Environ Earth Sci (2015) 74:5319-5329
DOI 10.1007/512665-015-4541-1

CrossMark

@

ORIGINAL ARTICLE

Effect of hydraulic properties of soil and fluctuation velocity
of reservoir water on landslide stability

Kun Song"? + Echuan Yan® - Guodong Zhang' - Shugiang Lu' - Qinglin Yi'

Received: 9 March 2014/ Accepted: 17 May 2015/ Published online: 24 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Water fluctuation is the main triggering factor
of reservoir slope failures, especially in the area of the
Three Gorges Reservoir of China. Fluctuation velocity of
reservoir water and hydraulic properties of soil as defined
by soil-water characteristic curve (SWCC), saturated per-
meability coefficient and unsaturated permeability function
are key potential properties that control reservoir landslide
stability. The effect of reservoir water fluctuation velocity
and hydraulic properties of soil on landslide stability are
investigated through a series of numerical simulations with
different parameters. The results of simulations show that
fitting parameters in the SWCC [i.e., a, n, m for Fredlund
and Xing (Can Geo J, 31(3):521-532. doi: 10.1139/t94-061,
1994) equations] have significant effect on the stability of
landslide for reservoir water’s drawdown or impounding
process. The saturated permeability coefficient of soil and
velocity of water level fluctuation have comprehensive
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(defined as Impact Factor, o) and significant influence on
the stability of reservoir landslide. A relative equation:
m > o >n > a has been drawn for the susceptibility of
effect on the stability of reservoir landslide for the pa-
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rameters “a”, “n”, “m” and “o”.

Keywords Reservoir landslide - SWCC fitting
parameters - Reservoir water fluctuation velocity - Factor
of safety - Effect susceptibility

Introduction

Water fluctuation is one of the most recognized triggering
factor of reservoir slope failure, especially in the area of the
Three Gorges Reservoir of the Yangtze River, China,
which experience 30 m of water fluctuation every year.
After the water table of the Three Gorges Reservoir was
first raised to 175 m (EL.) on Oct. 26, 2010, it is fluctuated
periodically within the range of 145-175 m. The fluc-
tuation has induced numerous landslides and large defor-
mation of bank slopes. The Qianjiangping landslide
occurred on 13 July 2003, and it was just 43 days after the
initial impounding of the Three Gorges Reservoir to the
water level of 135 m (Dai et al. 2004; Fourniadis and Liu
2007; Wang et al. 2008). Besides, the maximal accumu-
lated monitoring deformation of Shuping landslide and
Baishuihe landslide reached 1428 and 451 mm ap-
proximately in two water-fluctuated cycles. The locations
of the three landslides are shown in Fig. 1.

A large number of experimental, numerical and
monitoring studies have been conducted concerning the
landslide stability with water fluctuation. The primary
factor that leads to landslide from water fluctuation is the
groundwater table or pore-water pressure in slope body. It
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Fig. 1 Location of
Qianjiangping Landslide,
Shuping Landslide and
Baishuihe Landslide
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Fig. 2 Pictures of cores of Shuping Landslide
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has been pointed out that there is a significant delay be-
tween groundwater level (Deng et al. 2005) or pore-water
pressure (Jia et al. 2009) inside the slope and the filling or
drawdown of the water level outside the slope, and such
effect is controlled by speed of the water level fluctuation
(Yan and Wang 2010), saturated permeability coefficient
(Deng et al. 2005) and saturated state of the soil mass (Yan
and Wang 2010). This phenomenon has led to different
trends of variation for factor of safety (FoS) against water
fluctuation (Lane and Griffiths 2000; Wang et al. 2007,
2014; Luo et al. 2010; Zangerl et al. 2010; Zhang et al.
2010, 2012; Cojean and Cai 2011; Pinyol et al. 2012;
Paronuzzi et al. 2013; Wang and Xu 2013). The different
tendencies are related not only to the landslide geological
characteristics, but also the velocity of water level

