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ABSTRACT

Reservoir dams are highly susceptible to unstable conditions under the long-term action of water flow.
In this paper, we mainly investigate the effect of water flow on the stability of reservoir dams under
the conditions of complex boundaries. Through the advection orthogonal curve generation network
and the use of the adjustment factor on the sparsity of the grid range of values, to achieve the mesh
division of the reservoir dam body. The control volume method is used to discretize the control
equations of the planar two-dimensional water flow model under the complex boundary conditions,
and the SIMPLEC method is used for numerical calculations at the same time. For the treatment of
complex boundaries, this paper reduces the error between the simulated and real water margins by
comparing and selecting the diagonal Cartesian method. The limit equilibrium method is introduced
and combined with the strength reduction method to solve the problem together and comprehensively
analyze the stability of the reservoir dam under the action of water flow. Reservoir dam A is selected
as the object of numerical calculation in this paper, and the input information of the model is set by
setting parameters and selecting working conditions. The model is used to calculate the stability of the
reservoir dam under the action of water seepage and water pressure. Compared to the static condition,
the value of displacement and deformation of the dam body is increased by about 52.00% under the
water flow action condition. The stability of the reservoir dam body under the action of water flow
infiltration and pressure decreases significantly.

Keywords: control volume method, limit equilibrium method, strength discount method, water flow
infiltration, reservoir dams

1. Introduction

The water discharge building of large gravity dam project usually consists of overflow table hole and
bottom hole (or deep hole or middle hole), the overflow drainage hole has the characteristics of strong
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discharge capacity, flexible gate operation scheduling, high safety and reliability, and it is the most
important water discharge building to ensure the safety of the dam [1-3]. Dam stability analysis is to
analyze and evaluate the stability of the dam structure and its geotechnical foundation, in order to
ensure the safety and stability of the dam body to provide a scientific basis. At the same time, the
hydraulic conditions of the river are considered to ensure that the dam is not damaged under the
impact of the river current and that the water resources are reasonably utilized [4-7].

Reservoirs are common hydraulic structures, which are widely used in water resource improvement
projects under complex boundary environments. Floods in natural rivers are non-constant flows, and
with the steep rise and fall of floods, the dams of reservoirs will gradually lose their stability under the
complex hydrodynamic conditions, resulting in localized water damage or even total destruction,
which poses a great threat and damage to the actual project [8-10]. However, the construction of
reservoirs will locally change the flow pattern of the river, destroying the original water flow structure
of the river channel and causing frequent siltation of the riverbed. The changed riverbed in turn affects
the flow structure, further jeopardizing the stability of the reservoir dam body [11-12]. Reservoirs in
mountainous rivers are often directly constructed in poor foundation conditions on the terrain, under
the action of complex water flow often appear foundation hollowing, dam body block stone falling off,
dam body local or overall water damage collapse and other damage, resulting in the stability of the
dam body decreasing, so as to achieve the effect of water resources remediation, and even affect the
water resources and the safety of the nearby residents [13-16].

In this paper, a body-adherent orthogonal curvilinear grid is used to fit the boundaries of a reservoir
dam body and to reflect the boundary topography of the dam body as it changes with the water level.
The diagonal Cartesian method is utilized to further fit the boundary of the more complex reservoir
dam body and to improve the fit rate between the simulated and real water margins. The control
equations of the planar two-dimensional flow model are constructed by using the continuity equation
of water flow, the &-direction momentum equation and the 77-direction momentum equation, and
the control volume method is used to realize the discretization of the control equations. Based on the
established water flow model and complex boundary processing method, this paper cites a bend river
section to simulate this paper's planar two-dimensional water flow model to verify the effectiveness
of this paper's model in practical engineering applications. For the problems existing in the stability
analysis of reservoir dams, this paper combines the strength reduction method on the basis of the
traditional limit equilibrium method, and jointly solves the safety coefficient of reservoir dams through
the connection between the two, and comprehensively analyzes the stability of reservoir dams under
the action of water flow. Taking A reservoir dam as an engineering example, a finite element model of
the reservoir dam is generated by setting the calculation parameters, boundary conditions and
working conditions of the dam body. Numerical simulation is carried out using the model in this paper
to analyze the stability of the reservoir dam body under the action of water infiltration and water
pressure, which provides a reference for preventing the damage of the reservoir dam body under the
action of water flow, and formulating the strengthening strategy of the reservoir dam body in a
scientific and reasonable way.

