back analysis method of seepage parameters for rock masses
is proposed, which includes two different scales. One is the inversion of permeability coefficient
of fractured rock mass near the single borehole on the basis of the unsteady pressure water test.
The second is the back analysis of rock permeability of dam foundation and abutment in the whole
reservoir site area by using the flexible tolerance method. Lastly, the permeability coefficients of the
rock masses of each zone in the entire reservoir area are taken as the seepage parameters for one water
supply engineering. The knowledge gained from this research is summarized as follows.

(1) Back analysis results of the borehole show that the equivalent permeability coefficients of the
rock masses in the depth of 16 m below the road surface at the position of borehole ZK0 of Shangmo
reservoir is 1.12 × 10−3 cm/s. The maximum error of the measured leakage and calculated values in
each period are 3.43% and 4.67%. Moreover, the RMSE and R2 of the measured and calculated values
are 1.33 × 10−4 m3/s and 0.9976, respectively, which indicates the inversion values can match well with
the measured data.

(2) The inversion method of the permeability coefficient is applied to other boreholes.
The equivalent permeability coefficients of the rock masses at different depths around the ZK2
to ZK8 boreholes were between 0.047 cm/s to 0.750 cm/s. It shows that the rock masses in the reservoir
site area have high permeability. The seepage parameters of each rock mass zone in the reservoir
area were obtained by using the flexible tolerance method. The results show that the maximum error
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between the calculated value of the groundwater level and measured value is −0.41 m, and the relative
error is −4.36%, which meets the engineering precision requirements.

(3) The proposed approach was used to analyze the three-dimensional seepage field of the
Shangmo water supply project. The groundwater level in the junction area and the mountains on both
sides of the Shangmo reservoir is low, and the seepage gradient is small. There is no watershed within
the scope of the reservoir site area. The full anti-seepage scheme combined the geomembrane and
the concrete slab, which can effectively solve the problem of large leakage in the reservoir area. This
indicates that the comprehensive permeability coefficient inversion method proposed in this paper is
appropriate for the seepage analysis of the field with the fractured rock masses or developed faults
and fissures.
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