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FILTRATION REGIME AND STABILITY OF THE EARTH DAM DURING

RESERVOIR DRAWDOWN
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Abstract. The results of numerical investigations of the filtration regime and stability of an earth dam under
reservoir drawdown are considered. The problem of unsteady filtration in a homogeneous earth dam is solved.
The parameters of the filtration flow are determined: the position of the depression surface, the values and
direction of filtration gradients and flow velocities. The changes in the maximum filtration gradients and the
probability of filtration deformations are analyzed. Calculations are made to assess the stability of the upstream
slope during the stages of reservoir drawdown with different velocities. It is shown that a dam with a large
stability margin when the reservoir is full may lose it and be destroyed in the process of drawdown. Conclusions
are drawn about the necessary measures to ensure reliability and safety during operation of the structure.
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®UJIbTPAIIMOHHBIN PEXXUM U YCTOMUYUBOCTh TPYHTOBOU
IJIOTUHBI TIPU CPABOTKE BOJJOXPAHWINIIA

H.A. Anucxkun, A.B. Cmynueues
HanunonanbHsbli1 ueenenoBarenbckuii MOCKOBCKUI TOCYAapCTBEHHBIN CTPOUTEIbHbIN YHUBEPCUTET,
. Mocksa, POCCHU L

AnHoTanmusl. PaccMarpuBaroTCs pe3yNbTaThl YHCICHHBIX HWCCICHAOBAHUN (DHIBTPAIIMOHHOTO pPEXHMa H
YCTOWYMBOCTU TPYHTOBOW IUIOTHHBI NPU CPaOOTKe BOJOXpaHwiIHiNa. Pernraercs 3aqaya HEyCTAHOBUBIICHCS
(UIBTpau B OXHOPOTHON 3eMISHON InIoTHHE. OMpeneNsioTcs MmapaMeTpsl (QIUIBTPAIIMOHHOTO IOTOKA!
MOJIOKEHUE JIEIPECCHOHHONW TIOBEPXHOCTH, BEIUYMHBI W HAIMpaBlcHHE (WIBTPAMOHHBIX TPATUCHTOB H
ckopocTeil motoka. JlaeTcs aHanW3 W3MEHEHHWS MAaKCUMAalbHBIX TPATUCHTOB (HIBTPAlMA U BEPOSATHOCTH
BO3HUKHOBEHHsI (puibTpannoHHbix Jedopmarmii. [IpoBeaeHbl pacueThl MO OLEHKE YCTOWYMBOCTH BEPXOBOTO
OTKOCa Ha JTamax CpabdOTKM BOJOXPAHMIIMINA C pasHoil ckopocThio. [lokazaHo, YTO IUIOTHHA, HMMEHOLIAs
OOJIBILION 3arac yCTOWYMBOCTH IPU HAMOJIHESHHOM BOJOXPAHHJIMIIE, MOXKET ITOTEPSATh €ro U OBITh Pa3pyIICHHOH
B Tiporiecce cpaboTku. CrenaHbl BBIBOIBI O HEOOXOAMMBIX MEPONPHUATUAX IO OOCCIICUCHHIO HAAESKHOCTH M
0€301aCHOCTH TPH IKCILTYaTaluH COOPYIKECHHUSI.

Ki1ro4eBble cj10Ba: TpyHTOBAs IUIOTHHA, CPAaOOTKA BOAOXPAaHHUIIMIIA, HEYCTAHOBUBINASCS (DHIIBTPALUS,
rpafiueHT QUIBTPAINH, yCTOHUYNBOCT OTKOCA

Ounancuposanue. [laHHas padoTa Obuta moaepkana rpantoM 2024 rona Ha IpoBeeHNE (GYHIAMEHTAIBHBIX U MPUKIIATHBIX
HayuHbIX uccnenoBanuii (HUP/HUOKP) nayunsiMu komtektusamu HIY MI'CY, npoext Ne 28-392/130.

INTRODUCTION

Problems of unsteady filtration are encountered
in hydraulic engineering practice during
construction and operation of dams, in cases of
filling or drawdown of a reservoir, as well as
during construction of reclamation dams.