2. Water flow modeling under complex boundary conditions

2.1. Mesh Generation of Coordinates for Applied Orthogonal Curves

The boundary of the reservoir is zigzag, the terrain is complex, the two-dimensional water flow
calculation is more complicated, the required calculation and storage is larger, whether it can
effectively fit the terrain and what mathematical methods are used to analyze the control equations
directly affects the accuracy and practicality of the mathematical model. The computational grid of the
mathematical model is divided into rectangular grid, body curve grid, unstructured grid and so on. The
body curve grid and unstructured grid can fit the complex boundary, better applicability, rapid
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development in recent years. The length and width of the computational domain of reservoirs and
dams are relatively disparate, so how to arrange the grid to fit the zigzag boundary and reflect the
boundary topography that changes with the water level is a key issue. The grid system in this paper
adopts the advective orthogonal curve grid.

2.1.1. Mesh generation. For problems with large variations in boundary undulation, it is now
common to use a method where the computational grid is advected to the channel boundary, i.e., using
the advected orthogonal curve coordinate system. The orthogonal curve coordinate equations are used
as the transformation equations:
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The method needs to numerically solve the above coordinate transformation equations on the
premise that the given boundary lines must be orthogonal at the intersection point, where « =x. + y,f ,

y= xé + yé, J=x.9, =X,V P, O are the adjustment factors. Assuming that the water body in the

waters do potential motion, its flow line cluster and potential line cluster must be orthogonal, can be
derived to the grid spacing change as the regulating factor of the sticker orthogonal curve coordinate
equation.

2.1.2. Determination of the range of values of the conditioning factors. The P and Q adjustment
factors in the coordinate transformation equation (1) play a role in adjusting the sparseness of the
mesh. When generating the curve grid, the P, O value along the course of the selection is not used
to make the key parts of the mesh encryption in the computational domain, the auxiliary parts of the
grid sparse, so as to improve the accuracy of the calculation and reduce the computational workload.
There are various mathematical expressions for the adjustment factor, among which, Thompson's
recommended expression for the adjustment factor is:

p= zpi = _zai Sgn(f_é)e_d[{:_é (2)
where, ¢ - coordinates of the curve at the closest change of the grid, «, -amplitude parameter, d,
- decay parameter, Sgn(x) -signfunction, o, generallytake 10~1000, d, take 0~0.0. Amongthem,

a, is around 10, the grid is weak, ¢, isaround 100, the grid is medium, and «, is 1000, the grid is

strong. When studying the flow curve grid, the grid cannot be formed according to the proposed value
(even if it is calculated according to the weakest change of 10), and the value range of parameter g,

is not fixed, but is related to the actual size density of the grid, and the value range of different actual

scales is very different. When the moderator P is expressed exponentially by Thompson, the
amplitude parameter @, must satisfy:

a < 2(§b_§a)

< 3
<5 3)

where S, and S, are the coordinates of the breakpoints in the physical domain, it can be seen that

a

the range of values for “ is variable and it is severely constrained by As.Thus for a, =10~1000, it

is more practical for numerical calculations where the actual scale of the grid is a few centimeters, or
even less, and therefore less accurate after the physical scale of the grid is hundreds of meters, or even
up to hundreds of kilometers.
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2.2. Mathematical modeling of two-dimensional water flow under complex boundaries
2.2.1. Control equations:

1) Water flow continuity equation:
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2) &-direction momentum equation:
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3) 7-direction momentum equation:
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where & and 77 represent the coordinates of two orthogonal curves in the orthogonal curve
coordinate system. » and v denote the flow velocity in the & and 77 directions, respectively. %
indicates the water depth. H represents the water level. C., C, denote the Lamé coefficients in

the orthogonal curvilinear coordinate system:
_ 2 2 _ 2 2, .
Cé = Jxé +Ve, C,=/x +Y,5 O, Oy, O, O, denote the turbulent shear stress:
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where v, denotes the turbulent viscosity coefficient and, in general, v, =au.h, a=0.5~1.0,and »

are the roughness coefficients.
Comparing equations (2) to (4), it can be seen that the form of each equation is similar and can be
expressed in the following generalized format:
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(10)

where I is the diffusion coefficient. C is the source term.

2.2.2.  Control equation discretization and solution. In this paper, the discretization of the control
equations utilizes the control volume method [17], and the SIMPLEC method is used for numerical
calculations.

