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Abstract: There are many landslide deposits in the reservoir and bank areas of hydropower projects in southwest China. These 

deposits are easy to deform and fail along the existing sliding zone under hydrodynamic conditions, such as rainfall and reservoir 

water fluctuation. The slip soil in Dahua landslide deposits which are located at the Dahuaqiao Hydropower Plant in the Lancang 

river basin of southwest China, was studied as an example. The experimental study was carried out to explore the soil-water 

characteristic curve (SWCC) of slip soil. The permeability characteristics and the evolution in the unsaturated seepage process were 

analyzed, and the saturated permeability characteristics under different confining pressures and osmotic pressures were studied. The 

results indicated that the VG model could be used to describe the SWCC and the variation of relative permeability coefficient of 

Dahua slip zone soil. Through the saturated permeability test, it is found that under the same other conditions, the larger the confining 

pressure is, the weaker the saturated permeability of the slip soil is; while the larger the osmotic pressure is, the stronger the saturated 

permeability is. Furthermore, the saturated permeability characteristics of the slip zone soil manifested a strong non-Darcy flow 

behavior, and the relationship between permeability velocity and hydraulic gradient satisfied the Forchheimer binomial model. When 

the confining pressure was low, the linear term coefficient of velocity had a more significant effect on the permeability, whereas the 

quadratic term coefficient of velocity gradually dominated in the seepage process with the increase of confining pressure. 

Keywords: slip zone soil in deposits; unsaturated-saturated permeability; soil-water characteristic curve (SWCC); non-Darcy flow; 

hydrodynamic-induced landslide 
 

1  Introduction 

Due to the special topographical features and geo- 
logical conditions of the hydropower base in the main- 
stream of Lancang River in China, there are a large 
number of landslide deposits with soil-rock mixed 
structure in the reservoir and bank areas. Under the 
action of rainfall[1–2], reservoir water level[3], and other 
various hydrodynamic factors[4], these large-scale deposits 
produce the mutual feed mechanism between water 
and rock (soil)[5–6], which in turn induce hydrodynamic 
landslide[4] and other disasters[7]. This phenomenon has 
become a major hidden danger affecting the safety of 
engineering operations. Therefore, it is of great engineering 
value to study the stability of landslide deposits under 
the influence of hydrodynamic factors. 

Under the action of hydrodynamic factors such as 
rainfall and fluctuation of reservoir water level, the 
water content, matric suction, and permeability of the 
soil in the landslide deposits will change. In soil science, 
the parameters related to soil hydrodynamic factors, 
such as water content, soil-water characteristic curve 
(SWCC), and unsaturated-saturated permeability coef- 

ficient are collectively referred to as hydrodynamic 
parameters[8]. The characteristics of these parameters 
directly affect the stability of landslides under the 
action of hydrodynamic factors. So far, it is still dif- 
ficult to obtain the unsaturated permeability of soil 
through laboratory experiments. At present, scholars 
have developed various prediction models based on 
SWCC[9–10], which shows that SWCC is one of the 
foundations of hydrodynamic characteristics research. 
However, the studies of SWCC from literatures are 
basically aimed at soil landslides[11–12]. Compared with 
clay-dominated soils, the slip zone soil in landslide 
deposits has lower clay content and higher granular 
content. The maximum matric suction of slip zone soil 
is even lower than that of common clay, which has less 
effect on the shear strength of the soil. Therefore, little 
attention has been paid to the soil-water characteristic 
curve of the slip soil in landslide deposits. Up to now, 
the research on SWCC of the slip zone soil with soil– 
rock mixed structure is reported rarely. 

