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Abstract A mathematical model for the rain infiltration in the rock-soil slop has been
established and solved by using the finite element method. The unsteady water infiltrating
process has been simulated to get water content both in the homogeneous and
heterogeneous media. The simulated results show that the rock blocks in the rock-soil
slop can cause the wetting front moving fast. If the rain intensity is increased, the
saturated region will be formed quickly while other conditions are the same. If the rain
intensity keeps a constant, it is possible to accelerate the generation of the saturated
region by properly increasing the vertical filtration rate of the rock-soil slop. However, if
the vertical filtration rate is so far greater than the rain intensity, it will be difficult to form
the saturated region in the rock-soil slop. The numerical method was verified by
comparing the calculation results with the field test data.
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1 Introduction

The effect of water on landslide stability has been paid much attention to for a long
time. Water in landslide primarily comes from rainfall infiltration, ground water and
other sources. Among them, the rainfall, which is a kind of uncontrollable external con-
dition, is of significance for landslide failures. The landslide accidents induced by rain-
fall are possessed of a large proportion. Especially, the group landslides caused by rain-
fall commonly result in very serious hazard. However, since the effect of the rainfall
infiltration on the slope stability is complex, it is necessary to study the mechanics of the
rainfall infiltration.

The effect of rainfall on the stability of slopes is primarily reflected on the changes of
pore pressure field, stress field, medium strength, and the dead weight of slope body
caused by rainfall infiltration. Most of researches in the past focused on two aspects.

Copyright by Science in China Press 2005



34 Science in China Ser. E Engineering and Materials Science 2005 Vol.48 Supp. 33—46

One is the macroscopic statistical analysis. It is mainly to determine the relationships
between the landslide failure and the rainfall factors by analyzing a large amount of
measured datal' . The effect factors include the rainfall intensity, precipitation, fre-
quency and so on. The other is the effect of pore pressure change caused by rainfall in-
filtration on the instability of landslides® . The investigation objects were mainly fo-
cused on both soil slopes and rock slopes. Relatively, it is scarce to investigate the me-
ticulous process and mechanism of rainfall infiltration. Especially, there are fewer re-
searches on the process of rainfall infiltration in the rock-soil slopes.

Rainfall infiltration is a typical unsaturated filtration process, which was extensively
investigated by hydrologists and soil physicists in the last century. No matter in saturated
or unsaturated zone, the water flow is obeyed the mass conservation law. The experi-
ments demonstrated that Darcy's Law is appropriately tenable in unsaturated zone.
Richards"” first introduced the Darcy’s Law to the unsaturated filtration in soil and de-
rived the well-known Richards Equation. Horton!""! did more deliberate researches on
the infiltration process in surface soil and obtained the law of the infiltration rate. He
pointed out that there exists a maximum infiltration rate curve for any given soils. For
heavy rain, the practical process of infiltration is in compliance with this maximum in-
filtration rate curve, which was called the “infiltration capacity curve of soil”. During the
process of infiltration, the infiltration capacity reduces gradually and finally reaches a
constant value. This process depends on the initial porosity, water content and the fea-
ture of soil. Many laboratory tests demonstrated that the infiltration rate decreases faster
for the clay soil with minute pores than that of the sandy soil with coarse pores, but the
final constant value of the former is lower. When the rainfall intensity exceeds the infil-
tration capacity of soil, the redundant rainwater becomes the overland flow on the sur-

12714 made the great progress on soil

face. The investigation by Rubin and other scholars!
infiltration. Their research indicated that when rainfall intensity, the initial water condi-
tion in soil and the unsaturated characteristic curve of soil are given, Horton’s!"
mum infiltration rate curve can be predicted theoretically and the final constant infiltra-

tion rate will be equal to the unsaturated hydraulic conductivity.

maxi-

The infiltration capacity of soil is an empirical concept in hydrology, but it has strict
definition in soil physics with the movement process of the unsaturated ground water.
Most of the researches focused on one-dimensional vertical infiltration in the past.
Bodman and Colman'"*! conducted the empirical analysis for the first time. Subsequently,
Philip"®"*! applied the analytic method to resolve the one-dimensional boundary value
problem, and discovered the basic mechanism of this issue, which settled the foundation

24-26]

for theoretical analysis. Freeze! reviewed the early investigations on soil infiltration

and concluded that the one-dimensional infiltration problem in the saturated-unsaturated
system is controlled by the equation 0/0z[k(@)(O@/0z+1)]=C(¢p)0@/0t, where

@ =h—z 1is the pressure head; k(p) and C(¢) are the unsaturated functions of hy-

draulic conductivity and water content, respectively. In the saturated zone below the

Copyright by Science in China Press 2005



Numerical study on rainfall infiltration in rock-soil slop 35

level of ground water (or @ =¢,, where ¢, is the pressure head for the air enters the
soil), k(p)is a constant k, and C(¢)=0 (ko is the hydraulic conductivity of the

saturated zone). However, they claimed that the analytic method is unsuitable to deal
with the two-dimensional or three-dimensional issue. So the numerical simulation be-
comes an important method to study the complicated process of soil infiltration.