400
Legend
[ Gravels with silty cla
,,,,, ? ¥ 350
| Marlstone
| Argillaccous siltstonc
300
I | Borehole
Slip zone
A Monitoring points 250
and number
200
175m water level
v 145m water level 150
100
50

0 50 100 150 200 250 300 350 400

450 500 550 600 650 700 750 800

Fig. 3 Shuping landslide geological profile and studied hydraulic conditions (initial and boundary conditions)
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Fig. 4 Monitoring surface
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fluctuation and soil saturated permeability coefficient
(Berilgen 2007; Song et al. 2011). However, there is a lack
of knowledge about the comprehensive influence of water
fluctuation velocity and hydraulic properties of soil (soil—
water characteristic curve, saturated permeability and un-
saturated permeability function) which play important roles
in rainfall-induced slope failure (Rahimi et al. 2010).
Therefore, the present study will focus on the effect of
different hydraulic property and velocity of water level
fluctuation on the stability of reservoir landslides.

Landslide model and properties

The example used in this study is Shuping Landslide,
which is located on the right bank of the Yangtze River
(Fig. 1). The Shuping Landslide is an ancient slide, which
lies between elevation 65 and 400 m with a width of about
650 m. Boreholes indicating the landslide is between 25
and 74 m thick, and the landslide volume is about 20.7
million m>. The slide body is composed of gravel with silty
clay and the slip zone is silty clay with little gravel (Fig. 2).
And the Landslide is underlain by muddy sandstone, sandy
mudstone and marlstone of the Triassic Badong formation
(T,b). The geological profile is shown in Fig. 3.

Figure 4 is the monitored surface deformation of
Shuping landslide by GPS. The points ZG85, ZG86 and
SP2 are shown in Fig. 3. As can be observed from Fig. 4,
the reservoir water level fluctuation is the main factor for
the deformation, especially during the drawdown stage.
Meanwhile the deformation changes with different rates of
reservoir water fluctuation (Fig. 4). For example, such rate
is different in drawdown stage of the year 2010, 2011 and
2012, and the step of the monitoring curve is varied.
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A simplified 2D numerical model with simplified geo-
logical stratum is established to represent the real Shuping
Landslide conditions. The stratum of slide body is assumed
as homogeneous material with equivalent parameters, and
the spatial variability and anisotropy of the gravel with silty
clay is ignored. A series of numerical tests are conducted
by applying a time-dependent total head Hy, on the slope
surface under reservoir water level. The total head, H,,
fluctuates between 175 and 145 m with five uniform ve-
locities, v, i.e., 0.1, 0.5, 1.0, 2.0 and 3.0 m/d, and those
velocities are chosen to simplify the actual reservoir water
fluctuation (water level fluctuated in Fig. 4) to avoid the
nonuniform effect. The node flux Q with a value of zero
was applied to other boundaries of the landslide, like the
left, bottom, etc., to simulate no flow zone. The residual
shear strength properties of the soil used was based on

Table 1 Parameters involved in the study

Study sets a (kPa) n m ks (m/s)
A 10 0.4 0.5 1 x107°
15
20
B 10 0.4 0.5 1 x107°
1.2
2.4
C 10 0.4 0.5 1 x107°
1.0
1.5
D 10 0.4 0.5 1x107°
1x107°
1 x 107
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Fig. 5 SWCC and unsaturated
permeability function, k,, of
soil: al SWCC of different
parameters “a”; bl k,, of
different parameters “a”; a2
SWCC of different parameters
“n”; b2 k,, of different
parameters “n”; a3 SWCC of
different parameters “m”; b3 k,,
of different parameters “m”;

¢ unsaturated permeability
function of different k,
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Fig. 6 Calculation model and
soil properties for landslide
stability analysis
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Fig. 7 Comparison of changed ratio of factor of safety, 5, versus reservoir water level for different values of parameter “a”: a drawdown with

velocity, v = 1.0 m/d; b impounding with velocity, v = 1.0 m/d

laboratory test of soil from Shuping slip zone. A unit
weight of soil, y = 23.5 kN/m?, effective cohesion,
¢’ = 27.2 kPa, effective angle of friction, ¢’ = 17.2°, and
rate of increase in shear strength caused by matric suction,
¢” = 1.2°, were used in the landslide stability analysis, and
were kept constant for all cases.

