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Abstract

Water film can serve as a sliding surface and cause landslides on gentle slopes. The development of
“water film” in saturated sand is analyzed numerically and theoretically based on a quasi-three-phase
model. It is shown that stable water films initiate and grow if the choking state (where the fluid velocity
decreases to near zero) remains steady in a liquefied sand column. Discontinuity can occur in pore water
velocity, grain velocity and pore pressure after the initiation of a water film. However, the discontinuity
and water film can disappear once the choking state is changed. The key to the formation of water film is
the choking in the sand column caused by eroded fine grains.
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1 Introduction

The concept of “water film” in sand containing an impermeable layer was first suggested by Seed (1987)
in his attempt to explain slope failures observed in earthquakes. This “water film” can serve as a sliding
surface for post-liquefaction failure. This sliding surface can arouse landslides and debris flows on gentle
slopes. The water film in saturated sand is a water gap due to non-uniform permeability of the sediment
where the pore water is trapped by relatively low permeable layers. Sand grains do not support one
another. They suspend under the condition of zero effective stresses (Scott, 1986), and eventually settle
down because they have a higher density than water. The rate of settlement is restricted by the fact that
water must flow upward around the sand grains (Bose and Dey, 2009). If liquefiable sand deposits are
overlain by less permeable soils in a stratified deposit, the overlaying deposit can restrict the pore water
from passing through. If there is no downward drainage through the deposit, this relative flow between
the upward water flow and the settlement of grains at the interface, by continuity, must be equal to the
velocity of settlement at the upper liquefied sand surface (Fiegel and Kutter, 1994). Thus, an
accumulation of water in the form of a water gap forms at the interface. Feigel and Kutter (1994) and
Malvick et al. (2008) performed centrifuge shake table tests to demonstrate the formation of water films
in stratified sand. More recently, Kokusho (1999) performed shake table tests using sand samples
containing a seam of non-plastic silt. Kokusho showed that water films formed beneath the silt layer. In
this case, the column was subjected to horizontal dynamic loadings to simulate earthquakes. Experimental
observations on the formation of water films in vertical columns of saturated sand contained in circular
cylinders have also been reported by Zhang et al. (1999) and Peng et al. (2001). In both cases, care was
taken in preparing the sample by feeding wetted uniform sand continuously into a column of water to
avoid intentional stratification. However, small heterogeneity still existed due to nonuniform settlement
velocity.

These researches revealed that liquefaction is a necessary condition for water film initiation and growth.
In Zhang’s experiment (1999), a sand column in a circular cylinder was subjected to a vertical impact. It
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was found that small heterogeneity of saturated sand may be aggravated during the settlement of sand
after liquefaction. The water films occurred at the place where fine grains accumulated ( Fig. 1).
In the centrifuge experiments of Malvick et al. (2008), a stratified slope was born shaking. A thin layer

of silt with a permeability of 3x10*m/s was embedded in the slope. The rest of the slope consisted of

Nevada sand with a permeability of 5x10°m/s . It was shown that the maximum increases of pore
pressure and displacement occurred immediately under the silt clay (Fig. 2) after shaking. This indicates
that the water film forming under the silt clay is caused by the net inflow of water in this zone due to the
high pore pressure. The low permeability layer of silt clay plays an important role in the formation of
water film.

In addition, Zheng et al. (2001), Lu et al. (2006) showed analytically that the water film had to be just
beneath the fine sand layer. Malvick et al. (2006) discussed the development of water films using the
concept of localization.

30 L e
Fig.1 Transverse water films in a sand column (Zhang et al., 1999)

400 s after shaking

g Sl e e E d e - B
Fig.2 Displacement and formation a water film after shaking (Malvick et al., 2006)

——

The formation mechanism of water films in stratified sand, especially in sand with porosity distributed
continuously, is a process that has not been researched extensively. This paper reports the further analysis
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of the formation mechanisms of water films on the basis of the above mentioned works.

In this paper, a quasi-three-phase model is presented to describe the movement of liquefied sand.
Although a full description is not available, a simple empirical model will be devised to explain
qualitatively the main features observed experimentally. Then, theoretical analyses and numerical
simulations will be used to understand the mechanism of water films.

2 Formulation of the problem

Figure 3 shows a horizontal sand stratum, which is water saturated with porosity and other parameters
changing only vertically. The x axis is upward (Fig. 3).