The investigations on 1-D infiltration in homogeneous isotropic soil have been de-
veloped perfectly in the last century. But the researches on homogeneous anisotropic soil
and heterogeneous media are rather limited. The research on the water flow in homoge-
neous anisotropic soil began in the 1950s, and the research methods are primarily the
coordinate conversion methods. Among them, the achievements made by Maasland,
Bear, Dagan and Liakopoulos are the most representative. Bear””! made a relative com-
prehensive discussion. However, till now, the research on the anisotropic system is still
rare, especially for the rock-soil media containing a large amount of rock blocks. The
key problem of this issue is the mechanism of the unsteady infiltration in complex po-
rous media. The description of the homogeneous porous media, such as soil or rock, is
relatively easy and successfully developed. However, the description of the heterogene-
ous porous media such as the rock-soil slop is relatively difficult, so that there is no rela-
tively suitable theoretical achievement. Most slopes in the Three Gorges Reservoir re-
gion are ancient landslide congeries consist of rock-soil masses. To discuss the mecha-
nism of rainfall effecting on the landslide stability, it is necessary to carefully study the
infiltration mechanism in the special heterogeneous media. In recent years, much atten-
tion was paid on this issue. Zhang et al.*®, for example, made some field test on the
rainfall infiltration in these kinds of slopes and collected a large number of test data.
However, in general, since the rainfall infiltration process in the rock-soil slopes is ex-
tremely complex, most of the present results cannot be applied to this issue and more
comprehensive analysis and research are needed.

Based on this background of rock-soil slopes in the Three Gorges Reservoir region, a
mathematical model for rainfall infiltration in the rock-soil slopes is established by sim-
plifying the rock blocks as impervious mass in this paper. The finite element numerical
method was used to solve the problem. The mechanism of rainfall infiltration in the
rock-soil slop was analyzed in detail by considering the changes of infiltration strength
and vertical infiltration rate of soil. The researches results are the fundamental base for
analyzing the effect of rainfall on the slope stability and the mechanism of landslide
failures caused by rainfall.

2 Mathematical model
2.1 Governing equations

One of the key problems for investigating rainfall infiltration in the rock-soil slop is
how to reasonably describe the heterogeneity of porous media. The existence of a large
amount of rock blocks in soil makes the infiltration rate used in the homogeneous media
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useless. The method of equivalent media is one of the adopted methods for the hetero-
geneous media in the past. That is to say, the infiltration theory obtained in the homoge-
neous media is still used in the heterogeneous media by considering the concept of an
equivalent average infiltration rate. But the equivalent average infiltration rate is affected
greatly by the characteristic of media such
as the greatly varied of rock blocks. There-
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] ] study the infiltration feature in this kind of
L] f heterogeneous media, we consider the rock

L] [] blocks as the impervious blocks. Further
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while the soil is still treated as homogene-

et I ! x ous media. This approximate method is
useful to resolve the infiltration process in
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H

[
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Fig. 1. Schematic of physical model. the rock-soil media. The research region is
selected as a rectangular section with some
section with some rock blocks randomly distributed in the whole area (Fig. 1).

Based on Richards’s theory'”), at the beginning of rainfall stage, the infiltration ca-

pacity on the surface of the rock-soil slop is relatively large and the vertical infiltration
rate is equal to the rainfall intensity. Then, the boundary condition on the surface can be
described as the second type boundary condition. With the evolution of the infiltration,
the pores in soil are gradually filled up by water. The water content, pressure head and
hydraulic head increase as well, but the downward hydraulic gradient reduces and the
infiltration capacity on surface of the rock-soil slop reduces subsequently. When the
surface infiltration rate is less than rainfall intensity, rainwater will accumulate on the
surface resulting in surface runoff. At this time, the water content in the surface of the
rock-soil slop reaches saturation, and the boundary condition of ground surface can be
described with second type boundary condition. Therefore, the basic mathematic model
of this issue can be described as the following Richards equation™'®:

(5 20,2 p (620 k) _20
8x(Dx(9)6xj+8z(Dz(9)ﬁzj oz ot’ M

where @ is the water content; 6, is the saturated water content, D,(6) and D,(6) are the
diffusion coefficients of unsaturated soil in the horizontal and vertical directions, respec-
tively, and k,(6)is the permeability coefficient of unsaturated soil.

For this study, the right, left and bottom edges of the calculation field are imperious,
and the initial water content is 0. The following boundary and initial conditions can be
derived:
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where L is the model length, H is the model thickness, R is the rainfall intensity, #, is the
time that the surface layer reaches saturation.