The drawdown of a reservoir may be caused by
the technological necessity of operation of a
hydroelectric complex, which includes an earth

dam, or by an emergency situation. The
lowering of the water level upstream of the dam
leads to a change in the filtration regime of the
ground structure - the position of the depression
surface, the wvalues and directions of the
gradients and velocities of the filtration flow
change. The consequence of this process can be
filtration deformations of soils and occurrence
of concentrated filtration in the dam body [1-3].
Also in this case, in the upstream slope there is a
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change in the direction of action of filtration
hydrodynamic load towards the upstream,
which reduces the stability of the slope of the
structure [4-5]. In the practice of hydraulic
engineering, there are quite a large number of
cases of emergencies associated with the
lowering of the reservoir water level [6-7]. The
degree of change in the stability of the structure
and the filtration regime depends on several
factors: the permeability of the soils in the
upstream prism of the dam, the magnitude and
rate of drawdown, the top slope embedment,
and a number of other factors [8-10].

At present, filtration calculations are mandatory
in the design of earth dams, on the basis of
which the filtration stability of the dam soils,
foundation and banks, as well as the stability of
the slopes of the structure are assessed
(SP39.13330.2012 Dams made of earth
materials. Updated version of SNiP2.06.05-84).

The assessment of the stability of the upstream
slope in the design justification of the earth dam
should be carried out for the case of the
maximum possible drawdown of the reservoir
water level with the highest possible velocity,
where the filtration forces of unsteady filtration
are as follows.

This paper investigates the effect of the
drawdown rate on the maximum filter gradient
and the stability of the upstream slope of a
homogeneous earth dam. The changes in these
parameters in the process of lowering the
upstream water level are considered. Previous
studies [10,11] have shown that the maximum
filtration gradient can be recorded not at the end
of drawdown, but at intermediate stages of
water level lowering.

RESEARCH OBJECT

The object of research is a homogeneous
earthen dam 24.0m high, located on an
impermeable base (Figure 1). The dam slopes
are -1:3 for upstream and downstream slopes.
At the level mark of the dam foot level equal to
0.00, the upstream water level is 22.0m and the
downstream water level is 3.0m. To ensure
reliable operation of the dam, a 4m high
drainage prism with a 1:3 slope is installed in
the downstream prism.

The dam body is composed of clayed sand. The
characteristics corresponding to this group of
soils, included in filtration, stress-strain and

Table 1. Characteristics of the soil of the dam body under consideration
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Figure 1. Schematic diagram of a homogeneou.
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stability calculations, are given in Table 1.
Characteristics of the drainage prism soil:
density in saturated and dry states 19 and 16
kN/m3; modulus of elasticity E = 30000kN/
m?; Poisson's ratio v = 0,3; cohesion ¢ =
1 kN/m?; angle of internal friction ¢ = 30°,
filtration coefficient k = 10m/day.

METHODS

Since the middle of the 20th century, due to
the difficulty of solving the problem of
unsteady filtration, hydraulic methods based
on the solution of the Boussinesq equation
with some assumptions [12] have become

= (65)+ 5 (55)

where H = f (x,y,z,t) — head function in the
considered area, varying along the coordinates
x,y,z and in time t; K, K,,K,~ filtration
coefficients in axis directions x,y,z; u — water
loss coefficient in the ground.

In such calculations, water movement between
particles 1s assumed when the pores are
completely filled with water. Water moves from
a higher-pressure region to a lower pressure
region. Then, when excluding the finite
elements from the computational domain, for
which the obtained value of filtration head is

w(¥ /at) = a8 (k (8¥/dz — 1)) /oz,

where W — capillary pressure of ground (soil)
moisture (cm of water column), k — ground
(soil)  hydraulic  conductivity  coefficient
(cm/day, is a function of moisture pressure V),
u- coefficient of differential soil water holding
capacity (cm of waterstage -1), t - time (days), z
— vertical axis coordinate (cm).

When solving such an equation, only numerical

methods can be wused. Coefficients p=
u(W)and k = k(¥) are a function of
capillary pressure of moisture, but these

functions have empirical value [24, 26], which
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widespread. As the issue of improvement of
calculation methods developed, new analytical
[13] and hydraulic [14-15] calculation
methods appeared.
In modern studies [16-19], the main task is to
determine filtration parameters, such as the
position of the depression curve, the height of
the drawdown gap on the downstream slope of
the dam, the filtration flow rate, gradients and
filtration velocities. This is achieved using
numerical methods of FEM, FVM and BEM.
Modern program complexes (PCs) designed to
solve filtration problems are based on the
solution of the basic differential equation of
filtration theory with known boundary
conditions [13]:

oH _

(1)

less than their altitude position, the position of
the depression curve will be determined [18].
Similar problems of soil hydrology were
considered in the works of famous foreign [20-
23] and Soviet-Russian scientists [24].

