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Abstract 

In order to investigate the initiation mechanism of landslide and debris flow occurring on a gentle slope. The 
formation and evolution of water film (or crack) in saturated sand is analyzed by numerical and theoretical 
simulations under given conditions. First a psudo-three-phase model is presented considering the movement 
of skeleton and water and the erosion. Secondly, difference method is used to analyze the formation condi-
tions and the evolution of the velocity of water and pore pressure and porosity. Thirdly, a simplified theo-
retical method is presented based on the consolidation theory to analyze the initiation, expansion and close. It 
is shown that there are stable water films when some point is blocked and the state keeps unchangeable or 
there exists a thin layer with very low permeability. Once the blocked point is open, the water film will dis-
appear gradually. The evolution of water film may be calculated by a simplified method. The analytical re-
sults are agreement well with that of Kokusho. 
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1. Introduction 
 
It is often observed that sand deposit on slope spreads 
laterally or even turns into landslide or debris flow, espe-
cially after earthquakes. When the deposit is multilayered, 
a water film will form once it is liquefied [1], which may 
serve as a sliding surface for the postliquefaction failure. 
As a result, landslide or debris flow may happen on very 
gentle slope. Seed [2] was the first to suggest that the 
existence of “water film” in sand bed is the reason of slo- 
pe failures in earthquakes. Later, some researchers [3–5] 
performed some experiments to investigate the formation 
of “water film” in layered sand or in sand containing a 
seam of non-plastic silt. However, the mechanism of cra- 
cks or “water film” in sand with porosity distributed con-
tinuously is not very clear. 

A theoretical and numerical analysis is presented in 
this paper. Firstly, we present a pseudo-three-phase mod- 
el describing the moving of liquefied sand and give some 
theoretical analysis. Then we give the numerical simula-
tions under four initial and boundary conditions. Secon- 
dly, we present a simplified method to analyze the evolu-
tion of the water film. 
 
2. Formulation of the Problem 
 
Consider a saturated horizontal sand stratum, with the 

porosity changing only vertically. The fine grains may be 
eroded from the skeleton and the eroding relation is as-
sumed as follows [6–7] 
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where the x axis is upward, Q  is the mass of sand 

eroded per unit volume of the sand/water mixture, s  is 

the density of the grains,  and  are the velocities 

of the percolating fluid containing fine sand particles and 
the sand grains,  is the volume fraction of sand car-

ried in the percolating fluid, T and  are physical pa-
rameters,  is a small dimensionless parameter, 

u su
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 tx,  

is the porosity,  xQc  is the maximum  that can be 

eroded at x. 

Q

Considering the eroding of the fine grains, a psudo- 
three-phase model is presented here. The mass conserva-
tion equations are: 
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in which  is the density of water. From these follows a 
general equation:  

  tUuu s   1               (6) 

in which  is the total mass of fluid and grains at a 

transect. The momentum equations may be written as 
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in which Equation (7) denotes the momentum conserva-
tion of grains, Equation (8) denotes the total momentum 
conservation, the last term on the right hand side of 
Equation (8) denotes the momentum caused by the 
eroded fine grains,  is the pore pressure, k  is the 

permeability, 

p

e  is the effective stress,  is the slope. 

Here  is assumed to be a function of k   and  in 

the following form 

q

       qkqfkqk 00 ,,        (9) 

in which  ,  are parameters and  1 , we 

choose to let  much greater than , so that changes in q 
overweighs that of . 
 
3. Numerical Simulations 
 
Based on the model presented above, we will analyze the 
occurrence of the crack in saturated sand, This case is 
about the cracks in a liquefied sand ( 0,0   e ) wh- 

ere the grains sink while the water is pressed to move 
upward just like the consolidation. Here, the sand col-
umn is assumed to be long enough to neglect the bound-
ary effects. At the same time, we neglect some factors 
which may be important in other cases. We will simulate 
this problem by different methods. 