The finite volume method is a new algorithm that has emerged in computing shallow water
dynamics in the last 20 years [18], which is suitable for complex geometrical boundary shapes, and
can be used with a non-constructive mesh making it easier to encrypt the mesh locally, while the
format has a clear physical meaning. Since the finite volume format has a clear concept of conservation,
it has been successfully applied to solve shallow water flows and incompressible flows, etc., and is now
widely emphasized by researchers.

The main links of the finite volume format are: arranging the unstructured network according to the
simulation object. Balance calculations of water and momentum transport fluxes are performed for
each control body. Calculate the normal numerical flux across the interface of the control body. The
finite volume method is used to numerically solve the system of equations time period by time period
and cell by cell, so as to simulate the water flow process, divide the computational domain into a
number of irregularly shaped control bodies, carry out the water and momentum balance calculations
for each control body separately, derive the flow and momentum fluxes that are inputted or outputted
in the normal direction along the boundaries of the control bodies, and then compute the average
water depth and flow velocity of each control body at the end of the outgoing time period. In order to
solve the difficulty of discretizing the pressure gradient term and the continuity equation, the
staggered grid method is also used in this paper.

SIMPLEC method is widely used in the numerical simulation of incompressible flow field, and the
method has been further developed, mainly SIMPLER algorithm, SIMPLEC algorithm, SIMPLEX
algorithm and SIM2PLET algorithm, etc. SIMPLE algorithm provides computational boundaries to the
tributaries through the results of the main channel computation, and then the tributaries are
computed individually, and the results obtained again provide boundaries to the main channel, iterate
repeatedly within a time step to guide convergence, and then calculate the next time step.

The basic steps of the SIMPLE algorithm for solving the above equation (10) are as follows: (1)
Calculate the correlation coefficients of the coordinate transformations. (2) Calculate the initial water
depth of the whole field given the water level at the inlet and outlet boundaries /. (3) Solve the
momentum equations U, V. (4) Solve the k—¢& turbulence model to find k. (5) Solve the water
depth correction equations. (6) Correct the flow velocity U, V', and then repeat steps (2) to (5) until
convergence. In the model solution, the subrelaxation technique is used in the computation in order
to facilitate the convergence of the nonlinear gain bands. The ADI technique and the TDMA algorithm
are used in the computation, and the under-relaxation technique is used in the numerical computation
in order to avoid the dispersion triggered by the computer truncation error. The convergence criterion
is that the ratio of the residual mass source to the inlet mass flow for the continuous equation is less
than 0.5%. In non-constant flow calculations, the maximum twinning of flow velocity errors at points
across the field between adjacent time steps is taken to be less than a given value as the basis for
reaching a constant state.
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2.3. Techniques for processing complex boundaries

2.3.1. Oblique diagonal Cartesian methods. The principle of proximity is the most important
principle of the Cartesian method, which calculates the distance between the actual boundary and the
grid nodes, and connects the grid nodes that are closer to the real edges in order to simulate the real
water edges [19]. Figure 1 shows an example of a square grid, line L is the real boundary, points 4,
B, C, D, E, F, G, H aretheintersection points of the real edges and the grid, in this method,
according to the principle of proximity, the grid nodes that are closer to the boundary are used as the
replacement points of the real boundary, according to this principle, the grid nodes A, B, C', D,
E', F', G',and H' are selected to approximate the A, B,respectively, C, D, E, F, G, H,
and so on to obtain the water edge line L'.
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Fig. 1. Diagonal Cartesian boundary fitting
2.3.2.  Advantages of the diagonal Cartesian approach:

1) The boundary fit is good and closer to the real boundary. Figure 2 shows the diagonal Cartesian
fitting of the closed boundary. From the figure, it can be seen that the water edge line generalized by
the model matches well with the real edge line, and the error in the length of the boundary is less than
5.48%, which is 3/5 less than the error in the length of the sawtooth method, and this effect is more
obvious if the grid division is smaller. Fig. 3 shows the calculated water margins determined by the
sawtooth method (also based on the principle of closest distance). Comparing Figs. 2 and 3, it can be
seen that the water margins simulated by the diagonal Cartesian method are closer to the actual water
margins than the water margins fitted by the sawtooth method.
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Fig. 2. Diagonal Cartesian boundary fitting for enclosed areas
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Fig. 3. Sawtooth method boundary fitting

2) Simple processing, small amount of additional calculations. Application of oblique diagonal
Cartesian method to obtain the calculation region, the calculation method inside the region and the
sawtooth mesh region is consistent, the difference mainly lies in the processing of the boundary mesh.
Oblique diagonal is much simpler and more practical than the body coordinate method in boundary
processing, it will not produce a lot of cross derivative terms like the body coordinate method, and it
does not need to transform the control equations. Therefore, the boundary processing by oblique
diagonal Cartesian method not only retains the advantages of discrete simplicity and high
computational efficiency, but also makes the boundary fitting more fine and avoids the influence of
jagged boundary on the flow field calculation.