When solving filtration problems in soil
hydrology, the L.A.Richards equation [25] based
on the Darcy equation is used to solve problems
of unsteady filtration. One of the modifications
of this equation for moisture transport in vertical
direction, with gravity pressure gradient equal to
one, is presented in the form:

2)

leads to inaccuracy of the obtained results. Value
of soil volumetric moisture 6 is determined
under laboratory conditions and depends on the
capillary pressure of moisture W, called the basic
hydrophysical characteristic (BHC) [25].

In 1980, Van Genuchten [22], using the Mualem
method [21], proposed a model for describing
the hydrophysical properties of soils (soils)
using expressions of the Mualem-Van
Genuchten model. Such a model is widely used
in practice nowadays in the numerical modeling
of filtration processes [6-7].
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RESULTS

The effect of reservoir drawdown on the
filtration regime and stability of the structure
was studied for a homogeneous earth dam
structure under consideration. The problem was
solved in Plaxis PC using the finite element
method. The computational domain was divided
into 1984 elements and 16221 nodes, taking into
account the elements and nodes of the
impermeable foundation.

Three variants of drawdown were considered
depending on its velocity in height with values
of 0.25, 1.0, 2.0 s/day. Depletion rate in height
was 18 meters: from elevation 22.0 to elevation
4.0 (Figure 1).

During the study, the design calculations were
carried out in 3 phases:

Initial Phase - the first phase in which initial
conditions of loading by own weight and
hydraulic conditions under steady filtration level
were set. At this phase depression curve was
formed at filled reservoir.

The second phase, in which reservoir drawdown
with different rates of water level drawdown
was modeled. In this phase, deformations and
pore pressure under unsteady filtration are
calculated in time.

The third phase, in which the stability of the
structure 1s calculated using the strength
reduction method.

At each setback step with a height interval of
1.0 m, the 2nd and 3rd phases of the calculation
were solved.

Safety calculation in Plaxis 2D PC is used to
determine the calculated actual stability
coefficients. During this calculation, the
strength characteristics of soils (internal friction
angle, cohesion and shear strength) are
sequentially reduced until failure. The slope
stability coefficient is defined as the ratio of the
actual strength to the failure strength. The
known criterion of slope stability is used:

Yie F< 'YcR/’Yn (3)
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where F — design value of the generalized shear
force, determined taking into account the load
reliability factor; R — calculated value of the
generalized bearing capacity of the system
"structure - base", determined taking into
account the reliability coefficient for soil, i.e.
generalized calculated value of the ultimate
shear resistance forces on the considered
surface; yic — load combination factor, taken as:
vic = 1,0 — for the main load combination; yic=
0,9 — for special load combinations; yn —
reliability coefficient by the degree of
responsibility of structures. For the considered
structure we can conditionally assume yn =1,20,
which corresponds to reliability class II; ye —
coefficient of working conditions, or taking into
account the method of calculation: y.=1,0 — for
calculation methods taking into account the
stress-strain state.

The soil medium was modeled on the basis of
the bilinear elastic-plastic ~Mohr-Coulomb
model (Mohr-Coulomb) [20, 21].

Estimation of filtration regime. The solution of the
unsteady filtration problem (2nd phase of
calculations) allowed us to obtain a picture of
changes in the filtration regime of a homogeneous
dam at different drawdown rates. Figure 2 shows
the position of the depression surface and the
distribution of the filtration gradient at the
moments of the end of the reservoir drawdown up
to the 4.0 mark for the variants of drawdown rates
of 0.25 and 2.0 m/day.

It can be noted that for the variant of 0.25 m/day
drawdown rate, the depression curve decreased
to a greater extent in the upper prism in
comparison with the variant with 2.0 m/day
drawdown rate (the

depression curve mark in the first variant is 12.0
m, in the second - 16.0 m). At elevations below
the point of depression curve exit to the upper
slope near the slope, zones with increased
values of filtration gradients were obtained.
Based on the results obtained, the maximum
filtration gradients were plotted (Figure 3) to
provide a preliminary assessment of the ground
filtration strength and to calculate, if necessary,
the parameters of inverse filters. The maximum
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output gradients occur on the upstream slope of
the dam when the upstream slope is drawn
down to the marks 14.0 -16.0. The maximum
gradients for the 0.25, 1.0, and 2.0 m/day
drawdown rates are 0.460, 0.518, and 0.532,
respectively.