Being an appropriate constant, the mass conservation 

Equation (6) yield 

0)()1(  tUuu s            (10) 

assuming both u and us to be zero at x=0. 
Let T be the appropriate characteristic time in Equa-

tion (10), ut the characteristic velocity and L the charac-
teristic length, and let 
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Then Equations (3) and (4) can be rewritten in the 
non- dimensional form: 
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For Tg/ut >>1, the inertia terms are negligible and the 
last equation of Equation (8) becomes  
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where ut is  

)/1(0 sst gku    .           (14) 

Now the problem reduces to finding   ,  and 

  ,q  as solutions to Equation (12). The initial condi-

tions are clearly 

0)0,( , )()0,( 0   q           (15) 

In order to de-couple the problem from the complica-
tion arising from the effect of the consolidation wave due 
to the bottom of the sand column, we assume that the 
sand column is very tall so that cracks may develop be-
fore the consolidation wave arrives. 
 
4. Numerical Results and Analysis 
 
In this section, we will solve Equation (17) by using of 
the finite differential method under two types of initial 
conditions to study the evolution of water film. 

Parameters adopted in simulation are as follows(Lu et 

al., 2007): 56~47 , 32400 mkgs  , 31000 mkgw  , 

, 04.0u smk0 104 6 , 1 , =50.0, 08.0a

01

, 

time step , step length , critical 
pore pressure 

4

25.
109

Pcr 0
.0x

MPa ,  is the length of the 

sand column. 

L
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The results are given as follows: 
1) Condition 1: The initial porosity changes continu-

ously, and assuming that once a place is choked, the 
choked state keeps unchangeable. 

It is shown from Figure 1 that when some position is 
choked, the porosity just below this position increases 
gradually till it equals 1.0. We think there is a water film 
full of water occurring here. Once it occurs, the water 
film expands gradually. 

Figure 2 shows the velocity development of pore wa-
ter. It is shown that the velocity of pore water first in-
creases because of the high hydraulic gradient. Never-
theless, with the decrease of porosity and the permeabil-
ity, the velocity decrease to near zero. Outside the water 
film, the velocity of pore water changes little. We may 
think there is discontinuity exists between inside and 
outside the water film. 

Figure 3 shows the development of the fine grains 
eroded from the skeleton. It is shown that at the choked 
position, the sum of fine grains decreases fast because of 
the small velocity difference between the pore water and 
grains, while above the choked position, the sum of fine 
grains increases fast. The eroded fine grains are related 
with the velocity difference between pore water and 
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Figure 1. Development of porosity under assumption 1. 
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Figure 2. Development of velocity of pore water under as-
sumption 1. 
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Figure 3. Development of q under assumption 1. 
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Figure 4. Development of pore pressure under assumption 1 
( minus denotes compressive pore pressure). 

 
grains according to Equations (1) and (2). Therefore, in 
the water film, the eroded fine gains  is very small 
because the velocity difference is near zero, while it is 
big above the water film because the velocity difference 
is big. Some distance away from the water film, the 
eroded fine grains is very small and does not change with 
position. 

q

Figure 4 shows the distribution of pore pressure. It can 
be seen that the pore pressure is discontinuity. The peak 
of the pore pressure is at the choked point. It causes the 
pore water percolate upward and the porosity above the 
choked point increase. The pore pressure below the 
choked position becomes from the initial continuous to 
increase suddenly. The reason is that the chocked posi-
tion leads the pore water flow difficult and thus causes 
the pore pressure increase. 

The reason may be explained as follows: when the 
sand column is choked, the velocity of pore water de-
creases to near zero and a high hydraulic gradient forms 
at this position because the porosity is very small. Thus 
the discontinuity of the pore water velocity, grain veloc-
ity and the amount of fine grains eroded from the skele-
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ton occurs. The pore water beneath the choked position 
flows upwards but passes through the choked position 
very difficult, which leads a net inflow of pore water just 
beneath the choked position. Therefore, water film forms 
gradually at this position. With the pore water beneath 
the choked position flows upwards while the grains sink 
gradually, the water film becomes wider and wider. The 
expanding velocity of water film is equal to that of the 
discontinuity 

            sss uuuD  1111 , 

where  denotes the velocity of grains and poros-

ity in the water film and thus ,  

denotes the velocity of grains and porosity beneath the 
water film. It can be seen that the expanding velocity of 
water film is the same as the settlement velocity of grains. 
This velocity will change with the other parameters of 
the sand column. 