For the saturated permeability of the slip zone soil 
in landslide deposits, it has been generally recognized 
that the non-Darcy characteristics of the seepage in the 
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soil-rock mixture[13]. Forchheimer proposed that due to a 
relatively high seepage velocity in the soil-rock mixture, 
the flow pattern has developed from laminar flow to 
turbulent flow[14]. But most of the studies only focus on 
the relationship between permeability characteristics 
and rock content or a particular particle size in the 
landslide deposits[15–18]. In fact, in addition to the 
influence of material composition of landslide deposits, 
the confining pressure, the groundwater level and the 
reservoir water level are also factors that cannot be 
ignored. The burial depth of the slip zone soil in the 
landslide deposits is different, and it will be affected 
by different confining pressures; the changes of ground- 
water and reservoir water level will cause the change 
of osmotic pressure. These two factors will undoubtedly 
have an impact on the permeability characteristics. 
However, at present, there are few studies on the per- 
meability characteristics of the slip soil in landslide 
deposits under different confining pressures and osmotic 
pressures. 

In this backdrop, the slip zone soil of Dahua landslide 
deposits in reservoir area of Dahuaqiao Hydropower 
 

Station in Lancang River Basin was selected as the tested 
material in this paper, and the soil-water characteristic 
curve of the slip zone soil was measured by laboratory 
tests. On this basis, the unsaturated permeability of 
slip soil was analyzed, and the saturated permeability 
of slip soil under different confining pressures and 
osmotic pressures was studied. The research results 
are of great significance for revealing the mechanisms 
of breeding, formation, development, movement, and 
post-disaster of the hydrodynamic landslide deposits, 
as well as the prevention and protection of engineering 
disasters. 

2  Project background 

Dahuaqiao Hydropower Station is located in Tu’e 
Township, Lanping County, Nujiang Prefecture, Yunnan 
Province, China (Fig.1(a)). It is the sixth stage of a 
development project named ‘seven-stage hydropower 
station in one reservoir’ on the upper reaches of the 
mainstream of Lancang River. The normal storage level 
of the reservoir is 1 477 m. The barrage is concrete 
gravity dam, and the maximum dam height is 107 m. 

      
0   100  200  300  400  500  600  700  800  900  1 000  1 100  1 200 

Distance/ m 
                      (a) Locations of engeering                                  (b) Project site photos  

 

 
 (c) Photos of borehole of slip zone soil samples                                 (d) Grading curves of slip zone soil samples 

Fig. 1  Engineering overview of Dahua landslide deposits 

 
The Dahua landslide deposits is about 5.1 km away 

from the dam site of the hydropower station. Its eleva- 
tion range is 1 410–1 870 m; the length from scarp to 
toe is about 1 000 m, and the width along the river is 
about 1 060 m. The surrounding of the landslide deposits 
is the steep bedrock wall, which presents a shape of 
‘circle chair’, forming a situation that the rear edge 
and side edges are surrounded by the steep bedrock 
while the front edge is free. The volume of the land- 
slide is about 48 million m3, which belongs to a large- 
scale landslide (Fig. 1 (b)). The main composition of 
the landslide deposits is as follows: (a) The accumulation 

body of the surface layer formed by the comprehensive 
action of alluvial and proluvial deposits, colluvial slope 
deposits and the early upper landslide, contains a lot of 
debris, with a loose structure, strong permeability, and 
a thickness of about 10–50 m. (b) The existing slip zone  
under the accumulation body. According to the different 
elevations, the buried depth is about 40–80 m, and the 
thickness is about 1–3 m. The specific gravity of the slip 
zone soil is 2.65, and the initial dry density is 1.786 g/cm3. 
Observed from the sample of the slip zone soil that is 
exposed by the field drilling (Fig. 1 (c)), its structure is 
relatively loose, and part of the soil and rock are well 
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cemented. The rock content of the slip zone soil is 
evidently lower than that of the accumulation body of 
the surface layer, but still higher than that in general 
landslide deposits. According to the results of sieve 
test on this slip zone soil, the characteristic parameters 
of particles were obtained as follows: the relative 
particle size 60d  2.29 mm, the effective particle size 

10d  0.14 mm, the median particle size 30d  0.40 mm, 
the mean particle size is 0.88 mm, the curvature coefficient 

cC  0.51, and the uniformity coefficient uC  16.71 
(Fig.1 (d)). The lower layer of bedrock is the purplish 
red slate of Jurassic Bazhulu Formation (J3b), with a 
relatively high strength.  