Study of hydraulic properties of soil

The soil-water characteristic curve (SWCC), saturated
permeability and unsaturated permeability function are
referred to the hydraulic properties of soil. The equation
proposed by Fredlund and Xing (1994) is used for the es-
timation of SWCC, and the unsaturated permeability

function is predicted from the SWCC (Fredlund et al. 1994)
in addition.

The SWCC is regulated by the fitting parameters “a”,
“n” and “m”, and the equation is as follows (Fredlund and
Xing 1994):

o,
Ve O

where: O, = the volumetric water content, Cy, = a cor-
rection coefficient that allows a progressive decrease in
water content at high suctions, forcing the function through
a water content of zero at one million kPa suction.
@, = the saturated volumetric water content, e — the
natural number (2.71828), ¥ = the negative pore-water
pressure, and a, n, m = curve ﬁtting parameters.

0, = (1)
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Fig. 9 Comparison of changed ratio of factor of safety, f3, versus reservoir water level for different values of parameter “m”: a drawdown with

velocity, v = 1.0 m/d; b impounding with velocity, v = 1.0 m/d

Those fitting parameters and saturated coefficient of
permeability, kg, are the variable parameters in this study,
as presented in Table 1.

Four sets of tests in Table 1 are performed to study the
effect of hydraulic properties. And the parameters were
determined according to Song et al. (2014). In each set,
three parameters are fixed, while only one parameter is
changed with three different values. In set A, parameter
“a” is set to be 10, 15 and 20 kPa. In set B, parameter “n”
is set to be 0.4, 1.2 and 2.4. In set C, parameter “m” is set
to be 0.5, 1.0 and 1.5. In set D, parameter “k,” is set to be
1 x107% 1 x 107 and 1 x 10™* m/s. The SWCC and

@ Springer

unsaturated permeability function, k,, used are shown in
Fig. 5.

Effect of parameters

Two analyses are performed to study the stability of
landslide under different fluctuated velocity, seepage and
stability analysis. The seepage analysis is performed by
computing the pore-water pressures with the software
SEEP/W (Geo-slope International Ltd. 2008a) under
reservoir water fluctuation. Then the computed pore-water



Environ Earth Sci (2015) 74:5319-5329

5325

N
N
o

0.0 3

-10.0 A

—e— a=10kPa, n=0.4, m=0.5, k. =1x 10°m/s
o a=10kPa, n=0.4, m=0.5, k. =1x 10°m/s
—~v— a=10kPa, n=0.4, m=0.5, k,=1x 10%m/s

-14.0 . ; . . .
175 170 165 160 155 150

Reservoir water level, Hy, (m)

-12.0 A

Changed Ratio of Factor of Safety, £ (%) =

145

—_
) E
IS
o

—e— a=10kPa, n=0.4, m=0.5, k. =1x 10°m/s )
a=10kPa, n=0.4, m=0.5, k;=1x 105m/s
—v— a=10kPa, n=0.4, m=0.5, ks=1x 10™*m/s

1209 4
10.0
8.0
6.0
4.0

2.0

~v—"Y

Changed Ratio of Factor of Safety, £ (%

155 160 165 170 175

Reservoir water level, Hyy, (m)

Fig. 10 Comparison of changed ratio of factor of safety, f3, versus reservoir water level for different saturated coefficient of permeability, k:
a drawdown with velocity, v = 1.0 m/d; b impounding with velocity, v = 1.0 m/d

(a)
" 20
S
Q ]
= 0.0 s
o
? \
N
5 20 1 e
5 S
© N~ o o o
S -4.0 4 D N ° ©
us N Tyl
° A
o ~ -
= ~ Ve~ ——v
& 6.0 - v
I —e—— v=0.1m/d \.\\ -«
o o v=0.5m/d ~ >
o) - e
o -804 ———~v—— v=1.0m/d ~= P—d
& ——a—- v=2.0m/d S
5 — = —  v=3.0m/d
-10.0 . . . T T
175 170 165 160 155 150 145