2.4. Validation of planar 2D water flow models

In this section, a 1:300 normal solid model of a bend river section will be quoted as an example, and
the planar 2D flow model of this paper will be verified and compared with the measured values and
the calculation results obtained by the application of FLOW3D software, respectively. The schematic
diagram of this measured section is shown in Fig. 4, the calculated flow rate is 0.2478m?>/s, and the
downstream outlet level is 1.94m.

Section 4
“Section 3

Section 2

~ Section |

Fig. 4. Sketch of sections
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2.4.1. Comparison of Model Calculations and Measured Values. In the numerical simulation, there
are 120 grids along the longitudinal direction of the river channel and 28 grids in the transverse
direction, which basically meet the needs of the river flow field calculation, with reasonable sparsity
and density of the grids, and the boundary lines coincide well with the actual river boundary, so that
the complex river boundary is well fitted. The example in this section belongs to the constant flow
calculation, the accuracy used is 10-7, the calculation is converged after 1000 steps, and the flow field
of the whole river section after the calculation is converged is shown in Fig. 5. Fig. 6 shows the
comparison between the calculated and measured values of the flow velocity at the four specified
sections, (a)-(d) denote sections 1-4 respectively. From the figure, it can be seen that the calculated
values are in good agreement with the measured values, in which section No. 3 simulates the
confluence, indicating that the model in this paper can calculate the flow field of the water under
complex boundary conditions.

Fig. 5. Sketch of velocity field
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Fig. 6. Comparison of velocity in sections

2.4.2. Comparison of FLOW3D Calculations and Measured Values. FLOW3D is a versatile large-scale
application for simulating flow fields. It is widely used in metal casting, aerospace, hydraulics, and
marine transportation because it uses the VOF method to accurately trace the free surface, and its
original FAVOR method to accurately fit the terrain conditions. In hydraulics, FLOW3D provides
numerical simulation of “virtual river”, with which only a short period of time is needed to set up and
calculate the hydrological parameters in a complex free-surface environment, which can be verified
with theories and experiments, and at the same time, it can also provide the necessary reference for
adjusting and selecting the parameters in the numerical model. The results can be verified with
theories and experiments. Although FLOW3D is not specifically designed for river computation, the
features included in the model are sufficient to simulate the hydrodynamic conditions of complex
rivers, and it can handle turbulence, free-surface problems, and solid-boundary problems more
accurately.

In this section, the two-party Cheng k—& turbulence model in FLOW3D software will be used to
simulate the previous example. The solid boundary conditions in the grid during the calculation are
handled by the FAVOR method therein, which avoids the boundary problems caused by rectangular
grids. Complex boundaries are handled by the diagonal Cartesian method. Fig. 7 shows the comparison
between the flow velocity values and the measured values of the four sections calculated by applying
FLOW3D software, and (a)-(d) denote sections 1-4, respectively. Comparison of the calculated and
measured results in the figure shows that the calculated and measured results obtained by applying
FLOW3D software are relatively consistent.
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Fig. 7. Comparison of velocity in sections

By comparing Fig. 6 and Fig. 7, it can be seen that the calculation results of the planar two-
dimensional water flow application numerical model constructed in this paper and the calculation
results obtained by FLOW3D software are relatively consistent in each section, which also indicates
that the planar two-dimensional numerical model constructed in this paper can be effectively used for
the numerical simulation of the water flow movement under the complex boundary conditions.

3. Reservoir dam stability studies

3.1. Dam stability analysis

Due to the dam body in the construction stage, the normal storage stage, the flood level stage, coupled
with the influence of the water flow load, the reservoir water level rises and falls greatly varied.
Therefore, the stability analysis calculation of the dam body slope after the completion of the water
flow analysis directly affects the study of the safety of the reservoir dam body.