Quaternary pore water is mainly distributed in the 
landslide deposits. The groundwater level varies with 
the rise and fall of the water level in gullies and river, 
which is mainly supplied by atmospheric precipitation 
and groundwater from both banks, and generally rises 
with the elevation of the terrain. On the whole, the ground- 
water in the landslide deposits is not abundant, and the 
water level is generally low. The monitoring data show 
that the Dahua landslide tends to slide along the existing 
sliding surface under the action of hydrodynamic factors 
such as rainfall and fluctuation of reservoir water level, 
indicating that the hydrodynamic factors have a great 
influence on the slip zone soil and further affect the 
stability of the landslide deposits. 

3  Analysis of the SWCC test of slip zone soil 

The slip zone soil studied in the tests is the borehole 
sample taken from the Dahua landslide, and the sampling 
location is shown in Fig. 1(b). The SWCC characteristics 
of slip zone soil is an important basis for studying hyd- 
rodynamic landslide. Commonly used methods for 
measuring SWCC include pressure plate method, ten- 
siometer method and filter paper method[19], among 
which the pressure plate method is widely used because 
of its simplicity and ease of use. 
3.1 Testing apparatus and procedures 

The tests were conducted by Geo-experts high-type 
pressure plate apparatus for stress-dependent SWCC 
(SDSWCC-H), as shown in Fig.2. The apparatus is 
mainly composed of pressure chamber, loading device 
and measuring device. The main test procedures are as 
follows: the sample was placed on the ceramic plate 
with a high air entry value (AEV) in the pressure 
chamber, and the loading device was used to apply a 
constant pressure so that the sample continuously 
discharges water. The water was measured every 24 
hours by the measuring device. When the change of 
water discharge within 24 hours was less than 0.1 mL 
for three consecutive times, it was considered that the 
water discharge remained constant [20]. At this time, the 
suction of the soil and the pressure in chamber reached 
equilibrium, that is, the soil–water equilibrium state. 
This pressure value was exactly the matric suction at 
this water content. The actual control range of matric 
suction in the test depended on the AEV of the ceramic 
plate. Reasonable select from the AEV of ceramic plate 
can not only ensure the test accuracy, but also shorten 

the test period[21]. 
 

  
(a) Physical photo of test apparatus  (b) Schematic diagram of the apparatus  
①-Measuring cylinder  ②-Piezometer  ③-Loading cap  ④-Loading disk 
⑤-O-ring  ⑥-Air entrance  ⑦-Permeable stone  ⑧-Sample 
⑨-Pressure chamber  ⑩-Cut ring  ①–1-Ceramic plate 
 
①-High pressure meter and valve  ②-Transfer switch 
③-Low pressure meter and valve  ④-High pressure 
⑤-Low pressure  ⑥-Screen 

Fig. 2  Photo and schematic diagrams of pressure plate 
apparatus 

 
According to the characteristics of testing material 

and the requirements of test efficiency, the tests were 
carried out with the ceramic plate with an air entry value 
of 0.5 MPa. The maximum pressure controlled in the 
test was 450 kPa so as to ensure the safety of the ceramic 
board. The specimen in laboratory test were prepared 
using cutting ring, with a height of 19 mm and a diameter 
of 70 mm. The stress path used in the test was: 10 kPa 
→25 kPa→50 kPa→100 kPa→200 kPa→250 kPa→ 
450 kPa. 
3.1 Test results and analyses 

Figure 3 shows the cumulative moisture migration 
under different stress levels during the test. It can be 
seen that in the early stage of the test, although the set 
pressure was only 10 kPa, the time to reach the soil– 
water equilibrium was relatively fast due to the high 
saturation, which only took about 5 days. With the 
increase of pressure, the moisture content in the soil 
continued to migrate, and the moisture content in the 
sample decreased, resulting in a gradual increase in the 
time to reach the soil–water equilibrium. In the later 
stage of the test, since most of the water in the sample 
had been discharged, the moisture content of the soil was 
significantly reduced, and the rate of moister migration 
was apparently slowed down after applying stress, thus 
causing the time to reach the soil–water equilibrium 
become longer. At the last stress level, the time to reach 
the soil–water equilibrium had increased to about 30 days. 