A set of simplified quasi-three-phase flow equations is presented in the following, under the
assumptions that (1) the flow is one dimensional; (2) the inertia effect may be neglected; (3) only the
simplest form of interaction between water and grains is considered and; (4) the whole sand column is
liquefied at the beginning. A broad grain size distribution means that some of the fine grains may be
washed away to become part of the percolating fluid or re-deposited later somewhere down stream
(Alekseevskiy et al., 2008). This may turn an initially homogeneous sand column into an inhomogeneous
sand column. The heterogeneity can aggravate with time and flow rate. The eroded grain mass is assumed
to proportional to the relative velocity between water and grains but limited by the mass of fine grains in
pores. Hence, the problem lies in properly describing the transport of these fine grains and its effect on
permeability.

2.1 Erosion relation

In experiments the water films formed only when the grain size distribution was broad and contained
fine grains. These experiments suggest that the fine grains should be flushed away by the percolating
water. This results in the change of initial porosity and the turbidity of percolating water. Changes in
initial porosity and turbidity both alter the permeability.

Fine grain mass transferred to water is assumed to be proportional to the relative velocity between
grains and water, but inversely proportional to the fine grain mass in the percolating fluid. There is a limit
to the amount of fine grains that can be transported (Fazli et al., 2008; Wang et al., 2008; Ghodsian and
Vaghefi, 2009; Yu et al., 2009). Thus, the erosion relation is (Cheng et al., 2000):

(o0, , 00 Lfu-u, 3 0 2 o)

ps(ﬁt T 6x]7T( ’ q] i E(x’o)gpss P, M
L[@_Q +u, 8—Q] <0 otherwise )
p, ot ox

in which the first term - on the right side of the first equation shows how the fine grains are

*

u
transferred to water, the second term —g describing deposition places a limit on the amount of fine grains
that can be carried in the percolating fluid, ¢ 1is the ratio of the volume of fine grains to porosity, Q is
the fine grain mass eroded per unit volume of the sand/water mixture, p, is the density of the grains, u
is the velocity of percolating fluid containing fine sand grains, u, is the velocity of sand grains, 7 and

*

u" are the characteristic time and velocity in this problem, respectively, &(x,z) is the porosity, Q,(x) is
the maximum of @ that can be eroded at x.

2.2 Conservation equations
Considering the erosion of fine grains, the pore is filled by two parts: one is the fine sand eroded from
the skeleton ¢, and the second is pure water &-¢q . Assuming that fine grains flow with the pore water,

the mass conservation equations can be described by (Cheng et al., 2000)
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in which p is the density of water, G is the erosion-rate, e.g., the mass of fine grains eroded from the
skeleton in unit time.
Combining Egs. (3)—(5) yields
a+ (1=, =U() (6)

in which U(¢) is the flow rate of water per unit cross sectional area of the sand column.

Flow direction of fluid
v —
containing fine sand

PO IOp
Percolating T

fluid _C)’z O N
O
(o Dx

Skeleton

The move direction of gains

Fig. 3 Sketch of the model (A sand column with parameters only vertically changeable is
considered. The fine grains eroded from the skeleton move upwards with pore water
flow while the coarse grains settle downwards. )

Considering the momentum transferred by the fine sand eroded from the skeleton, the momentum
conservation equations are adopted as:

ou Ou _ a_P_M—
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in which Eq. (7) is for percolating fluid and Eq. (8) for the total momentum. The last term on the right
side of Eq. (8) is the momentum of eroded fine grains. In Egs. (7) and (8), p is the pore pressure, & is

the physical permeability (k=K/p,g, p, is the density of the water, K is the Darcy’s permeability,

®)

and g isthe gravity acceleration), and o, is the effective stress.
Obviously, & increases positively with increasing ¢ and decreasing ¢ . For simplicity without loss
of generality, k& is assumed to be proportional to ¢ and inversely proportional to ¢ (Lu et al., 2006):
K(z,q)=kof(g,6) = ko(-aq + Bs) 9
in which «, # are parameters and 1< <<« . Since we think the choking state is mainly caused by the
eroded fine grains, « is chosen to be much greater than £, in order to guarantee changes in ¢ have a

greater influence than that of ¢ .
In experiments, the water film sometimes forms and expands or even disappears. This may be caused by
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the formation or disappearance of choked states in the sand layer. Thus, two assumptions are adopted in
the following: (1) once the choking occurs, i.e., the permeability & drops to zero at any place, the
choking state remains unchanged; and (2) The choking state may disappear once the gradient of pore

pressure is over a critical value p,, .

