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Abstract
The rapid drawdown of reservoir may have a significant impact on the stability of adjacent slopes. In order to avoid potential
risks, it is important to calculate the change of slope safety factor prior to the reservoir operation. The finite element method is
used to analyze the transient seepage during drawdown, and then the pore water pressures are introduced into the stability
computation based on limit equilibrium to obtain the transient safety factor. Computations show that for slopes with a specific
geometry, the safety factor ratio depends on the parameters K/(Syv) (where K is the permeability coefficient, v is the drawdown
speed, and Sy is the specific yield) and c′/(γHtan ϕ′) (where c′ and ϕ′ are the effective cohesion and friction angle, γ is the soil unit
weight, andH is the slope height). By considering a wide range ofK/(Syv) and c′/(γHtan ϕ′) values and different slope geometries,
the percent reduction in critical safety factor of slope during drawdown relative to that during steady-state seepage is obtained.
The drawdown condition that causes a large percent reduction in safety factor is judged as a rapid drawdown, and the opposite is a
slow drawdown, which does not affect the slope design. This paper presents a series of charts for engineers and designers to judge
rapid and slow drawdown conditions. Before the reservoir operation, the appropriate drawdown speed is selected according to the
charts to ensure a slow drawdown for adjacent slope, while in the slope stabilization design, only the rapid drawdown stability
analysis needs to be performed.
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Introduction

Engineering practice shows that the reservoir drawdown con-
ditions may have an important impact on the stability of adja-
cent slopes (International Committee on Large Dams 1980;
Lawrence Von Thun 1985; Paronuzzi et al. 2013; Sun et al.
2017). Indeed, during a rapid reservoir drawdown, the pore
water in soil cannot drain at the speed of the reservoir draw-
down. Consequently, the phreatic surface in the slope could
become higher than the water level in the reservoir, resulting
in transient seepage flowing out of the slope. The pore water

pressure generated by transient seepage reduces the shear
strength along the potential sliding surface, which probably
destabilizes the slope. In practical engineering, precautions
should be taken to prevent slope instability due to a rapid
drawdown (Abramson et al. 2002).

Previous studies on the impact of the reservoir drawdown
speed on slope stability classified the drawdown conditions into
rapid drawdown and slow drawdown (Liu et al. 2005; Berilgen
2007; Sun et al. 2017, 2018). Since rapid drawdown is detri-
mental to the stability of the slope, it must be taken into account
in the stabilization design of dam and reservoir bank slopes (US
Army Corps of Engineers 2003). The ratio K/(Syv) was com-
monly used in the previous studies as the indicator for judging
rapid drawdown (Mao 2003), where K is the soil permeability
coefficient (unit: m/d), v is the speed of water-level drawdown
in the reservoir (unit: m/d), and Sy is the specific yield, also
known as drainage porosity, which is a ratio less than or equal
to the effective porosity, indicating the ratio of the volume of
water that an unconfined aquifer will release from storage by
gravity to the total volume of saturated aquifer. Experiments
show that when K/(Syv) ≤ 0.1, the lowering of the phreatic
surface is very small relative to the water-level drawdown, so
the drawdown is judged to be rapid; when K/(Syv) > 10, the

* Xiao-ping Hou
xiaopingyatou@163.com

1 Key Laboratory of Ministry of Education for Agricultural Soil and
Water Engineering in Arid and Semiarid Areas, Northwest A&F
University, Yangling 712100, China

2 State Key Laboratory of Water Resources and Hydropower
Engineering Science, Wuhan University, Wuhan 430072, China

3 Laboratoire Génie Civil et géo-Environnement, Université Lille 1,
59655 Villeneuve d’Ascq, France

https://doi.org/10.1007/s10064-021-02253-y

/ Published online: 20 April 2021

Bulletin of Engineering Geology and the Environment (2021) 80:4379–4387

http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-021-02253-y&domain=pdf
mailto:xiaopingyatou@163.com