 

 
Fig. 3  Cumulative moisture migration under different 

pressure levels during SWCC test 
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According to the moisture migration at each stress 
level to reach the soil–water equilibrium state, the 
residual gravimetric water content of the sample at the 
current stress was calculated, and the corresponding 
volumetric water content can be obtained. The cor- 
responding volume water content at each stress level 
was plotted in a semi-logarithmic diagram (as shown 
in Fig. 4), and these data points were fitted by Van 
Genuchten model[9], Fredlund-Xing model[22], and 
Brooks-Corey model[23], respectively. Results showed 
that the VG model could well depict the SWCC charac- 
teristics of the slip zone soil, the fitting results are 
shown in Fig. 4. The fitting correlation coefficient is 

2R  0.999 998, and the formula is as follows: 
 

 
 
 

s r
w r 1

1

0.7674.30

1

22.29 2.77
2.77

1 0.028

n n

 
 





   
 




  

  



  

            

（1）

 

where w , r , s  are in order volumetric water 
content, residual water content and saturated water 
content(%);   is matric suction(kPa);   is the fitting 
parameter (kPa); and n  is dimensionless parameter. 
 

 
Fig. 4  Characteristic points and fitting curve  

of SWCC test for Dahua slip zone soil 

4  Unsaturated permeability characteristics  

The equation of the permeability coefficient of the 
unsaturated slip soil in landslide deposits can be des- 
cribed by matric suction head. Van Genuchten[9] proposed 
the formula of unsaturated permeability coefficient based 
on SWCC, and the formula has been widely used in the 
following form: 
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where k  is the coefficient of permeability (cm/s); 
and h  is the head of matric suction   (cm), h   
0.1 . According to the parameters of SWCC of slip 
soil obtained in Section 3.2, the expression of relative 
permeability coefficient rk  of slip soil is obtained by 
fitting as follows: 

    
 

20.7673.30 4.30

r 0.3854.30

1 0.028 1 0.028
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h h
k
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    （3） 

On this basis, taking the permeability coefficient of 
slip soil at the time of stable seepage as the reference 
( r 1.0k  ), the relationship between the relative per- 
meability coefficient of slip soil rk  and matric suction 
  was drawn, as shown in Fig. 5. 

 

 
Fig. 5  Relationship between relative permeability 

coefficient kr and matric suction   of slip soil 
 

As can be seen from Fig. 5, with the decrease of 
matric suction  , the relative permeability coefficient 
of slip soil rk  exhibits an overall increasing tendency. 
According to the mutual corresponding relationship 
between rk  and  , the variation of the relative per- 
meability coefficient rk  of slip zone soil from low to 
high can be roughly divided into five stages: 

(1) Stage ①. The matric suction of slip zone soil 
began to decrease from the initial state. At this time, 
the relative permeability coefficient almost had no 
obvious change. As can be seen from the soil–water 
characteristic curve (Fig. 4), the water content of the 
sample at this time is basically residual water content 
in which the content of free water is very low, and the 
gas occupies the vast majority of pores in the soil. At 
this stage, water is mainly used to squeeze out the gas 
in the pores and occupy the pore space, so the water 
content will increase, and the matric suction will decrease. 
However, due to the difficulty of water passing through 
the soil, the relative permeability coefficient appears 
to increase slightly, which shows as an approximately 
horizontal line in Fig.5, and the corresponding SWCC 
is relatively flat. 

