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ABSTRACT

The change of water level in reservoirs is an important factor causing failure of bank slopes, i.e. landslide. The water level
of Three Gorges reservoir in China fluctuate between 145 m and 175 m, as a matter of flood control. During its normal
operational state, the rate of water level fluctuation is supposed to range from 0.67 m/d to 3.0 m/d. Majiagou slope is located
on the left bank of Zhaxi River, 2.1 km up from the outlet. Zhaxi River is a tributary of the Yangtze River within the
Three Gorges area, of which the water level changes with the reservoir. At the back of Majiagou slope, a 20 m long and
3~10 cm wide fissure developed just after the reservoir water level rose from 95 m to 135 m in 2003. This big fissure was
a full suggestion of potential failure of this slope. In this study, the pore water pressure files obtained from seepage analysis
were used to evaluate the change in factor of safety (FS) with reservoir water level. Slope stability analyses then were carried
out, with fully specified slip surface and limit equilibrium method. In the limit equilibrium analysis, the contribution of negative
pore water pressure to shear strength was considered by the use of Fredlund’s shear strength equation for unsaturated soils.
On the base of the analyses, the change of FS with reservoir water level was interpreted in detail. It was found that FS
against bank slopes decreases with the rise of the reservoir water level and increases with the drawdown of the reservoir
water level. The most dangerous state was when the reservoir water level stays at the highest for a long time.
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1. Introduction

The change of water level in reservoirs is an important
factor causing failure of bank slopes(Jin Yanli, 2007).
Jones(1961) investigated the landslides occurred in the
vicinity of Roosevelt lake from 1941 to 1953. It was
found that 49% of them occurred during the first filling
period of reservoir from 1941 to 1942, and 30% of them
occurred as a result of drawdown of reservoir. In Japan,
about 40% landslides around reservoirs occurred during
the rising of water level, and 60% of these happened
under a drawdown condition. The water level in the
Three Gorges reservoir in China fluctuate between 145
m and 175 m, as a matter of flood control. The hydraulic
and mechanical loadings changing with the water level
will affect the stability of the river bank slope. Majiagou
slope is located in Zigui county, Hubei province, China,
within the Three Gorges area. The slope lies on the left
bank of Zhaxi River which is a tributary of the Yangtze
River, 2.1 km up from the outlet. In 2003, a 20 m long,
3~5 cm wide, locally 10 cm-wide fissure developed at the
back of the slope just after the reservoir water level rose
from 95 m to 135 m. After that, the fissure was stabilized,
with no further opening. During the normal operation state
of the reservoir, the rate of water level fluctuation is
supposed to range from 0.67 m/d to 3.0 m/d between 145
and 175 m(Liao, 2005). Even if the new formed fissure
was stabilized without further opening, there could be
large scale landslide due to the big change of reservoir
water level. In this study, unsaturated-saturated seepage

analyses were carried out using SEEP/W to simulate the

Table 1. Slope soil mass density

change of pore water pressure in the bank slope subject
to the reservoir level change(GEO-STUDIO, 2004). The
pore water pressure files obtained from seepage analysis
were imported into SLOPE/W program, with fully
specified slip surface and limit equilibrium method to
evaluate the change in factor of safety with reservoir water
level change. In the limit equilibrium analysis, the con-
tribution of negative pore-water pressure to shear strength
was considered by the use of Fredlund’s shear strength
equation for unsaturated soils. The change of SF with res-

ervoir level fluctuation was represented in detail relatively.

2. Physical and Mechanical Properties

2.1 Density of the slope soil mass

As the soil layer contains too many irregular rock
blocks, it could not be sampled by the ring cut; therefore,
the natural density and saturated density of the slide mass
were obtained by in-situ tests. The process is firstly to
excavate a cubic pit of 50 cm*x50 cmx50 cm in size, and
to weigh the soil being cut package by package during
excavation. As the pit was completed, its bottom and
walls were covered with thin watertight film. As it was
filled up with water, the volume of water was gauged
bucket by bucket. The natural density is equal to the
quotient of the cumulative soil weight to the cumulative
soil volume. For measuring the saturated density, water
was allowed to penetrate to the area tested to make the
soil fully saturated. The soil densities obtained by this

method are shown in Table 1. As shown in Table 1, the

Soil type Test number Location Natural density (kN/m°) | Saturated density (kN/m°)
RO6 TCO2 20.66 21.47
Silty R0O3 TC11 23.02 23.59
clay RO5 TC18 19.4 19.8
Average 21 213
RO4 TCO1 20.8 214
R0O2 TCO4 2154 22.29
RO7 TCO5 2154 22.56
Angular pebbles
RO1 TC15 2194 22,99
R0O8 TC16 2198 22.85
Average 216 22.4
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difference between the natural density and the saturated
density is small. It indicates that the soil mass is close
to a naturally-saturated state. The silty clay on the top
layer contains irregular rock blocks and fragments, so the
deviation of the density is little bit wide. Because this
layer is relatively thin and the thickness is not uniform,
it will be little effected on the stability assessment and

could be neglected.