phreatic surface drops almost synchronously with the water
level; therefore, it is judged as slow drawdown (Liu et al.
2005). The US Army Corps of Engineers (1970) presented
the chart for determining the height of the phreatic surface at
the impervious core wall at the end of drawdown by using the
indicator K/(Syv). S-H. Chen (2015) concluded that when K/
(Syv) < 0.1, rapid drawdown should be considered and the
phreatic surface before drawdown can be employed to estimate
the pore water pressure in the stability analysis; when K/(Syv) >
60, the drawdown is slow and rapid drawdown may be ignored
in the stability analysis; when 0.1 <K/(Syv) < 60, the drawdown
speed is moderate and analysis of transient seepage is needed to
determine the phreatic surface during drawdown. The indicator
values for judging the speed of drawdown would be different if
the slope structure and drainage conditions are different.

Ideally, the speed of the water-level drawdown in the res-
ervoir should be small enough to allow the phreatic surface to
closely follow the water level and ensure slope safety.
However, in response to sudden rainstorms, rapid drainage
from the reservoir is inevitable. It is helpful to avoid risks by
calculating the change of slope safety factor with the
drawdown of water level before the operation of the
reservoir. NR. Morgenstern (1963) investigated the change
of the safety factor of soil slope during rapid drawdown using
the limit equilibrium method, and proposed a series of safety
factor charts for practicing engineers to utilize. It should be
noted that these charts are based on the assumption that the
drawdown is very fast and no drainage occurs in soil, thus the
term “sudden” drawdown. This assumption is also adopted by
PA. Lane and Griffiths (2000) and NA. Hammouri et al.
(2008). Viratjandr and Michalowski (2006) examined the
change of the safety factor as the water level drops when the
water level in the reservoir and the phreatic surface in the
slope are at different relative positions using the limit
analysis method. Although the safety factor can be estimated
from the charts for the specific water levels in the reservoir and
in the slope, the true rate of the drainage in soil is dependent on
the permeability coefficient K, the drawdown speed v, and the
specific yield Sy. Accurate analysis of slope stability requires
simulation of transient seepage.MM. Berilgen (2007) present-
ed a numerical method for coupling transient seepage and
deformation analyses including consolidation. This method
was used to compare the changes of the safety factor with
the drawdown of water level at two drawdown speeds, perme-
ability coefficients, and slope heights. The results demonstrate
that when the soil permeability coefficient is low and the
drawdown speed is rapid, the slope may fail, especially the
high slope that does not possess a high degree of safety prior
to the drawdown.

At present, the stabilization design of dam and reservoir
bank slopes considers both long-term steady-state seepage
condition and rapid drawdown condition (US Army Corps
of Engineers 2003; National Reform and Development

Commission of China 2006). The rapid drawdown stability
analysis generally adopts the assumption of no drainage with-
in soil. If the assumption appears to be excessively conserva-
tive and the sudden drawdown analysis controls the slope
design, simulation of the relative drainage process (i.e., tran-
sient seepage) in soil could be performed. The main work of
this paper is to systematically investigate the change of safety
factor of the slope subjected to transient seepage under differ-
ent drawdown conditions. In evaluating the stability of the
slope, the percent reduction in the minimum (critical) safety
factor during the drawdown relative to that during the steady-
state seepage is used as the basis. If the drawdown causes the
safety factor to reduce by a large percentage, it may threaten
the stability of the slope and is therefore judged as a rapid
drawdown condition. Contrarily, it is identified to be a slow
drawdown condition that does not affect the slope safety. By
considering the ranges of drawdown speeds, soil material
properties, and slope geometries commonly encountered in
engineering practice, a series of charts for engineers and de-
signers to judge the rapid and slow drawdown conditions are
presented. Before the operation of the reservoir, the appropri-
ate drawdown speed can be selected from the charts to ensure
a slow drawdown for the adjacent slope, while in the slope
stabilization design, only the stability analysis with respect to
the rapid drawdown needs to be performed.