(2) Stage ②. The slope of the curve of relative 
permeability coefficient begins to increase significantly. 
From the shape of SWCC in Fig. 4, it can be observed 
that the matric suction of soil decreases with the gradual 
increase of water content. Correspondingly, the value 
of matric suction at this stage drops from about 60 kPa 
to about 35 kPa (as shown in Fig. 5). At this stage, the 
gas in some pores of the slip zone soil is squeezed out 
and filled with free water, and some penetrating seepage 
channels are formed more and more quickly. Accordingly, 
the slope of the curve of relative permeability coefficient 
also increases rapidly. The formation of these penetrating 
seepage channels further boost the permeability of the 
slip zone soil. More and more water passes through the 
sample, showing a trend that the relative permeability 
coefficient increases significantly with the decrease of 
matric suction. This stage is shown in Fig. 5 as a concave 
curve. 
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(3) Stage ③: The relative permeability coefficient 
surges and approximately linearly. At this time, due to 
the continuous increase of water content in the slip zone 
soil caused by the seepage, the matric suction decreases 
from about 35 kPa to 15 kPa. The SWCC of slip zone 
soil corresponding to this stage also shows a relatively 
drastic change, and the shape of SWCC at this stage is 
nearly straight (Fig. 4). At this point, the discharge rate 
of pore gas is further accelerated, and more pores are 
occupied by water. Moreover, the seepage channels 
continue to grow steadily and rapidly, and the ability 
of water passing through the sample is enhanced rapidly. 
These phenomena indicate that the relative permeability 
coefficient increases sharply and linearly with the decrease 
of matric suction, corresponding to an approximate 
straight line in Fig. 5. 

(4) Stage ④. The relative permeability coefficient 
increases slowly, and the slope of the curve of relative 
permeability coefficient decreases gradually. At this 
stage, the matric suction further decreases from about 
15 kPa to 5.5 kPa. It can be seen from the SWCC of 
slip zone soil that the variation degree of the water 
content of slip zone soil is obviously weakened at this 
time (Fig. 4). As more and more gas in the pores is 
squeezed out, the number of new penetrating seepage 
channels decreases accordingly, and more and more 
stable seepage channels are formed by pore water. At 
this time, although the relative permeability coefficient 
still increases further, growth rate is distinctly reduced, 
showing an accelerated decreasing trend for the slope 
of the curve of relative permeability coefficient. This 
stage is shown in Fig. 5 as a convex curve. 

(5) Stage ⑤. The relative permeability coefficient 
is almost stable and no longer increases. At this stage, 
the matric suction drops to about 5.5 kPa. As can be 
seen from the SWCC of slip zone soil (Fig. 4), at this 
time, the sample is virtually saturated, and most of the 
gas in the pores has been squeezed out, and the pores 
in the soil are almost filled with water. The seepage 
channels begin to stabilize and the relative 
permeability coefficient remain basically unchanged. 
This stage is shown in Fig. 5 as an approximate 
horizontal line. 

It follows that the seepage process of unsaturated 
slip zone soil is closely related to the variation of 
matric suction, and the variation of the relative per- 
meability coefficient of slip zone soil is consistent 
with the variation of the corresponding soil–water 
characteristic curve. This implies that the relative 
permeability coefficient of slip zone soil is restricted 
by its volumetric water content, that is, the larger the 
volume water content is, the greater the relative per- 
meability coefficient is, and vice versa. 

5  Experimental analysis of the saturated 
permeability characteristics of slip soil 

When the slip soil in landslide deposits gradually 
transitioned from an unsaturated state to a saturated 

state, the water content (or matric suction) no longer 
change anymore, and the saturated permeability chara- 
cteristics exhibited are independent of water content 
(or matric suction). In this section, the SLB-1 triaxial 
shear permeability test apparatus was used to carry out 
the permeability tests of the saturated Dahua slip soil 
under different confining pressures and different seepage 
pressures to study the permeability characteristics of 
saturated slip soil under different conditions. The 
dimension of the sample was 40 mm×80 mm. 
5.1 Testing program 