Nikolay A. Aniskin, Andrey V. Stupivtsev

Estimation of the stability of the upper slope.
Based on the results of the third phase calculation,
a series of dam stability coefficients for different
moments of failure were obtained, as summarized
in Table 2. Graphical representation of some of
the results is given in Figure 4.
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Figure 2. Position of the depression curve at drawdown with velocities of 0.25m/day and 2m/day
for the period of the end of reservoir drawdown (isopoles show the distribution of hydraulic
gradient)
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Figure 3. Variation of the maximum filtration gradient as a function of drawdown elevation for
variants of drawdown rates

It is possible to note the influence of the
displacement rate on the value of the minimum
stability coefficients of the top slope (Table 2).
As can be seen from the results, the stability
coefficient is lower the higher the displacement
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rate. At the value of stability coefficient Ks
=2.127 when the reservoir is filled, this value
decreases at drawdown rates of 0.25. 1.0, 2.0
m/day respectively to values 1.360, 1.137 and
1.047.
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It can be concluded that at displacement rates
higher than 0.5 m/day the slope stability
coefficient is less than the normative one (for
conditionally assumed 2nd capitalization class
Kn=1 2)

Next, the slope stability at different stages of
reservoir drawdown was investigated. Step 1m of
fixing the stability coefficient was set for cases
with drawdown rates of 0.25m/day, 1m/day and

0.00 8.00 16.00 24.00 32.00 40.00 43.00 56.00 64.00

72.00

2m/day. At each step, the slope stability
coefficient was determined taking into account the
filtration hydrodynamic forces determined from
the solution of the unsteady filtration problem.
According to the results of the numerical
experiment, the graphs of changes in the stability
coefficient of the upper slope were plotted for the
stages of depletion at the values of its velocity
equal to 0.25, 1.0 and 2.0 m/day (Figure 5).
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Figure 4. Collapse surfaces with minimum stability coefficients for cases of reservoir drawdown at
a rate of 1 m/day: a) at fully filled reservoir, b) at 9.0 m drawdown, c) at 18.0 m drawdown
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Table 2. Calculation results of stability coefficient for different soil variants and displacement rates

Filtration

Slope stability coefficient

Type of soil
coefficient, m/day

Reservoir drawdown rate, m/day

0.10 0,25 0,5 1,0 1,5 2,0
Clayed sand 0.10 1,506 1,360 1,233 1,137 1,072 1,047
As can be seen from the graphs in Figure 5, as rate. The higher is the discharge rate, the

the reservoir drawdown proceeds, the stability
coefficient  decreases  significantly.  The
drawdown rate affects the slope stability:
increasing the rate decreases the stability
coefficient. At the same time, by the end of
drawdown to the 4.0 mark, the minimum
stability coefficients were recorded (Table 2,
Figure 5).

For the considered variant of the earth dam, the
drawdown rates of 1.0 and 2.0 m/day cause the
stability coefficient to decrease to values lower
than the normative one. Thus, for the rate of 1.0
m/day Ks < K at reservoir drawdown exceeding
16.0 m from the NRL level, for the rate of 2.0
m/day - exceeding 12.0 m.

CONCLUSIONS

The design of earth dams must take into account
the effect of unsteady filtration in the dam body
in the event of reservoir drawdown. The degree
to which drawdown affects the seepage regime
and the stability of the upstream slope depends
to a large extent on a number of factors,
primarily the rate of water level drawdown.

1. The values of maximum filtration gradients
necessary to evaluate the possibility of filtration
deformations and to calculate the return filters
in case of the top slope fixing device have been
obtained for the considered design of the earth
dam.

2. The value of the maximum filtration gradient
during reservoir drawdown depends on its
velocity. The highest gradients at the outlet of
filtration flow to the upper reservoir with values
0.46 - 0.53 occur for the considered variant in
the lower third of the drawdown interval at
grades 13.0 - 16.0 depending on the drawdown

20

greater are the values of output gradients.

3. Reservoir drawdown reduces the stability of
the upstream slope. The stability coefficient
values are minimal at maximum upstream
drawdown. For the considered variant of the
dam and the conditions of drawdown at
drawdown rates > 1.0 m/day, the value of the
slope stability coefficient is less than the
normative  value Kn=1.2, conventionally
accepted for a structure of the 2nd capital class.
This relationship occurs at drawdown to
elevation 12.0 at 2.0 m/day and to elevation
16.0 at 1.0 m/day.

Further studies may consider the effect of
anisotropy of the dam body soils caused by the
placement technology and properties of the
soils, as well as the effect of drawdown on the

performance of earth dams with impervious

elements.
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