Reservoir water level, Hy, (m)

(®) 1,4
e ——e— v=0.1m/d
E 10.0 ] o v=0.5m/d yd
= ———v—— v=1.0m/d -
° ——a—- v=2,0m/d P
S 807 ——=— v=3.0m/d M -
= o~
o /; P ,/,/v
S 60 -
© //Z// v
© e 4
= 40 S0 o o
s} ’ //’E////v// o o
:g //!/// v ©
& 20 /g/{/g 0@
3 e
g 00 '%
® 1
e
()

2.0 ‘ ‘ ‘ ‘ ;

145 150 155 160 165 170 175

Reservoir water level, Hy,, (m)

Fig. 11 Comparison of changed ratio of factor of safety, f§, versus reservoir water level for different reservoir water-fluctuated velocities with
a=10kPa,n =04, m=0.5k =1 x 107> m/s: a drawdown; b impounding

pressure is used to calculate the FoS by the Morgenstern-
Price limit equilibrium method, which is a Half-sine
function for slide function, through the software SLOPE/W
(Geo-slope International Ltd. 2008b). And the slip surface
is fully specified by the slip zone of Shuping Landslide,
which is not changed in every analysis to avoid influence of
slip surface location. The calculation model and slices for
the stability analysis is shown in Fig. 6.

For comparing the results of stability, changed ratio of
factor of safety (CRFS), f§ is proposed in the study. It is
defined as follows:

Fi—F

B = e 0 % 100 % (2)

where F; = FoS at each time step; F,o = initial value of
FoS, which was the FoS when water level is 175 m in
reservoir water drawdown and 145 m for impounding.

Effect of parameter “a”

Figure 7a, b show the variation of CRFS, f3, versus reser-
voir water level for the landslides with different values of
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Table 2 Changed ratio of factor of safety with different impact factors

Reservoir water level (m)

Changed ratio of factor of safety, (%)

o =0.12 o=1.16

v =0.1 m/d v=10m/d v=0.1m/d v=10m/d

k=1 x 107> m/s k=1 x 107* m/s k=1 x 107° m/s k=1x 107> m/s
175 0.00 0.00 0.00 0.00
172 —0.79 —0.79 —1.49 —1.49
169 —1.14 —1.14 —2.63 —2.63
166 —1.14 —1.14 —35] —351
163 —1.05 —1.05 —4.21 —4.21
160 —-1.05 —1.05 —4.83 —4.83
157 —0.79 —0.79 —5.18 —5.18
154 —0.44 —0.44 —5.36 —5.36
151 —0.09 —0.09 —5.62 —5.62
148 0.09 0.09 —5.88 —5.88
145 0.44 0.44 —5.79 —5.79
145 0.00 0.00 0.00 0.00
148 0.26 0.26 0.77 0.77
151 0.26 0.26 1.63 1.63
154 0.26 0.26 232 232
157 0.09 0.09 2.92 2.92
160 —0.26 —0.26 3.44 3.44
163 —0.34 —0.34 438 438
166 —0.52 —0.52 498 498
169 —0.52 —0.52 5.58 5.58
172 —0.69 —0.69 6.44 6.44
175 —0.52 —0.52 6.96 6.96

[Tt}

parameter “a”. The velocity of reservoir water fluctuation

soil with a higher value of parameter “a”. Those findings

is v = 1.0 m/d in both drawdown and impounding condi-
tion. As shown in Fig. 7, the change of parameter “a” had
little effect on the CRFS, f3, for both drawdown and im-
pounding processes, especially for the impounding condi-
tion. The rate of decrease in the CRFS, f, versus water
level is faster for the soil with smaller parameter “a” when
the reservoir water level is declining. Meanwhile, f§ in-
creased quickly for the soil with smaller parameter “a”
when the reservoir water level is rising. Basically, the
greater the parameter “a”, the smaller is the absolute value
of 5, while there is almost no effect of parameter “a” on f8
in early period of water level change, and the influence is
more obvious during the drawdown or impounding process
of reservoir water.