 ,su

1,0   su  ,su

2) Condition 2: The porosity distribution is the same 
as that in Condition 1, but there is no choking-state- 
keeping assumption. 

It is shown from Figure 5 that when some position is 
choked, the porosity at this position increases gradually 
till water film occurs. If the choked position is dredged 
again when the pore pressure is over the critical pore 
pressure, the pore pressure at the chocked position de-
creases gradually, and the pore water and grain velocities 
becomes smooth from discontinuity states. At last, water 
film disappears. 

Figure 6 gives the development of velocity of pore 
water under Condition 2. It is shown that the velocity of 
pore water develops to be discontinuity at the first stage 
after water film occurring. When the choked position is 
dredged, the velocity of pore water below the chocked 
position increases while the velocity in water film is still 
zero. The increase may be that the pore water flows 
through the once chocked position and the pore pressure 
decreases gradually. At last, the velocity of pore water 
becomes smoothly. 
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Figure 5. Development of porosity under assumption 2. 
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Figure 6. Development of velocity of pore water under as-
sumption 2. 
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Figure 7. Development of q under assumption 2. 
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Figure 8. Development of pore pressure under assumption 
2. 

 
Figure 7 gives the distribution and development of the 

eroded fine grains under Condition 2. It is shown that the 
distribution of eroded fine grains is sharply decreased in 
the water film, but with the disappearing of water film, 
the velocity of pore water increases first and then de-
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creases, so the eroded fine grains increase first at the 
position once being water film, and then the distribution 
of eroded fine grains becomes smooth. 

Figure 8 gives the development of pore pressure under 
Condition 2. It is shown that the development of pore 
pressure increases fast once the chocked position forms. 
Nevertheless, with the dredging, the water film disap-
pears gradually and the pore pressure decreases gradu-
ally. 

At the first stage, the water film forms similar to that 
under Condition 1. Nevertheless, once the pore pressure 
is over the critical value, water can flow through the 
choked position again. The grains above the choked po-
sition catch up the grains beneath the choked position. 
The pore pressure becomes smoothly gradually and the 
water film disappears. 
 
5. A Simplified Evaluation Method 
 
Although the numerical simulation may give more in-
formation about the evolution of the water film, a simpli-
fied method is needed. Florin et al. [8] pointed out that 
when the settling particles reach solid material, which is 
usually the non-liquefied underlying soil, or the con-
tainer base in an experiment, they accumulate to form a 
solidified zone which increases in thickness with time. A 
solidification front therefore moves upward until it 
reaches the surface or the overlying non-liquefied mate-
rial. Zhang et al. [5] and Scott et al. [9] had analyzed the 
development of the solidification. Here we present a 
simplified analytical method of the water film in satu-
rated sand with initial non-uniform grade series. 

Assuming that the whole mass reaches its terminal 
velocity, k, which is the permeability, instantaneously at 
the end of liquefaction, Florin gave an expression for the 
constant velocity, z , of the solidification front: 
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in which  is the buoyant unit weight of the 

liquefied soil，  is the porosity of the liquefied soil，

 is the porosity of the solidified soil. 
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From Equation (16), we can obtain the duration of liq-
uefaction and subsequent excess pore pressure decline 
for any point in the soil column. 
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h  is the height of any point in the soil column. 
The final settlement of the top surface of the sand 

layer is 
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This occurs at time given by Equation (17), so the rate 
of settlement is  
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The settlement at any time is 
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The settlement velocity  of the elements above the 

water film is determined by the combined permeability 
 of the middle layer and the upper layer [10]: 

ev

esk




 m

ii

m

i

es

kL

L

k

1

1              (21) 

The upward seepage flow has the same velocity: 

eesikv                      (22) 

ei  is the average hydraulic gradient. 