The terminal computer controller of the test system 
was first started. Before the test, the sample was exerted 
to the set confining pressure at a rate of 10 kPa/min, 
and then it was allowed to stand for 20 min to keep the 
confining pressure stable, which was used for simulating 
the stress state of the sample in the real environment. 
Then, the sample was saturated by the following steps: 
the head pressure of 5 kPa was applied on the bottom of 
the sample (upstream) until a stable water flow without 
air bubbles was generated at the top of the sample (down- 
stream). At this time, the sample was considered to be 
saturated. After that, the osmotic pressure was loaded 
to the set value at a rate of 5 kPa/min upstream to 
simulate the permeability characteristics of the soil in 
the sliding zone with different hydrodynamic factors. 
In order to minimize the interference of other factors, 
the axial load was not set during the test, and the down- 
stream of the sample was connected with the atmosphere. 
The test scheme is listed in Table 1. The servo system 
automatically recorded the amount of water discharged 
during the test, which was the seepage discharge. When 
the time for the seepage discharge to remain stable 
reached more than 30 minutes, the seepage flow was 
considered to reach a stable state at this time. 
 
Table 1  Scheme of permeability test for slip soil 

Confining 
pressure

/kPa 
Osmotic pressure /kPa 

100 25，50，75 
200 25，50，75，100，125，150，175 
300 25，50，75，100，125，150，175，200，225，250，275

 
According to the results of permeability tests of slip 

zone soil, the variation of seepage discharge over time 
under different osmotic pressures and confining pressures 
is plotted, as shown in Fig. 6. 

 

 
Fig. 6  Variation of the seepage discharge of slip soil over 

time under different seepage and confining pressures 
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5.2 Analysis of the variation of seepage discharge 
under different confining and osmotic pressures 

It can be seen from Fig. 6 that when the confining 
pressure is the same and the osmotic pressure is dif- 
ferent, within 2.5 minutes at the initial stage of the test, 
the slopes of seepage discharge curve with time are 
basically the same, that is, the seepage velocities are 
approximate, which indicates that the osmotic pressure 
has no obvious effect on the permeability of the sample 
at the initial stage of the test. With the increase of test 
time, the effect of osmotic pressure on permeability is 
gradually significant, showing that the greater the osmotic 
pressure is, the faster the seepage velocity is, and the 
shorter the time for the seepage discharge to reach a 
stable state is. This is mainly due to the increase of 
hydraulic gradient in the seepage process caused by 
the increase of osmotic pressure, which accelerates the 
process of water passing through the soil sample. It 
shows that the slope of the curve of stable seepage 
discharge with time becomes larger, that is, the seepage 
velocity increases with the increase of osmotic pressure. 

The above phenomenons are more obvious under 
low confining pressure, while the difference is small 
under high confining pressure. This is mainly because 
the compactness of the soil sample is generally low 
under low confining pressure. With the increase of 
osmotic pressure, the effect of hydraulic gradient on the 
seepage channel becomes greater. When the confining 
pressure becomes higher, the structure of the soil 
sample is com- pressed, the porosity of the soil sample 
decreased, and the ability of water to pass through the 
soil is weakened, resulting in the weakening of the 
difference of seepage velocity. 
5.3 Analysis of seepage flow under same osmotic 
pressure and different confining pressures 

When the osmotic pressure is the same, the lower 
the confining pressure is, the greater the permeability 
of the sample is. On the contrary, the higher the confining 
pressure is, the smaller the permeability of the sample 
is. At the initial stage of the test, the curves under dif- 
ferent confining pressures almost overlap, which shows 
that the seepage velocities are basically the same 
under different confining pressures. With the gradual 
increase of time, the performance of seepage discharge 
begins to differentiate, and the seepage dis- charge 
increases approximately linearly with time, after which 
the seepage velocity gradually reaches a stable value. 