In the soil-water characteristic curve (SWCC), a higher
value of parameter “a” means a higher volumetric water
content, 0, and permeability function, k,, (Fig. 5al, bl)
and the movement of water is faster in unsaturated soil.

Therefore, the absolute value of CRFS, f, is smaller for a

@ Springer

are consistent with the results of Rahimi (Rahimi et al.
2010) on rainfall-induced landslide.

Effect of parameter “n”

Figure 8a, b shows the variation of CRFS, f, versus
reservoir water level for the landslides with different
values of parameter “n”. The velocity of reservoir water
fluctuation was v = 1.0 m/d in drawdown and im-
pounding condition. As shown in Fig. 8, the rate of de-
crease in the CRFS, f, versus water level is faster for the
soil with higher parameter “n” when the reservoir water
level is declining. And the f§ increases quickly for the
soil with higher parameter “n” when the reservoir water

(739 1}

level is rising. The influence of parameter “n” on f is
similar to that of parameter “a’, which has a more sig-
nificant effect during the drawdown or impounding
process of reservoir water, although such effect is neg-

ligible in early period.
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Effect of parameter “m”

Figure 9a, b shows the variation of CRFS, f, versus
reservoir water level for the landslides with different values
of parameter “m”. The velocity of reservoir water fluc-
tuation is v = 1.0 m/d in drawdown and impounding
condition. As shown in Fig. 9, the decrease rate of the
CRFS, f, versus water level is faster for the soil with
higher parameter “m” when the reservoir water level is
declining. The f§ increases quickly for the soil with higher
parameter “m” when the reservoir water level is rising.
Those trends are similar to the effect of parameter “n”. For
the drawdown or impounding process, the variation of
parameter “m” has a significant effect on CRFS, p.

l

Effect of saturated permeability coefficient, k

Figure 10a, b shows the variation of CRFS, f, versus
reservoir water level for the landslides with different
saturated permeability coefficient, k;. The fluctuated ve-
locity, v is constant with a value of 1.0 m/d for both
drawdown and impounding. As shown in Fig. 10a, b, the
curve amplitude of CRFS, /5, was small when the saturated
permeability coefficient k, is 1 x 10~* m/s, which means
the f did not change significantly with the reservoir water
level rise or decline. However, the ff changed obviously
versus the variation of reservoir water level for the
saturated permeability coefficient k; = 1x10™> m/s and
kg = 1x107° m/s. The smaller k is, the faster § changes.
In other words, variation of the saturated permeability
coefficient, kg, has a significant effect on the CRFS, f.

Effect of velocity of water level fluctuation, v

The variation of CRFS, f5, versus reservoir water level
for the landslides with different fluctuated velocity, v, is
shown in Fig. 11a, b. The parameters of soil-water
characteristic curve and saturated permeability coeffi-
cient are a = 10 k Pa, n =04, m = 0.5, k, = 1x1073
m/s. In the case of v = 0.1 m/d, the CRFS, f, decreases
at first and then increases with a declining water level
and the extreme value is —1.14 % at 166 and 169 m
water level (Fig. 11a). Figure 11b shows that the f in-
creases in the beginning and decreases later with a rising
water level and the maximum is 0.26 % at 148—-154 m
water level in the case of v = 0.1 m/d. However, the f
changes more obviously against the variation of reser-
voir water level when the velocity of water level fluc-
tuation is 0.5-3.0 m/d. And the f changes faster with a
higher velocity. In other words, variation of the velocity
of water level fluctuation, v, has a significant effect on
the CRFS, £.