2.3 Discontinuity relations and the conditions for formation of water films

The expansion of water films depends on the discontinuity. Assuming the velocity of discontinuity isw,
and using transformation of coordinate ¢& = x—wr, which is often adopted in the analysis of discontinuity,

e.g. shock wave (Lu et al., 2006), Egs. (4)~(8) become
dig(g_q) (u-w)=0

j—éﬁq(u—w)z G
dié‘(l_g) (u, -w)=-G

d
dé
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where H is the interaction assumed to be proportional to the velocity difference between pore water and

grains and H =n*(u—u,)/k (Luetal,2004), o, is the effective stress.
Then, five discontinuity relations may be obtained by integrating Eq. (10) along the discontinuity:

(11)

in which p, =p+ 9 (p, - p), assuming that g/e¢ and p, are constant at the discontinuity. In the water

&

film (&=1), the water velocity is u,, the pore pressure is p,. Outside the water film (&=1), the

parameters are the porosity, the water velocity, pore pressure, grain velocity and effective stress
eu,pug,o,. Let u—u=U, w—u =W, with W being the velocity of discontinuity relative to the

water film.
Then derive the following relations

u,=woru,—u;, =W
sU+(1—gW =0

wp=p-p=gplu-wp-w

1_
Ap—0, =—p WU =—=p, 0
&
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(12)

It is clear that W and U will both vanish when o, is zero, meaning that there is no water film in this
case. The persistence or expansion of water films requires either nonzero effective stress or other
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conditions such as choking in sand.

3 Initiation of water films

Based on the model above, water film develops in a liquefied sand column (the effective stress and the
shear stress are both zero), where coarse grains settle downwards and water with fine grains eroding from
the skeleton move upwards.

Consider the fixed boundary, i.e., » and u, are both zero at x =0, then the total mass flow rate from
Eq. (6) is:

ar+(1-&)u, =U(t)=0 (13)

Using Egs. (1), (2), (9) and (10), Egs. (4), (5), (7) and (8) are reduced to
O¢ [ Oue 1. wu
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It is observed in experiments that water film formation is so slow that the inertia effect can be neglected,
thus Eq. (14) can be further simplified under the condition of erosion/re-deposition. It is reasonable to
take T as the appropriate characteristic time. And let u, denote the characteristic velocity and let L

denote the characteristic length of the problem, then Eq. (14) can be written in a non-dimensional form in
terms of

- u t X
=— r=—,=2 15
! u, ’ T d L (15)
The first two equations in Eq. (14) become
de Tu, Osu - u,
Ze =u —q
or L o¢ u*(l-¢) (16)
@+ Tu, dqu -y q

or L 0 ur(-g)
For Tg/u, >>1, i.e., the gravity effect dominates and the inertia terms are negligible, the last equation of
Eq. (14) becomes

C (1-gV kop.g(l—p/ 1-¢)
u=(—£j (E—q)f(q,&‘)MZ[_gj (e-q9)f(q,¢) (17)
£ U, €
when u, is
u, =koyp,g(1-p/ py) (18)

Thus, up to a factor near unit, u,/(1-¢) is the settlement velocity of grains in a uniform sand column
with constant permeability coefficient k,. The problem now reduces to finding &(£,7) and ¢(&,7) asa
solution to Eq. (16). The initial conditions are:

&(,0)=¢6,(£),q(£,0)=0 (19)

In order to avoid complication due to consolidation wave (Scotter, 1986) from the bottom of the sand

column, the sand column is assumed long enough for water film development before the wave arrives.
Then rewrite Eq. (16) as:

de  Oue - u,

—+ =u—-———q¢q

or 0¢ u*(l-¢) (20)
6_q+ duq _- u, g

M
or Og¢ u*(l-¢)
which can be shown to be hyperbolic with the characteristic equations as
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The C™ characteristic —é, =u+ 86—u +q ou
dr oe 8q (1)
The C* characteristic _g“ u
dr
Along the C" and C" characteristics, & and g satisfy
de 0q d O A -
e L )
T ou T ou £ 22)
Os 65
de ¢&dgq
& 49 _q-£ u
dr qdr ( )( )
Then the solution is completely determined when the values of ¢ and ¢ are prescribed at 1=0 for

—00<<00.