The stability analysis of the reservoir dam body needs to consider the typical profile of the dam, the
rock and soil structure and physical properties corresponding to the material parameters and other
factors. In performing finite element analysis, how to reasonably select the material parameters is
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related to the accuracy of the safety coefficient of the sliding body and the reliability of the calculation
results.

In order to better solve this problem, the finite element method has been gradually developed on
the basis of the traditional limit equilibrium method to solve the stability of the dam body. Compared
with the limit equilibrium method, the finite element method, through numerical simulation, can
directly and in detail present the whole process of destabilization damage caused by different working
conditions, such as changes in water level or strength of rock and soil bodies, and rely on the powerful
analytical ability of the software to accurately determine the location of potential sliding bodies, to
solve the problem of complex geological slopes and to coordinate the ontological relationship of
deformation to derive the distribution of stress and strain, which is a great help in solving practical
engineering problems. It plays a great role in solving practical engineering problems.

3.2.  Methods of dam stability analysis

3.2.1. Limit equilibrium method. The limit equilibrium method is most widely used in the study of
dam stability, and the limit equilibrium theory is the basis of the limit equilibrium method to
quantitatively analyze the problems of engineering practice [20]. The principle is to analyze the force
on the slider or sliding body on the sliding crack surface of the dam body in the limit equilibrium state,
to derive the critical damage load and the most dangerous sliding crack surface, and to satisfy the
Moore-Cullen criterion. However, the shapes of slip-cracking surfaces in practical engineering are
different, usually including plane, arc, logarithmic spiral and many irregular surfaces. In order to
obtain the factor of safety [ for different cases of sliding surfaces, it is necessary to presuppose a
form of slip-cracked surfaces, and then establish the static equilibrium equations to derive the
magnitude of the factor of safety for different cases. The minimum value of F' is taken to correspond
to the most dangerous sliding surface, in which case F' is the value of the coefficient of safety for the
stability of this slope. It is expressed by the equation as follows:

First of all, the Moore I Cullen strength criterion is:

7, =c'+o'tang' =c'+ (o —u)tan g’ (11)

7, - Shear stress on the slip surface.
¢' - Effective cohesion of the soil.
o', o - Effective and total stress on the slip surface.

@' - Effective internal friction angle of the soil.

Its basis for the limit equilibrium method.

The factor of safety F is to reduce the shear strength index of the soilto ¢'/F and tang'/F, then
the soil body satisfies the limit equilibrium conditions under this slip surface, i.e.:

r—i+a’tan tan ¢ (12)
F " F

Assuming that there is a slip fracture surface on the soil body to satisfy the limit equilibrium, let the
normal force and tangential force of the soil stripis N, 7T, then there are

AT =c,'Axseca + (AN —ulAxseca)tang,’ (13)

a - Inclination of the bottom of the soil bar.
u - Pore water pressure.

3.2.2. Strength reduction method. By simultaneously reducing the measured strength parameters
¢ and tang' of the soil body with the discount factor &, the original shear strength index is
replaced by the discounted value, which is the basic principle of the strength reduction finite element
method, and this method and through the continuous reduction until it does not converge [21]. When
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the dam slope soil body reaches the ultimate stress state, the dam slope will occur shear damage, at
this time the corresponding discount factor is the minimum safety factor of the most dangerous slip
surface. It is expressed by the formula as follows:

Minimum safety coefficient of the dangerous slip surface. It is expressed by the formula as follows:

c tgp
Fy=—=—— (14)
¢ gy,
c
Ct = Fl
tan @
@, = arctan 7 (15)

F, - Safety factor.

F, -Folding factor.

c, @ -Parameters of shear strength of the soil.

¢;, ¢, -Parameters of shear strength of the soil body in the state of ultimate stress.

¢

In the continuous analysis research, the strength discount method has been widely used in the
three-dimensional analysis of dam stability research. At present, the judgment of whether the dam
body reaches the critical point of damage mainly depends on the following points: (1) Whether the
horizontal and vertical displacements in the direction of the slope angle and the top of the slope
undergo sudden changes. (2) The penetration of plastic strain. (3) Whether the calculation results

reach convergence when using finite element calculation.

@, -Parameters of shear strength of the soil after discounting.

3.2.3. Linkage of the strength reduction method to the limit equilibrium method. Therefore, in order
to study the rigor of the results and make the numerical simulation results converge to the real value
as much as possible, this paper, when simulating and analyzing the stability of the dam body,
respectively, use the limit equilibrium method and the strength discount method to solve together, and
then analyze the stability of the reservoir dam body according to the results of the calculations
comprehensively.