Comprehensive influence of k; and v

Although the saturated permeability coefficient, ks, and
velocity of water level fluctuation, v, have significant in-
fluence on the stability of the landslide, both of them may
be a comprehensive influence. An evaluating index, impact
factor (IF), o, is therefore proposed to comprehensively
estimate their coupled influence on the landslide stability,
and « is defined as:
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—e—— 172m  — —a—-- 163m ——4—— 154m
o 169m — = — 160m —o—— 151m
———%-—— 166m — —o0—— 157m * 148m
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Fig. 12 Comparison of changed ratio of factor of safety, 5, versus

impact factor, «, for different reservoir water level with a = 10 kPa,
n = 0.4, m = 0.5: a drawdown; b impounding
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(3)

where the k; is the velocity of water flowed in the soil and the
v was the velocity of the reservoir water level fluctuation. On
the other hand, the CRFS of landslide, /5, is unchanged if the o
is the same with different v and k. Table 2 shows the four
cases of variation of CRFS against different impact factors in
the study. Therefore, the « can reflect the comprehensive
influence of k; and v on landslide safety.

Figure 12 shows CRFS, f, versus IF, «, for different
reservoir water level. Figure 12a indicates that CRFS is
approximately logarithmic decrement with increase of IF in
different water levels for reservoir drawdown. And the
fitted equations are shown in Fig. 12a.

The CRFS is approximately logarithmic increment
with increase of IF in different water level under reser-
voir impounding as shown in Fig. 12b. And the curves of
f are similar to the ones with rising reservoir water level,
and the associated fitted equations are presented in
Fig. 12b.

Susceptibility to the influence of hydraulic
properties and fluctuation velocity

Taking changed ratio of indexes, 4, defined in the follow-
ing equation, as x-axis and CRFS, f, as y-axis, the rela-
tionship is plotted in Fig. 13.

X —Xo
=%

A x 100 %

(4)

I3 1) [T

where X; = value of “a”, “n”, “m” or “o”; X, = initial
value of “a” (10 kPa), “n” (0.4), “m” (0.5) or “a” (1.16).

@ Springer

Changed Ratio of Indexes, A (%)

The value of f is also calculated by Eq. (2). But,

[T}

Fy; = FoS for different parameters of “a”, “n
“o” with end water level of 145 m for reservoir water
drawdown and 175 m for impounding; Fy = FoS with
a=10kPa, n =04, m = 0.5, o« = 1.16 at the end level
of reservoir water drawdown or impounding.

Figure 13 shows that the variation in the CRFS, f, is fast
to slow with the increase of the changed ratio of indexes, 4,
especially for the curve of “a-drawdown” and “o-im-
pounding”. The CRFS, f, approximates to be a logarithmic
decrement with increase of changed ratio of o under
reservoir drawdown. However, the convex curve for im-
pounding indicates that there is a logarithmic increment
with increase of changed ratio of a. In the range of —100 to
0 for 4, the f increases for impounding or decreases for
drawdown rapidly, while the change is smaller in the range
of 0-1000.

The part in range of 0-100 is selectively enlarged to
exhibit the different influence of “a”, “n”, “m” and “o”
on the landslide stability. The enlargement shows that the
susceptibility of the landslide stability to the 4 parameters
“a”, “n”, “m” and “o” satisfies the following relative
relationship:

, “m” or

m>o>n>a

(5)

Conclusions

Fitting parameters [i.e., a, n, m for Fredlund and Xing
(1994) equations] in the soil-water characteristic curve
(SWCC) have significant effect on the stability of landslide
during the drawdown or impounding process of reservoir
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water. The effect of parameters “a”, “n” and “m” on the
Changed Ratio of FoS (CRFS) of landslide gradually in-

[T 1}

creases with the order of “a”, “n”, “m”. The soil with a
lower value of parameter “a”, “n” and “m” would expe-
rience a smaller absolute value of CRFS. In the presented
example of reservoir landslide stability analysis, the sta-
tistical parameter “m” is the most important to FoS in all
three hydraulic properties of soil. So it should be exactly
for reservoir slope stability analysis.

The saturated permeability coefficient of soil and ve-
locity of water level fluctuation are comprehensive and
significant influence on the stability of reservoir landslide.
The CRFS of landslide shows an approximately logarith-
mic decrement for reservoir drawdown or logarithmic in-
crement for impounding with increase of IF, «
(comprehensive influence indicator).

The susceptibility of the reservoir landslide stability to

the parameters “a”, “n”, “m” and “o” satisfies the relative

relationship: m > o > n > a.
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