Basic assumptions and methods used
in the investigation

Basic assumptions

(1) The investigation covers slopes built with different soils
(clayed soil or sandy soil). The slopes have different
heights H, top widths L, and inclinations m (m = cot β,
where β is the inclination angle of the slope), as shown in
Fig. 1. These slopes are seated on a rigid and imperme-
able base.

(2) An analysis of reservoir drawdown is made from the
situation where the reservoir is full and the soil is fully
saturated to the situation where the reservoir is empty but
the soil is partly or fully saturated. As illustrated in Fig. 1,
in the initial situation, the water-level height is equal to
the height of the slope (H), while in the final situation,
the water-level height is zero.

(3) The water level in the reservoir drops at a constant speed
v.

(4) It is assumed that the soil is homogeneous, isotropic, and
incompressible, and is saturated below the phreatic
surface.

(5) Consider that the lateral boundary of the transient seep-
age in the soil is a vertical wall. In the dam, it represents
the impervious core wall, and in the bank slope of the
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reservoir, it is the outermost boundary affected by the
drawdown.

(6) Assume that the critical sliding surface is circular and
intersects the slope face.

Uncoupled transient seepage and slope stability
analyses

The finite element method is used to simulate the transient
seepage, and then the obtained pore water pressure is intro-
duced into the stability analysis based on limit equilibrium to
compute the transient safety factor of the slope during the
water-level drawdown. The two analyses are performed in a
completely uncoupled manner. Despite recent advances in
coupled seepage and deformation analyses (Berilgen 2007;
Pinyol et al. 2008), this method usually comes at the cost of
computation time and complicated numerical implementation.
The purpose of this investigation is to ascertain the impact of
the water-level drawdown on the slope safety factor, and the
deformation and consolidation of the medium are not the fo-
cus of study. Therefore, the uncoupled analysis method with
both simplicity and effectiveness is selected.

Simulation of transient seepage using finite element

Based on the above assumptions and considering Darcy’s law
and continuity equation, the differential equation of transient
seepage in the soil is expressed by

∂
∂x

Kx
∂h
∂x

� �
þ ∂

∂y
Ky

∂h
∂y

� �
¼ Ss

∂h
∂t

ð1Þ

where h = y + u/γw is the total head, y is the elevation, u is the
pore water pressure, γw is the unit weight of water, Kx and Ky

are the permeability coefficients in x and y directions respec-
tively, and Ss is the elastic specific storage. For homogeneous,
isotropic, and incompressible soils, Kx = Ky = K and Ss = 0.
Then, Eq. (1) is simplified as the Laplace equation, i.e., ∂2h/
∂x2 + ∂2h/∂y2 = 0.

Equation (1) is subject to the initial condition

h ¼ H at t ¼ 0 ð2Þ

and the boundary conditions illustrated in Fig. 2

h ¼ H−HD tð Þ on Γ 1 ð3Þ
∂h
∂n

¼ 0 on Γ 2 ð4Þ

h ¼ ξ x; tð Þ on PS ð5Þ

K
∂h
∂x

∂ξ
∂x

−
∂h
∂y

� �
¼ Sy

∂h
∂t

on PS ð6Þ

h ¼ y on SF ð7Þ
where HD is the height of the water-level drawdown, n points
to the normal direction of the boundary, and Γ1 and Γ2 are
respectively the first and second types of boundaries. In Eqs.
(5) and (6), ξ is introduced to represent the elevation of the
phreatic surface (PS). The phreatic surface has the property
that water flow cannot cross it, so in Eq. (6), the flow velocity
normal to the phreatic surface must be equal to the velocity of

Fig. 1 The drawdown problem in
homogeneous slopes

Fig. 2 Four types of boundaries
in the seepage area
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the phreatic surface normal to itself. On the seepage face (SF),
water is in contact with air and thus the total head equals the
elevation in Eq. (7).