Under the same osmotic pressure, with the increase 
of confining pressure, the seepage discharge increases 
nonlinearly, and the increase is gradually smaller. This 
is mainly due to the fact that the porosity of the sample 
does not change much at a low confining pressure. 
However, the sample has a certain degree of shrinkage 
deformation at a higher confining pressure, leading to 
a reduction in porosity. Thus, some seepage channels 
in the sample are blocked, then the seepage paths are 
enlarged, which makes it more difficult for water to 
pass through the sample the seepage discharge declines. 
With the further increase of confining pressure, since 
the sample has been compressed to a certain extent, the 

further decrease of the porosity of soil sample is limited, 
and the reduction of seepage channel is lower than before. 
5.4 Analysis of saturated seepage flow under different 
confining pressures 

The hydraulic gradient J  is plotted in Fig. 7 with 
respective steady seepage velocity v  of slip zone soil 
samples under different confining pressures. It can be 
observed that the curve shows an obvious nonlinear 
relationship under different confining pressures, indicat- 
ing that the permeability characteristics of soil samples 
in the sliding zone do not satisfy the linear Darcy's law. 
 

 
Fig. 7  Relationships between J and v under different 

 confining pressures 
 

From Fig.7, it can be seen that the nonlinear rela- 
tionship between hydraulic gradient and seepage velocity 
became stronger as the confining pressure increase. 
Hence, the Forchheimer binomial function J av   

2bv  (where a and b are the coefficients of the first and 
second terms, respectively) was used to fit the relationship 
between the seepage velocity and hydraulic gradient 
of slip soil with different confining pressures, and the 
following expression was obtained:  
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（4） 
where 59.08a   and 9.088b  , and the correlation 
coefficient 2R  0.98532 when the confining pressure 
is 100 kPa; a  5.583 and b  187.5, and the correlation 
coefficient 2R  0.99478 when the confining pressure 
is 200 kPa; 0a   and b  237.8, and the correlation 
coefficient 2R  0.99697 when the confining pressure 
is 300 kPa. The results show that the Forchheimer 
binomial function has a better fitting effect. 

Based on Eq. (4), the flow regime in the process of 
seepage of saturated slip soil under different confining 
pressures is affected by both the first term, 1J av , 
and the second term, 2

2J bv , of seepage velocity, 
where 1J av  can be expressed as 1v AJ ( 1 )A a , 
and it represents linear flow; 2

2J bv  can expressed  

as 
1

2
2v BJ ( 1 )B b , and it represents nonlinear  

flow. When the confining pressure gradually increases 
from 100 kPa to 300 kPa, the effect of the first term of 
seepage velocity (linear flow) on the hydraulic gradient 
decreases gradually, whilst the effect of the second term 
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of seepage velocity (nonlinear flow) on the hydraulic 
gradient increases gradually. When the confining pres- 
sure is 300 kPa, the coefficient of the first term of 
seepage velocity a  is approximately 0, and the value 
of b  continues to increase to 237.8. At this time, the 
hydraulic gradient is only related to the second term of 
seepage velocity. According to the above results, Fig. 8 
shows the relationship between the coefficients of 
seepage velocity a , b  and confining pressure. 

 

 
Fig. 8  Scatter plots of parameter values of a and b    

under different confining pressures 

 
It can be seen from Fig. 8 that with the increase of 

confining pressure, a keeps decreasing and b  keeps 
increasing. The main reason for this phenomenon is 
that the soil and rock in slip soil are interlaced and over- 
lapped with each other. When the confining pressure is 
low, the soil sample is almost not compressed and 
remains in the original state. At this time, the com- 
pactness of the soil sample is generally poor, and a large 
number of pores in the soil sample are interconnected 
to form a relatively complete seepage channel. The 
water flow in these pores shows a linear relationship. 
In addition, at a large number of soil-rock interfaces 
that exist in slip zone soil, water flow is mainly manifested 
by the flow of water around the edge of the rock block. 
This water flow around the edge of the rock block shows 
a nonlinear flow regime When the compactness of the 
soil sample is not high, the linear flow along the pores 
is dominant, and the nonlinear flow along the interface 
is auxiliary, showing that the coefficient a  is relatively 
larger and the coefficient b  is relatively smaller. When 
the confining pressure begins to increase, the compact- 
ness of soil sample increases, and part of the seepage 
channels are blocked. The large- scale pores are further 
compressed into small-scale pores, and the number of 
penetrating seepage channels is greatly reduced, which 
shows that the effect of linear flow decreases significantly, 
and the value of a  decreases rapidly. At this time, the 
proportion of the water flow at the soil-rock interface 
increases greatly, showing that the effect of nonlinear 
flow is more significant, and the value of b  rises 
sharply. When the confining pressure increases further, 
the soil sample is compressed continuously. At this point, 
the large pores have been basically compressed into 
small pores, and the penetrating phenomenon between 
the pores almost disappears, showing that the effect of 
linear flow is reduced to the minimum, and the value of 