Through the introduction of the theory of limit equilibrium method and strength reduction method,
there are differences in the assumption conditions of the force between soil bars when utilizing
different methods for the stability analysis of the dam body, and the applicable working conditions and
the calculation accuracy of each method are not the same. The limit equilibrium method calculates the
safety factor of dam stability as F,, which is the multiple of shear strength reduction when the soil
body reaches the limit equilibrium state. In the strength reduction method, if the Mor-Coulomb
criterion is used for the stability solution, the original material parameters of cohesion ¢’ and
internal friction angle ¢° are divided by the reduction factor K for strength reduction.

When the value of K increases until the dam reaches the critical state of damage, the
corresponding cohesion and angle of internal friction are ¢ and ¢“, and the factor of safety is
K =1, then the stability coefficient of the original dam body is:
K c’ _ tan P’

:K:

F=—= S = ;
Kcr ccr tan ¢cr

(16)

[t can be seen that the definition of the factor of safety by the strength reduction method is more
similar to that by the limit equilibrium method, but there is a slight difference in the scope of action.
The hazardous slip surface modeled by the limit equilibrium method is the potential slip surface of the
slope, but the slip surface is less resistant to slip, and the location of the slip surface needs to be
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assumed in advance. However, the strength reduction method acts on the whole dam geotechnical
body, and the critical slip surface simulated by the reduction calculation is the real slip surface of the
slope, which does not need to be assumed to be the location of its sliding surface. Consequently,
although the scope of action of the two is not the same, but the calculated safety factor should be the
same, according to the principal stress derivation formula is as follows:

P 2¢° +[(0'1 +0,)— (o, —0'3)cos2a] tan ¢’

s

. (17)
(0, -0, )sin2a
where, o,, o, - major and minor principal stresses.

a -the angle between the minor principal stress and the dangerous slip surface.

From ﬂ =0, then:
da

1 (0, —0;)tanp”
o = arccos 2" +(0, 40, ) tang” (18)

From the above equation, it can be seen that: the size of the angle « between the small principal
stress and the most dangerous sliding surface is related to the values of ¢“ and ¢, which indicates
that the position of the critical sliding surface is only related to ¢“ and ¢“, and will not change with
the value of the discounted value, which means that the original sliding surface of the dam body and
the position of the critical sliding surface tend to be the same. It can be seen that, whether the limit
equilibrium method or the strength reduction method is used to simulate the stability of the dam body,
the location of the sliding surface and the value of the safety factor of the dam body obtained by the
solution should be very close to each other theoretically, and tend to be the same.

4. Numerical calculation of the stability of reservoir dams under the action of
water flow

In the previous section, the planar two-dimensional water flow model and the stability analysis
method of reservoir dam body under complex boundary conditions were constructed, and in this
section, the numerical calculation study of the effect of water flow action on the stability of dam body
under complex boundary conditions will be analyzed by selected engineering examples, and the effect
of water flow action on the stability of dam body of reservoir will be analyzed through the data results.

4.1. Brief description of the project

4.1.1. Overview of project examples. Reservoir A has a total capacity of 489 million m? and is a multi-
year regulating reservoir. The normal high water level of the reservoir is 172.64m, the design flood
level is 178.93m (P=1%), and the calibration flood level is 179.54m (P=0.05%).The main dam of A
reservoir is a milled homogeneous earth dam, with the crest elevation of 182.57m, the maximum
height of the dam is 55.63m, the length of the crest of the dam is 194.47m, and the width of the crest
of the dam is 9.23m.Taking the typical section of the dam as an example, the three-dimensional model
of the dam is established as shown in Fig. 8, which has the width of 100m. 100m three-dimensional
model is shown in Figure 8.
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Fig. 8. Finite element model grid division
4.1.2. Calculation parameters and working conditions:

1) Calculation parameters. The material parameters used in the calculation and analysis are taken
from the design report provided by A Reservoir Management Bureau, and are determined in
accordance with the analogy of engineering experience, and the values of the main parameters are
shown in Table 1.
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Table 1. Calculation of material parameters