As %or the initiation conditions of water films, consider first the magnitude of the parameter «,7/L . In
this equation, 7 is time for settlement, u, is the settlement velocity of sand grains and L is the
interval between two water films. In the experiments of Zhang et al. (1999) and Peng et al. (2001),
T~20s and u,=10"~10"m/s , while L is 0.06m. Hence u7/L ranges between 0.03~0.003.
Therefore, when the initial non-uniformity of the sand column is small (6 <<1), the second term in Eq.

(20) can be neglected until the non-uniformity becomes sufficiently large and concentrated at certain
locations. Consequently, for a limited period of time Eq. (20) can be further simplified to

0e - u,

Zou— g

ot u*(l-¢) 23)
oq - u;

or "ur(-g)
which shows that ¢ and ¢ are periodic in ¢ when &(7) is also periodic. Taking into account
quadrature, Eq. (17) yields
e=5)(c)+q (24)
q
i e T—ald)-q “
0t 0¥ > 50(§)(0‘q+a50(§)_,5Q)_
U, ["30 ]

This indicates that water films are likely to develop when ¢ reaches the largest value in the shortest
time. In particular, it shows that water films would develop at equal intervals of x if the initial porosity
distribution is periodic in x . However, this solution is not sufficiently accurate in describing how water
film expands because the non-linear terms in Eq. (20) will be no longer negligible.

In the above discussions a number of constants are involved, say, «, # and 4, are in dimensionless
form. In the following, the constraints will be put on these constants to ensure the development of water
films. Consider the case where the initial porosity at distances far greater than 7u, from ¢=0 is
constant, then

(25)

glg)—>er as ¢ and glc)—>s as ¢——o
Water film may develop when the two parts of the sand column separate and this depends on the grain
velocity u, at large |g| as 7. According to Eq. (25), r—>o requires the denominator in the

integrand to be zero. This allows solving for porosity & and &~ at ¢—+wo from the following
equations as 7 approaches infinity

.
2|14 2275 (aet + pet - pet)| -t =0 (26)
f
The corresponding grain velocity is
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it =) (-2 o)t @

This places a constraint on «, B, A1 at given g and & . As an example, taking &, =0.408,
£5=0392 , a=1, pB=56 and A=14 , it yields u-u; =3.56x10" as r—>w with
uly —uy=32x10" as 0.

It follows that under the present condition one or several water films will eventually develop near
¢=0.

4 Numerical results and discussions
This section will solve Eq. (17) by using the finite differential method under two types of initial
conditions.

Parameters adopted in simulation are: B=47~56, p, =2400kg/m*, p,=1000kg/m> , u"=0.04 ,
ko =4x10°%m/s, a=1, k=50.0, a=0.08, time step Ar=9x107*, step length Ax=0.01, critical pore
pressure P, =0.25MPa, N=L/Ax, L is the length of the sand column.

(1) Condition 1: The initial porosity changes continuously. Assume that once a place is choked, the state
remains unchanged.

Figure 4 shows that when a place is choked, the porosity below the place increases gradually up to 1.0. A
water film is believed to occur there and then expand.

Figure 5 shows the variation of pore water velocity, which increases first because of the high hydraulic
gradient and then decreases to zero following the decrease of porosity and permeability. Outside the water
film, the velocity changes little, suggesting that there should be discontinuities at the boundaries of water
film.

Figure 6 shows the variation of the fine grains eroded from the skeleton. The fine fraction depends on
the velocity difference between pore water and grains according to Egs. (1) and (2). Thus, the value of the
fine fraction is small in the water film and places some distance away from the water film, but the value is
big near the water film.

Figure 7 shows the distribution of pore pressure. It can be seen that the pore pressure is discontinuous.
The peak value occurs at the choked place and causes the upward percolation of pore water. Below the
choked place the pore pressure increases suddenly due to the blockage of pore water flow.