The finite element equation of transient seepage is derived
from the variational analysis of Eqs. (1)–(7), which has the
following form:

K A½ � hf g þ Sy B½ � ∂h
∂t

� �
¼ 0 ð8Þ

where

Aij ¼ ∑element∬
∂N i

∂x
∂N j

∂x
þ ∂N i

∂y
∂N j

∂y

� �
dxdy

Bij ¼ ∑element∫−N iN j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ∂ξ=∂x

p
dx

and N is the shape function in the element.
When calculating Eq. (8), a suitable difference scheme,

such as implicit difference, is employed to replace the time
derivative in Eq. (8) to lead to

ΔtK=Sy A½ �t0 þ B½ �t0� �
hf gt0þΔt ¼ B½ �t0 hf gt0 ð9Þ

The time domain is divided into multiple discrete time
steps Δt, and the total head at the new time is calculated step
by step from the total head at the initial time. In the process of
calculation, an iterative algorithm is adopted to determine the
shifting phreatic surface and seepage face, and the total head
on the boundary Γ1 must be equal to its prescribed value (H −
HD). This algorithm has been implemented in a computer
program developed by X-P. Hou et al. (2015) for simulating
unsteady seepage with a free surface, and will not be repeated
here.

Obviously, it can be concluded from Eq. (9) that the total
head at different times depends on the ratio ΔtK/Sy and the
corresponding boundary value (H − HD). Since

Δt ¼ HD
t0þΔt−HD

t0

v
ð10Þ

the transient seepage results when the water level drops to
any elevation remain unchanged as long as theK/(Syv) value is
constant. This is why K/(Syv) can be used as the indicator to
estimate the height of the phreatic surface in the slope.

Analysis of slope stability using limit equilibrium

The circular sliding of the slope is analyzed by the Bishop
simplified method (Bishop 1955). Figure 3 illustrates the forces
acting on a slice inside the sliding body enclosed by the circular
surface, including the weightW of the slice with the width b and
height η, the horizontal normal forces EL and ER between the
slices, and the normal force N, shear force S, and uplift force U
due to pore water pressure at the bottom of the slice. If the top of
the slice is submerged below the water level, it is also subjected
to the water load P. For any trial sliding surface, the safety
factor Fs is equal to the ratio of the total resisting shear forces
to the total driving shear forces along the sliding surface.

In order to simplify the computational formula of the safety
factor, the replacement method proposed by Z-Y. Chen
(2003) is used to replace the case where the slope is sub-
merged (in Fig. 3) with the case of non-submerged slope
shown in Fig. 4. Two treatments are needed to maintain the
equivalence of the forces: (a) The weight W of the slice is
replaced by W minus the weight of water with the same vol-
ume as the slice below the water level (W −Ww); (b) the uplift
force U due to pore water pressure at the bottom of the slice is
replaced by the uplift force due to excess pore water pressure
(U − Uw). Moreover, the water load P generated by the water
level in the reservoir is no longer considered. Finally, the
formula for computing Fs is

Fs ¼
∑ c

0
bþ W−Wwð Þ− U−Uwð Þcosα½ �tanϕ0

n o
= cosα 1þ tanαtanϕ

0
=Fs

	 
h i
∑ W−Wwð Þsinα ð11Þ

where c′ and ϕ′ are the effective cohesion and effective friction
angle respectively, and α is the angle between the tangent to
the center of the slice base and the horizontal.

Substituting the expressionsW = γbη,Ww = γwbηw,U = ub/
cosα, andUw = γwηwb/cosα into Eq. (11), and expressing the
linear dimensions as ratios of the slope height H, Eq. (11) is

Fig. 3 Forces acting on a slice inside the sliding body enclosed by a
circular surface in submerged slope
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converted into
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H
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where γ is the unit weight of soil, u is the pore water pressure
at the center of the slice base, and ηw is the height of the slice
below the water level. The software product STAB developed
by Z-Y. Chen (2003) is employed to compute the safety fac-
tor. An optimization method (Chen 1992) has been imple-
mented in STAB to determine the critical circular sliding sur-
face, across which the safety factor reaches the minimum.

It can be seen from Eq. (12) that for slopes with a specific
geometry, the safety factor ratio Fs/tan ϕ′ is related to c
′/(γHtan ϕ′) and u/(γH). Since the pore water pressure depends
only on K/(Syv), the safety factor ratio during the drawdown
differs according to the values of K/(Syv) and c′/(γHtan ϕ′).