Parameter Dam body material Shuttle material | Foundation | Mountain Curtain grouting | Concrete
k 721 384 — — — —
£ 0.24 0.37 — — — —
5 0.78 0.74 — — — —
c 48 42 — — — —
» 0 0 — — — —
c' 1497 982 — — — —
4 563 513 — — — —
cr 0.15 0.17 — — — —
?r 2.17 2.48 2.51 2.42 2.57 2.36
Ct — — 21 23 20 26
& — — 17 21 19 24
g — — 0.23 0.27 0.18 0.29
n — — 0.13 0.11 0.16 0.18

2) Boundary conditions. The complex boundary conditions for numerical computation in this section
are of two types, namely, solid boundary conditions and who boundary conditions. The solid boundary
conditions use the impenetrable condition, i.e., the normal vector single width flow rate at the solid
boundary is 0. The inlet section of the water boundary condition is given the water depth and flow
rate, and the water depth and flow rate are considered to be zero along the gradient of the flow
direction for the outlet section of the rapid flow. While at slow flow, the outlet section is set to a given
water depth. Both complex boundaries are treated by diagonal Cartesian method.

3) Calculation of working conditions. According to the corresponding design data of the dam and
engineering information, four kinds of projects are selected as shown in Table 2, the bottom of the
model is set as the full constraint, and the surrounding area is the normal constraint, and the
permeable boundary is set on the corresponding part of the model surface according to the working
condition of the water level, and the pore water pressure is set for the model to carry out the seepage
analysis.

Table 2. Calculate operating condition

) . Upstream water level Upstream water level Downstream water level
Operating condition ) ) )
design elevation elevation
Operating condition 1 Normal water level 172.64m 154.38m
Operating condition 2 Design flood level 178.93m 157.26m
Operating condition 3 Check flood level 179.54m 158.03m
Operating condition 4 Down to dead water 168.91m 151.29m

4.2. Calculation and analysis of water flow and seepage

4.2.1. Pore water pressure. Numerical simulation to obtain the corresponding pore water pressure
cloud diagram shown in Figure 9, (a)-(d) respectively represent four working conditions, the blue and
cyan intersection surface in the figure is the infiltration surface of the dam, its upper dam pore water
pressure is positive, its lower dam is saturated, pore water pressure increases with depth. Analyzing
the four conditions, it can be seen that with the increase of upstream water elevation, the infiltration
surface gradually moves up, the unsaturated zone of its upper dam body decreases, and the value of
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pore water pressure becomes smaller. The upstream elevation is the smallest at the dead water leve],
when the pore water pressure value of the dam body is the largest, which is 89.03kPa.
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(d) Operating condition 4

(c) Operating condition 3

Fig. 9. Distribution of seepage pore water pressure

Table 3 shows the elevation difference of the same pore water pressure surface between the left and
right sides of the impermeable wall of the dam, from which it can be seen that the elevation difference
between the left and right sides of the impermeable wall of Case 2 and Case 3 with the same pore water
pressure is the smallest, which indicates that the seepage condition is very intense at this time, and
the dam body is not stable, and there may be a potential safety hazard. In contrast, the dam is more
stable under Case 1 and Case 4.

Table 3. Elevation difference on both sides of anti-seepage wall

Operating condition Left elevation Right elevation Elevation difference
1 163.28m 162.17m 1.11m
2 164.08m 163.84m 0.24m
3 165.37m 164.99m 0.38m
4 165.01m 163.26m 1.75m

4.2.2. Flow rate. The flow velocity distribution vectors inside this dam are shown in Fig. 10, and (a)-

(d) represent the four working conditions. Analyzing the four working conditions, it can be seen that
the seepage in the dam body and slope is more intensive, and its intensity increases with the upstream
water level design, that is, the intensity of seepage inside the dam increases with the upstream water
level design, so the dam body is the most unstable at this time. From the direction of flow, it can be
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seen that the water inside the dam appears to flow around near the seepage control wall, so it can be
proved that the seepage control wall has played a good seepage control effect.

(c) Operating condition 3 (d) Operating condition 4
Fig. 10. Seepage flow rate of dam body

4.3. Stability analysis

4.3.1. Analysis of calculation results. For the seepage engineering example described in the previous
section, the Slope/W module in FLOW3D is utilized to analyze the parameters shown in Table 1 by
combining the strength discount method with the limit equilibrium method. By solving and analyzing
the above four static working condition models, the corresponding safety coefficients are 1.268, 1.174,
1.156, 1.287, which are all greater than the standard value of 1.150, so it can be assumed that the dam
body remains stable under these four working conditions. However, when the dam is at the calibration
flood level, its safety coefficient is 1.156, which is smaller than the normative value of 1.150. Since the
reservoir dam body is a long-term service project, with the increase of service life, there may be
performance degradation, so its stability under the action of water flow can meet the requirements
need to be studied in depth.