a  gradually decreases and even tends to zero. However, 
the water flow along the soil–rock interface becomes 
absolutely dominant, and the value of b  further 
increases. The flow regime in the process of seepage 
of saturated slip soil is mainly a completely nonlinear 
flow pattern. As the soil sample is compressed greatly 
in the process of increasing stable confining pressure in 
the early stage, the coefficients a  and b  decrease 
(rises) at a faster rate. At the later stage of the test, it is 
more difficult for soil samples to be compressed, in which 
the change in seepage channel is weakened, and the 
change rates of coefficients a  and b  are obviously 
reduced. 

6  Conclusions 

In this paper, the landslide deposit of Dahua landslide 
in Dahuaqiao Hydropower Station was selected as the 
research object, and the soil–water characteristic curve 
of the slip zone soil in landslide deposits was measured 
in laboratory test. On this basis, the permeability charac- 
teristics of the unsaturated slip zone soil were obtained 
through further analysis. A series of permeability tests 
under different confining pressures and osmotic pressures 
was also carried out. The unsaturated and saturated per- 
meability characteristics of the slip soil in landslide 
deposits were obtained, which provides reference and 
basis for analyzing the failure mechanism of hydro- 
dynamic landslide with deposits. The main conclusions 
are therefore derived from this work: 

(1) The VG model can be used to well describe the 
soil–water characteristic curve and unsaturated permea- 
bility of the slip zone soil in Dahua landslide deposits. 
The variation of the relative permeability coefficient 
of slip zone soil is consistent with the variation of the 
matric suction of slip zone soil. The change of the rela- 
tive permeability coefficient is restricted by the volumetric 
water content, that is, the larger the volumetric water 
content is, the greater the relative permeability coef- 
ficient is, and vice versa. The whole change process of 
relative permeability coefficient can be roughly divided 
into five different stages: slight increase, significant 
increase, sharp increase, slow increase, and stable state. 

(2) When the slip zone soil is in a saturated per- 
meability state, under the same confining pressure, the 
greater the osmotic pressure, the greater the influence 
of the increasing hydraulic gradient on the seepage 
channel, indicating the permeability of soil is stronger. 
This phenomenon becomes more significant under low 
confining pressure. Under the same osmotic pressure, 
the lower the confining pressure is, the stronger the 
permeability is; and with the increase of confining 
pressure, the permeability of slip zone soil decreases. 
This is mainly because when the confining pressure is 
high, the soil structure is compressed, and the porosity 
is reduced, so the ability of water to pass through the 
soil sample is weakened. 

(3) The relationship between seepage velocity and 
hydraulic gradient of saturated slip zone soil shows 
strong non-Darcy flow characteristics. The permeability 
characteristic of saturated slip zone soil conforms to 
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the Forchheimer binomial function 2J av bv  , that 
is, it is controlled by the dual actions of linear flow and 
nonlinear flow. In the Forchheimer binomial function, 
the coefficients a  and b  decrease and increase, res- 
pectively, with the increase of confining pressure. In 
the initial several stages of increasing confining pressure, 
the changes in coefficients a  and b  are more significant. 
As the confining pressure further increases, the changes 
in coefficients a  and b  obviously weaken. When 
the confining pressure increases to a certain value, the 
permeability characteristic of saturated slip soil is mainly 
dominated by the second term of seepage velocity. 
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