Material parameters

The representative values of permeability coefficient and spe-
cific yield are selected based on the field and laboratory mea-
surements for various types of geological materials summa-
rized by Singhal and Gupta 2010). As listed in Table 1, the
minimum value K/Sy = 0.05 m/d represents a weak pervious

soil with K = 0.0005 m/d and Sy = 0.01 (typically, a clayed
soil); and the maximum value K/Sy = 500 m/d represents a
strong pervious soil with K = 50 m/d and Sy = 0.1 (typically, a
gravel soil). Assuming that the water-level drawdown speed v
is equal to 0.5 m/d, the K/(Syv) value varies from 0.1 to 1000.

The value of the parameter c′/(γHtan ϕ′) is set between 0
and 1, as shown in Table 1. These values represent most of the
cases encountered in drawdown problems. Relatively large
values of c′/(γHtan ϕ′) are characteristics of low slopes built
using soil with a small friction angle, e.g., c′/(γHtan ϕ′) = 0.82
when c′ = 30 kPa, ϕ′ = 10°, H = 10 m, and γ = 20.8 kN/m3.
The smaller values of c′/(γHtan ϕ′) describe higher slopes
built using soil with the lower cohesion but larger friction
angle, e.g., c′/(γHtan ϕ′) = 0.03 when c′ = 10 kPa, ϕ′ = 25°,
H = 40 m, and γ = 18 kN/m3. Given that its most critical
failure mechanism approaches sliding along a planar surface,
the c′ = 0 (i.e., non-cohesive) property is not involved in this
investigation. The use of parameters K/(Syv) and c′/(γHtan ϕ′)
to simplify the presentation of the data has been discussed in
detail in the previous section.

Results and discussion

Lowering of phreatic surface during water-level
drawdown

The distribution of phreatic surfaces in the slope (L/H = 1.2
and m = 2) under different water levels when K/(Syv) = 0.1, 1,
10, 100, and 1000 is presented in Fig. 5. It can be seen from
Fig. 5 that the smaller the K/(Syv) value, the more obviously
the lowering of the phreatic surface lags behind the water-
level drawdown. For K/(Syv) = 0.1, the phreatic surface re-
mains at a high position at the end of the drawdown. In this
case, the assumption made by NR. Morgenstern (1963) is
reasonable that no drainage occurs in soil during drawdown.
However, as the value of K/(Syv) increases, the speed of low-
ering of the phreatic surface is accelerated. When K/(Syv) =
1000, the phreatic surface and the water level drop almost
synchronously, and the transient seepage condition corre-
sponding to any intermediate water level is close to the long-
term steady-state seepage condition, under which the phreatic
surface has stabilized at the new water level.

Change of safety factor during water-level drawdown

The transient safety factors of the slope (L/H = 1.2 and m = 2)
are obtained by introducing the pore water pressure distribu-
tions under different water levels into limit equilibrium anal-
yses. Figure 6 shows the change of the slope safety factor ratio
Fs/tan ϕ′ with the drawdown of water level when K/(Syv) =
0.1, 1, 10, 100, and 1000 and c′/(γHtan ϕ′) = 0.14. It can be
seen from Fig. 6 that Fs/tan ϕ′ reduces with the increase of the

Table 1 Values of the parameters used in the investigation

Parameters Values

K/Sy (m/d) 0.05 0.5 5 50 500

K/(Syv) 0.1 1 10 100 1000

c′/(γHtan ϕ′) 0.03 0.14 0.27 0.55 0.82 1

Fig. 4 Forces acting on the slice after replacing the case of submerged
slope with the non-submerged case
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drawdown ratio. It reaches the minimum value when HD/H =
0.7–1.0. Near the end of the drawdown, the increased shear
strength due to reduced pore water pressure has a greater im-
pact than the weakened stabilizing action due to the draw-
down of water level, so the safety factor is increased. For large
values of K/(Syv) (K/(Syv) ≥ 100), the minimum Fs/tan ϕ′
occurs at the ratio of the water-level drawdown height to its
original height equal to 0.7. The relationship between Fs/tan ϕ′
andHD/H under steady-state seepage is presented in Fig. 6 for
comparison. It is found that the change curve of the safety
factor ratio for K/(Syv) = 1000 coincides with the steady-
state seepage condition.