4.3.2. Stability studies under the action of water flow. Considering the planar two-dimensional water
flow motion condition in the region where the dam body is located and the complex boundary carried
by the dam body itself, the planar two-dimensional water flow model constructed in this paper and
the diagonal Cartesian complex boundary processing method are chosen to study the stability of the
reservoir dam body. With the three-dimensional model established above, the intercepted 300s water
movement is inputted in the dam area, and the corresponding static field control group is set up, so as
to determine whether the dam body has sufficient stability.
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According to the calculation results, it can be seen that when the dam body is subjected to water
flow, the overall pressure is serious, and the tensile stress is more obvious in the seepage control wall,
the top of the dam, the foot of the slope, and the junction of the soil layer, etc. The compressive stress
mainly appears in the middle and lower parts of the seepage control wall. And when static force is
applied, the stress distribution of the dam body is uniform. Therefore, it can be seen that, when the
role of water flow, the internal impermeable wall of the dam body is subjected to a larger force, so it
should take certain measures to strengthen it, in order to ensure that the role of water flow has
sufficient stability.

The displacement of the dam body profile under the action of water flow is shown in Fig. 11, (a) and
(b) represent the action of water flow and static working conditions, respectively. As can be seen from
the figure, the dam body under both conditions has a large deformation at the top two sides near the
slope, and the displacement and deformation value under water flow is about 1.52 times of that under
static force.
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Fig. 11. Displacement of dam section

In order to further analyze the displacement of the dam body under the action of water flow, the
corresponding data are taken to draw the change of displacement of the right side of the seepage
control wall along the height of the dam body and the change of horizontal displacement in the middle
of the dam body along the width of the dam body, and the results are shown in Figure 12. As can be
seen from the figure, the vertical displacement of the dam body increases with the increase in height,
the maximum value of the top of the dam is 0.645 m. Horizontal displacement in the middle of the dam
dam along the width of the dam shows an M-shape change, the maximum value occurs in the second
peak at 0.634 m. From the above, it can be seen that, under the action of the current, the stability of
the dam body decreases, and there is a large deformation in the body of the dam which may affect the
use of the dam body, so it is necessary to take the corresponding measures to strengthen it to avoid a
large amount of deformation due to the action of water flow, which will cause a large amount of
deformation. Therefore, it is necessary to take appropriate measures to strengthen the dam to avoid a
large disaster caused by the water flow, resulting in large losses.
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Fig. 12. Displacement variation curve with dam
5. Conclusion

In this paper, a two-dimensional water flow model with complex boundary conditions is constructed
to apply seepage and pressure to a reservoir dam. The stability of the reservoir dam is analyzed by the
limit equilibrium method combined with the strength reduction method.

1) Under the action of seepage, with the increase of water level elevation upstream of the dam body,
the unsaturated zone of the upper dam body decreases, and the pore water pressure value shows a
decreasing trend. At the dead water level, the upstream elevation of the dam body reaches a minimum
0of 1168.91 m, at which time the pore water pressure value of the dam body reaches a maximum of
89.03 kPa. At the same time, the distribution of flow velocity inside the dam body can be seen that the
seepage of the dam body and the slope surface is more intensive, and the degree of seepage intensity
with the upstream water level design increases, which is prone to cause the reservoir dam body
instability to increase.

2) The safety coefficients of the reservoir dam selected in this paper are 1.268, 1.174, 1.156, 1.287
in four working conditions, which are larger than the normative values of dam stability. Through
further analysis, it can be obtained that the dam body is severely compressed as a whole when it
receives the action of water flow, and the value of displacement and deformation of the dam body
profile under the action of water flow is about 1.52 times of that under the action of static force. In
addition, the vertical displacement of the dam body increases with the increase of the height of the
dam body, and reaches a maximum value of 0.645 m at the top of the dam body, while the horizontal
displacement changes with the width of the dam body in the shape of M, and reaches a maximum value
0f 0.634 m in the middle of the dam body.The information on the location of these displacements can
be used for the reinforcement of the dam body of the reservoir, and to improve the stability of the dam
body of the reservoir in the action of the water flow.
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