2.2 Shear strength parameters of the slope
soil mass

The shear strength of the potential slide zone are
shown in Table 2, which were obtained from direct shear
test with the soil samples collected in the investigation
pits. Because the samples contain more or less fragments,

both ¢ and ¢ have high variations.

2.3 Permeability of the soil mass

To determine the permeability of the soils in the slope,

Table 2. Direct shear test results for shear strength

6 groups of water injection tests were completed in the
boreholes, of which one group for the slity clay and five
groups for angular pebbles. The results of the tests are

shown in Table 3.

3. Analysis simulation of the slope

3.1 Parameters of the slope

Based on results of laboratory experiments, in situ ex-
periments, the parameters used in the simulation are

identified as what is shown in Table 4.

3.2 Effect of negative pore—water pressures

Soil suction or negative pore water pressures have the
effect of adding strength to a soil. That is to say that
positive pore-water pressures decrease the effective stress
and thereby decrease the strength, negative pore-water
pressures increase the effective stress and in turn increase

the strength. The shear strength of unsaturated soil is:

Peak strength Residual strength
Strength indexes
@ () ¢ (kPa) o () ¢ (kPa)
Count 6 6 6 6
Range 52~30.0 6.8~21.0 2.7~250 51~185
Average 14.6 18.0 12.4 13.4
Table 3. Results of water injection test
Soil Permeability coefficient
Number Borehole number Test depth
type (cm/s) (m/d)
1 ZK4 0.5~0.67 Slity clay 138 1.19e7
2 ZK10 4.3~45 Angular pebbles 0.064 55,30
3 ZK1 6.1~6.3 Angular pebbles 0.500 432.0
4 ZK1 6.4~6.6 Angular pebbles 1.520 1313.28
5 K2 10.0~10.3 Angular pebbles 0.025 216
6 ZK6 10.4~10.6 Angular pebbles 0.006 518
Table 4. Parameters used in the analyses
Soil Ksat ¢ ¢ o’ Natural density Saturated density
mass (m/d) (kPa) ©) ) (kN/m®) (kN/m®)
Angular pebbles 5 10 14 8 216 22.4
Rocks 0.5 100 27 15 250 259
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S=C"+ (0, —uy)tand’ + (u, — u,,)tan@”’

where,

u, = pore air pressure,
u,, = pore water pressure, and

¢" = angle defining the increase in shear strength for

an increase in suction.

This equation indicates that the shear strength of a soil
could be considered as having three components: the

cohesive strength due to ¢, the frictional strength due to

¢ and the suction strength due to ¢’. The term (u, —

a

u, ) is called suction when presented as a positive

number. The angle ¢" is a material property. In SLOPE/W,
¢" is treated as a constant value, but in actual fact this
parameter varies with the degree of saturation. In the

capillary zone where the soil is saturated, but the pore-
water pressure is under tension, ¢’ is equal to the friction
angle ¢'. As the soil desaturates, #" decreases. The de-

crease in ¢” is a reflection of the fact that the negative

pore-water pressure acts over a smaller area. More spe-
cifically, ¢’ is related to the soil water characteristic

curve, but relating ¢’ to the volumetric water content has

yet not been implemented in SLOPE/W. Currently, only
a constant ¢’ can be specified. For practical purposes, ¢"
can be taken to be about %(ﬁ)'. In SLOPE/W, if ¢ is un-

defined (zero), any negative pore-water pressure is ig-

100" L 1 L 1 1

nored. If ¢’ is a non-zero specified value, the above
equation for unsaturated soil is used in SLOPE/W and an
extra strength component depend on the suction is added

to the slice base shear strength(Zheng, 2007).

4. Slope stability analysis results

4 1 Stability analysis of the slope during
regulation process

The obtained pore-water pressure files which are results
of another part of this study were then imported into
program SLOPE/W, with fully specified slip surface and
limit equilibrium method to evaluate the change in factor
of safety with reservoir water level. In the limit equilibrium
analysis, the contribution of negative pore-water pressure
to shear strength was considered by the use of Fredlund’s
shear strength equation for unsaturated soils. Fig. 1 shows
the stability analysis mode of majiagou slope. As an
example, Fig. 2 shows the result of stability analysis during
rising with Im/day rate when reservoir water level rise
to 150 m.