Allowable reduction range of safety factor during
drawdown

In fact, when considering the drawdown condition for the slope,
a temporarily reduced safety factor is usually allowed, which is
different from normal working condition (long-term steady-state
seepage). As shown in Table 2, in the DL/T 5353-2006 “Design
specification for slope of hydropower and water conservancy
project” formulated by the National Reform and Development
Commission of China (2006), the design safety factor of the
slope under the rapid drawdown (1.00–1.15) can be 0–0.2 lower
than that under the long-term steady-state seepage (1.00–1.25).
The specific reduction range varies according to the grade of the
slope and its initial safety factor. Similarly, in the EM 1110-2-
1902 “Engineering and design: Slope stability” developed by the
USArmyCorps of Engineers (2003), theminimumdesign safety
factor corresponding to the rapid drawdown (1.1) is 0.4 lower
than the steady-state seepage (1.5). It is easy to understand that if
the slope safety factor reduces beyond the allowable range during
drawdown, the drawdown condition will control the slope stabi-
lization design. On the contrary, the steady-state seepage condi-
tion plays a decisive role in the design of the slope. The data in
Table 2 shows that as long as the initial safety factor of the slope
is greater than 1.10, the reduction of 5% in the safety factor
caused by the drawdown is still within the allowable range. In
this study, this condition is judged as a slow drawdown, and the
opposite is a rapid drawdown.

Charts for judging rapid drawdown conditions

By investigating the changes of the safety factor of slopes
with different material parameters and geometries when

Fig. 5 Lowering of the phreatic
surface in the slope (L/H = 1.2,
m=2) with water-level drawdown
when K/(Syv) has different values.
a 0.1. b 1. c 10. d 100. e 1000

Fig. 6 Change of the safety factor ratio of the slope (L/H = 1.2,m=2) with
water-level drawdown when K/(Syv) = 0.1, 1, 10, 100, and 1000, and c
′/(γHtan ϕ′) = 0.14
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subjected to different speed drawdowns, the percent reduc-
tion in the critical safety factor during the drawdown rela-
tive to that during the steady-state seepage can be obtained.
Then, the drawdown conditions are classified according to
the allowable reduction range of the safety factor during

drawdown. Figure 7 shows a series of charts for judging
the conditions of rapid and slow drawdown for slopes with
different geometries. They are L/H = 0, 0.4, 0.8, 1.2, and
1.6, and m = 1, 1.5, 2, 2.5, and 3. The high and steep slopes
are characteristics of the bank slopes of the reservoir, and

Table 2 The specified safety factors of slopes in design specifications

Design specifications Slopes Analysis conditions

Normal working (long-term steady-state seepage) Rapid drawdown

DL/T 5353-2006a Grade I slope at reservoir area 1.15–1.25 1.05–1.15

Grade II slope at reservoir area 1.05–1.15 1.05–1.10

Grade III slope at reservoir area 1.00–1.10 1.00–1.05

EM 1110-2-1902 New earth and rock-fill dams 1.5 1.1–1.3

a The slopes at the reservoir area are divided into three grades according to engineering grade, slope position, service life, and harm extent of a failure,
which are assigned different design safety factors respectively

Fig. 7 Charts for judging rapid
drawdown conditions for slopes
with different geometries. a m =
1. b m = 1.5. c m = 2. d m = 2.5. e
m = 3
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the low and gentle slopes may be the upstream slope of the
earth dams. Each demarcation line in the charts divides the
K/(Syv)–c′/(γHtan ϕ′) space into two areas: the left area—
rapid drawdown and the right area—slow drawdown. The
critical safety factor of the slope under rapid (or slow) draw-
down reduces by more than (or less than) 5% compared to
that under steady-state seepage.