In fact, the particles and solidified soil are compressi-
ble, the skeleton may consolidate by the geostatic stress 
after the solidification. If the permeability is small, the 
excess pore pressure does not disperse immediately with 
the increase of solidification zone. The deform of the 
skeleton of the sand by the geostatic stress in the solidi-
fication zone may be expressed as [5] 
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in which the compressible modulus  is assumed as a 

constant. The percolation is assumed to obey the Darcy 
lay. The total deformation is： 
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Instituting Equations (16) and (23) into (24), it yields 
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The settling velocity of the surface is 
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The increase velocity of the thickness of solidification 
is 

Copyright © 2010 SciRes.                                                                       ENGINEERING 



X. B. LU  ET  AL. 
 

Copyright © 2010 SciRes.                                                                       ENGINEERING 

83

0 50 100 150 200 250

0.0

0.3

0.6

0.9

1.2

1 results of this paper 
2 Kokusho's results

2

1

W
at

er
 fi

lm
 th

ic
kn

e
ss

(c
m

)

Time (s)  























z
m

g

n

n

n

nnk

t

z

sw

'

0

1

1

10
'

1

1

1





      (27) 

The time for the solidification front to arrive at any 
location is 
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The side friction, if influential in the situation, may be 
expressed as  

zs K  0                 (29) 

This effect should be considered in the pore-pressure- 
gradient. Figure 9. The comparison of our results with the experi-

mental of Kokusho [10]. The effect of the changes of porosity on the perme-
ability is considered here using a linear relation: 

7. Conclusions   nnkk  00 1              (30)  
Numerical simulations under four conditions have shown 
that the stable water films occur only in the conditions 
that: (1) the porosity of the upper part of the sand column 
is smaller than that of the lower, and (2) the keeping of 
the jamming state or the effective stress to prevent the 
free dropping of the grain or the skin friction in Koku-
sho’s experiments is needed. A simplified method for 
evaluating the thickness of water film is presented and 
the computed results are close to the experimental re-
sults. 

in which  is the initial porosity, 0k   is a parameter, 

 is the initial porosity,  is the permeability when 

the porosity is . 
0n k

n
Thus, by considering Equations (29) and (30) in the 

pore pressure gradient and the consolidation of the so-
lidification zone, we can compute the course that the 
water film increases and closes. 
 
6. Comparison with the Experimental Results 
 Although some main characteristics of the formation 

of water film are obtained based on the presented model, 
some improvements such as the erosion relation Equa-
tion (1) and the permeability function Equation (9) are 
needed in order to make the model more practical. The  
analyze on the evolution of the sand column in two and 
three dimensions will be processed in the future. 

The results are compared with the experimental data of 
Kokusho [10] (Figure 5). In Kokusho’s experiment, a 
saturated loose sand layer of 200cm depth sandwiches a 
seam of nonplastic silt in the middle (96 cm from the 
bottom). The initial void ratios of the upper, the middle 
and the lower sand layers are 0.924, 1.5 and 0.831, re-
spectively; and the initial permeability coefficients are 
0.04 cm/s, 0.00018 cm/s and 0.04 cm/s, respectively. The 
silt seam is about 4mm thick. The saturated sand is in a 
tube with an inner diameter of 13 cm and a height of 
211.5 cm. The one-dimensional sand layer is instantane-
ously liquefied under a loading caused by a steel hammer. 
In the computation for comparison, we adopted the data in 
Kokusho [10] (Table 1). In Figure 9, we can see that the 
two results are agreement with each other in some extent. 
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Table 1. The data of the parameters. 

sand Thickness (cm) Relative density (%) Permeability coefficient (cm/s) Initial pore ratio The max. strain (%)

The upper layer of sand 103.6 14 0.04 0.924(0.48) 2.4 

seam 0.4  1.8E-4 1.5(0.6) 2.4 

The lower layer of sand 96 39 0.04 0.831(0.454) 0.95 
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