Based on the analysis results just like Fig. 15 from
SLOPE/W, the relationship between stability of Majiagou
slope on landslide and reservoir water level was inter-
preted as shown in Figs. 3 and 4. Fig. 3 shows relation
between the change of FS and water level change with

three water level change rate. Fig. 3 is the results in case

of assuming the ¢b equals to 8. And also Fig. 4 is the

300 350 400 450 500 550

Distance(m)

Fig. 1. The stability analysis mode of Majiagou slope
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Fig. 2. Stability analysis during rising with 1 m/d rate at water level 150 m
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Fig. 3. Stability of the slope with different water level and
b _
water level change rate (¢ =8)

results in case of neglecting the negative pore water
pressure. Three points could be read from Fig. 3.
Firstly, FS decrease with the increasing water level and
then FS increase again with decreasing water level. But
increasing rate of FS is slower than decreasing rate of FS
during water level increase. Secondly, the water level
change rate is slower, the FS change line is stiffer. Thirdly,
when the water level is 175 high, FS is the most low and
if the safety standard is 1.5, it could be dangerous state.
Fig. 4 is just identical with Fig. 3, but ¢’ of angular
pebbles was supposed to zero, that is there is no negative
pore water pressure. When heavy rainfall pour in this
area, such state could be developed. The general features
are similar to results from Fig. 3, but it need to emphasize
the fact that FS decreased in the ratio of almost half.
Comparing two figures, it could be concluded that the
suction has a big contribution on FS. And the rising rate

of reservoir water level is faster, the FS decreases slowly,

145 151 157 163 169 175 169 163 157 151 145
Water level

Fig. 4. Stability of the slope with different water level and
b _
water level change rate (¢~ =0)
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Fig. 5. The whole year normal water level of the reservoir from
October

and the drawdown rate is faster, the FS increases slowly.
Besides, the suction and the seepage force seems to lead
to that at the same water level and the same fluctuating
rate, the FS during the drawdown process is smaller than

that during the rising process. As the reservoir water level
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(a) 0~30 day (October )  (b) 30~60 day (November)

(c) 60~90 day (December) (d) 90~120 day (January)

(e) 120~150day (February) (f) 150~180 day (March)

(g) 180~210day (April) (h) 210~240 day (May)

(i) 240~270 day (June) (j) 270~300 day (July)

(k) 300~330 day (August) (1) 330~360 day (September)

Fig. 6. Change of phreatic lines in the slope around a whole
year
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Fig. 7. The change of FS of the slope through whole year

rise, the frictional resistance and suction decrease, and
this two decreasing components plays a dominant role in

change of FS.

4 2 Stability analysis of the slope during the
normal operational process

According to the water level management schedule of
the Three Gorges reservoir, the whole year’s boundary
conditions of the front part of the bank slope beginning
from October neglecting the flood control and agricultural
irrigation parts are shown in Fig. 5.

Next Fig. 6 show the change of phreatic lines in the
slope once every 6 day month by month through whole
year from October.

Based on the phreatic lines above, the obtained change
of FS were shown in Fig. 7. Fig. 7 shows how the FS
in the slope change with the fluctuation of reservoir water
level through one operating year. During the rising and
drawdown process, the FS shows a delayed response with
respect to the change of reservoir level(Desai, 1977).
After the reservoir water level stops rise or drawdown,
the FS of the slope continues to decrease or increase,
respectively. The permeability of the potential slip mass
is relatively large, so the FS does not change very much
after the water level is constant. The trend of FS in this
study could be different with some other literatures, be-
cause the results might be affected by the characteristics
of slope, such as the shape of the potential slip zone, the
range of water level influence on the slope, the perme-

ability and the natural density of the soil mass, and so



on(Lane and Griffiths, 2000). In this study, the most
dangerous state of the slope is when the reservoir water

level stay 175 m for a long time.

5. Conclusions

(1) With the rise of reservoir water level, the FS
against river bank landslide decreases, and as the
reservoir water level lowing, the FS increases.

(2) Rising rate of reservoir water level is faster, the FS
decreases slowly, and also the drawdown rate is
faster, the FS increases more slowly.

(3) The suction and the seepage force seems to lead
to that the FS during the drawdown process is
smaller than that during the rising process at the
same water level and the same fluctuating rate.

(4) The suction seems to have a big contribution on
FS, judging from the fact that FS decreas in the
ratio of almost half if there is no suction in top
slope layer.

(5) After the reservoir water level stops rise or draw-
down, the FS of continues to decrease or increase,

respectively. The most dangerous state is when the

reservoir water level is maximum operating height

(175 m) for a long time.
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