It can be seen from Fig. 7 that as L/H and m increase, the
demarcation line between rapid and slow drawdown moves to
the right, that is, the rapid drawdown area increasingly ex-
pands. Due to the poor drainage conditions of the low and
gentle slopes, the safety factor is significantly reduced during
the drawdown, so it is more likely to form a rapid drawdown.
However, this does not mean that the low and gentle slopes
under the same drawdown events (the same K/(Syv) and c
′/(γHtan ϕ′) values) tend to be more dangerous than the high
and steep slopes, but that their stability is strongly influenced
by the drawdown. It is more important for engineers to know
well the change rather than the normal value of the safety
factor when the slope is subjected to the drawdown of the
reservoir. Furthermore, Fig. 7 reveals the rule that when the
value of c′/(γHtan ϕ′) is small, the K/(Syv) threshold for judg-
ing rapid and slow drawdown is relatively large. It should be
noted that the change in pore water pressure caused by the
drawdown affects only the frictional force related to ϕ′ rather
than the cohesive force related to c′. Therefore, when the fric-
tional force plays a major role in the total shear resistance, the
slope safety factor changes greatly with the drawdown of wa-
ter level, and the probability of a rapid drawdown condition is
high.

Conclusion

This paper proposes a criterion for judging the conditions of
rapid drawdown in slope stability analysis. The criterion is
based on the percent reduction in the critical safety factor
during the drawdown relative to that during the steady-state
seepage. Considering the transient seepage and potential cir-
cular sliding, the changes of the slope safety factor under
different drawdown conditions are investigated in detail.
Through the analysis of the transient seepage finite element
equation, the reason why the phreatic surface and pore water
pressure distributions in the slope are controlled by theK/(Syv)
value is explained. Then, the simplified Bishop computational
formula for the safety factor of submerged slope is established
by the replacement method. This formula demonstrates that
for slopes with a specific geometry, the safety factor ratio Fs/
tan ϕ′ depends on the parameter c′/(γHtan ϕ′) and the pore
water pressure expression u/(γH), which is only related to K/
(Syv). The use of K/(Syv) and c′/(γHtan ϕ′) facilitates the cre-
ation of generic charts. By considering a wide range ofK/(Syv)
and c′/(γHtan ϕ′) values as well as different slope geometries,

a series of charts for engineers and designers to judge the rapid
drawdown conditions for the slopes are finally produced.

Before the operation of the reservoir, the values of K/(Syv)
and c′/(γHtan ϕ′) are first determined according to the pro-
posed drawdown speed and the material parameters and ge-
ometry of the slope. Then, the charts presented in this paper
are visited to judge whether the speed is rapid or slow to the
slope. For the rapid drawdown, the speed needs to be further
reduced to ensure that the slope works under the condition of
slow drawdown. In the slope stabilization design, the maxi-
mum drawdown speed of the reservoir is used to calculate the
value of K/(Syv), and then it is checked from the charts wheth-
er it leads to a rapid drawdown. The stability analysis with
respect to the rapid drawdown controls the stabilization design
of the slope, while the slow drawdown analysis can be omitted
because it does not change the original stability status of the
slope. This paper provides practical guidance for quickly de-
termining if a drawdown analysis is needed in the slope stabi-
lization design.

It should be noted that the allowable reduction range of the
safety factor during the drawdown is associated with the impor-
tance of the slope, the engineering purpose, and the initial safety
factor. Theoretically, if the slope has a higher safety factor
against steady-state seepage, the allowable range for the reduc-
tion in the safety factor due to the drawdown is larger. This
paper adopts the Chinese design specification, and identifies
the condition that the safety factor reduces by more than 5%
during the drawdown as a rapid drawdown. If other design
specifications (e.g., USA) are adopted, the judgment criterion
for rapid drawdown will change accordingly. The methods and
results in this paper can be used as references for making other
charts. In addition, this investigation does not involve slopes
built with non-cohesive soil, because their most dangerous fail-
ure mechanism is close to sliding along the plane.
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