Specifically, when the sand column is choked, the velocity of pore water decreases to near zero and a
high hydraulic gradient forms at this place due to the very small porosity. Thus the pore water velocity,
grain velocity and mass of eroded fine grains tend to be discontinuous. Beneath the choked place, there is
a net inflow of pore water because it is difficult for the upward flow to pass through the place, so grains
there must move downwards according to Eq. (6). Grains at the above part also move downwards and fill
up at the choked place. Then, a water film eventually forms. The pore water beneath the choked place
flows upwards while the grains settle down. As this occurs, the water film becomes wider and wider at a
expansion rate equal to that of the discontinuity D= [(1—‘»:*%+ —(1—5’}451/[(1 —g*)— (l—g’)]: u, , where

+

ul,e",u; and & denote the grain velocity and porosity at the two sides of discontinuity,u; =0,¢* =1,

u;and & can be determined by Eq. (20). It can be seen that the expansion rate is the same as the

settlement velocity of grains which changes with other parameters of the sand column.

(2) Condition 2: The porosity distribution is the same as that in condition (1), but the choking state may
disappear.

Figure 8 shows that when a place is choked, the porosity there increases gradually until a water film
develops. However, when the pore pressure is over a critical value, the choking disappears. The pore
pressure, pore water velocity and grain velocity become smooth from the discontinuous state. At last, the
water film disappears.

Figure 9 shows the velocity of pore water. The velocity tends to be discontinuous after a water film
develops and then becomes smooth when the choked place is dredged.
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Figure 10 gives the distribution and variation of the eroded fine grains. The fine fraction decreases
sharply in the water film and increases as the water film disappears due to the variation of pore water
velocity. After the water film disappears, the value of the fine fraction levels.

0.70 -

0.65 -

0.60 -

0555

0.50 ~

045 4

0.40

0.33

Fig. 8 Development of porosity under assumption 2
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Figure 11 gives the pore pressure, which increases quickly when choked place occurs and decreases with
the disappearance of the water film.
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under assumption 2

The water film forms in a similar way in both conditions. But when the pore pressure exceeds a critical
value, water can pass through the choked place, the grains above the choked place can settle down again
and the pore pressure becomes smooth gradually. Then, the water film disappears.

5 Comparison with the experimental results

The numerical results are compared with the experimental data of Kokusho et al. (2002) (Fig.12). In
Kokusho’s experiment, a saturated loose sand layer of 200 cm depth sandwiches a seam of non-plastic silt
in the middle (96 cm above the bottom). The initial void ratios at the upper, the middle and the lower
layers are 0.924, 1.5 and 0.831, respectively, with corresponding permeability of 0.04 cm/s, 0.00018 cm/s
and 0.04 cm/s. The thickness of silt seam is about 4 mm. The saturated sand is in a tube of 13 cm inner
diameter and 211.5 cm height. The one-dimensional sand layer is instantaneously liquefied by a loading
with a steel hammer. The data are adopted in the simulation (Table 1). Figure 12 shows that the two
results agree well, under the assumption that the water film begins when the porosity is 10% higher than
the initial porosity.

6 Conclusions

Theoretical and numerical analysis have been catried out to investigate the development of water film in
saturated sand. The main conclusions can be drawn as follows:

Stable water film may exist in a sand column only if it is liquefied and choked by the eroded fine grains.
The non-uniform grain size distribution along the depth of the sand column is an essential precondition
for the development of water films. The transport of sand composed of fine grains by percolation tends to
aggravate this non-uniformity. Liquefaction is necessary for water films.

9 4 2
1 Numerical results

4 1 m_ 2 Kokusho’s results

Water film thickness (mm)
(=2}

0 50 100 150 200 250
t(s)
Development of water film thickness
Fig. 12 The comparison of our results with that of Kokusho et al. (2002)
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Table 1 Parameters in Kobusho et al. (2002)

Sand Thickness Relative density Permeability Initial Maximum of strain
(cm) (%) (cm/s) porosity (%)
Upper layer sand 103.6 14 0.04 0.48 2.4
Sandwich sand 0.4 1.8E-4 0.6 24
Lower layer sand 96 39 0.04 0.454 0.95

The evolution of the pore water velocity, grain velocity and the amount of fine grains eroded from the
skeleton were analyzed. A water film appeared when fine grains eroded from the skeleton and
re-deposited downstream in the sand column to cause choking. The coarse grains from above were
stopped while they move downwards beneath the choked place. In this way, water films developed. The
water film tended to be wider and wider if the choked state was unchanged. Otherwise, the water film
disappeared when the pore pressure gradient exceeded a critical value that caused the sand column from
choked state to smooth state.
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