2.2 Finite element method

Finite element method (FEM) is used to solve the above infiltration equations. FEM
was first introduced by Javandel and Witherspoon'®” into their research and was widely
used to study ground water. Based on the Galerkin method, the linear interpolating func-
tion ¢; is selected as the weighting function. Let the integral in the weighting margin in
the unit region equal 0, that is

e[ 0 99,9 00| _0k.(0) 004 ds—0 i=
£Igoi (ax(px(e)ax}&[pz(e)azj tdedz 0, i=1,2,3, (7)

where ¢; is the unit linear interpolating function: ¢¢ =a, + bx +c,z, (i=1,2,3).

op; op; 1 1 1
——=b, —=c¢;, a,=—Ix;z, —x,2;), bj=—(z,—-2,), ¢;=—(x, —x;),
Ox i oz i 2A(/k kj) 2A(j k) 2A(k j)
®)
where A is the area of the triangle element:
. 1 1 1
A:Exi X; Xl )
% Z; z

Let 0°=0/¢p +0]¢; + ¢, (where 67, 07, ¢ are the water content at the three

nodes of the element, respectively), then

00 _or 0p; N
ox

og° ¢
e 00 4 g0 9% (10)
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Using Green’s formula and assuming the change rates of D,, D, and £, in the triangular
finite element as constants respectively, the finite element equation of the issue can be
obtained as:

” [GD a0, D, ae}dxdz H (p, age+D o o0 e
ox 6x az 5 3 .

[k - R0} £ -2 = [Jorae-

698 € ¢ ag e e 66’8 e e

{a—; {Iw,- prdvdz + <2 {fgoi ¢72dXdZ+a—t3_£I(pi (p3dxdz} -0, (12)

L . . . .
where Jq)f ds = EX L is the distance between every two nodes in the triangle element.

A ' ) aeie Hie,n+1 _ Hie,n
g(l = J)a ot = At )
Jlotjaa=15, (13)
—({@#)).
12( )

Let PDX=0D,/0x, PDZ=0D,/0Z, K77 =0k, /0z, KDZ=k,(6)/D,(6),
NDZ =1/D,(6), the eq. (7) can be rewrite as:

[ PDX (6,8, +0,b, +0,by) + PDZ (6,c, +byc, + 65y )| % A

[D(6):b; (6,5 + 0,0, +03b3) + D7 () ¢; - (B¢ + Oy, +633)] A+[k.(0) — R(1)] .é_
e a@le .y 6(926 e e 6036 e e ~

KZZ £j(p,- drdz - —- ywi pfdxdz +—2 :[J-(pi piddz + —> ggoi pidxdz |=0.  (14)

3 Simulation and analysis

For comparison, the rainfall infiltration processes in both the homogeneous and het-
erogeneous media were simulated numerically. The non-structure triangular meshes for
both of them were generated by using the automatic generation method’>". They are
shown in Fig. 2.
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Fig. 2. Triangular non-structured meshes for the finite element method. (a) Meshes for homogenous soil; (b)
meshes for rock-soil.

3.1 Rainfall infiltration in homogeneous media

The rainfall infiltration in the homogeneous soil was numerically simulated firstly.
The fundamental parameters selected in the calculation are: a=c=10.25; b=d=3.6; e=
0.0379; f=3.487; R(1)=10"° ms™'; H=180 cm and L=200 cm. The simulation results of
water content distributions are shown in Fig. 3. Fig. 3(a)—(d) are the distributions of
water content at different times during the rainfall process. It can be seen that the process
of rainfall infiltration evaluated slowly from the top to the bottom. During the process of
rainfall infiltration, the water content near the surface layer increases gradually. Addi-
tionally, the contours of water content are nearly parallel to the surface. The greater the
infiltration rate is, the more apparent the trend is. If the length in x direction is infinite,
the contours of water content will be completely parallel to the surface of the model.
When the porous media is saturated, the water content at the saturated point will no
longer increase. Since the right and left edges of the calculation model are closed, their
water contents increase slowly than those of other point.

3.2 Rainfall infiltration in heterogeneous media

Selecting the same fundamental parameters and taking each rock block as an imper-
vious square, the process of rainfall infiltration in the rock-soil slop was also simulated.
The simulation results of water content distributions are shown in Fig. 4. Fig. 4(a)—(d)
are the water content distributions at different times during rainfall process. Similar to
the process of rainfall infiltration in the homogeneous media, the infiltration process in
the rock-soil is also a slow evaluating process from the top to the bottom. The water
content near the surface layer increases gradually and the contours of water content are
nearly parallel to the surface of the formation. In the early stage of rainfall infiltration
process, i.e. before the wetting front of infiltration rainwater reach the impervious
squares, the contours of water content share the similar trend with that of the homoge-
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Fig. 3. Simulation results of infiltration process in the homogeneous soil. (a) Water content distribution at 71=1 h;

(b) water content distribution at £2=10 h; (c) water content distribution at £3=63.1 h; (d) water content distribution at
t4=100 h.

neous media (Fig. 4(a)). With the increase of rainfall precipitation, the wetting front of
rainwater gradually reached to the impervious squares. At this time, the contours of wa-
ter content appeared the trend of inclining to the impervious squares, which likes that the
impervious blocks have the absorbing power (Fig. 4(b)). When the wetting front of
rainwater exceeds the entire impervious blocks, the contours of water content appear as
“warping”, which likes that the impervious blocks impede the evolution of rainwater
wetting front. In fact, the calculation results of water content contours show that the wet-
ting front of rainfall infiltration develops more rapidly (Fig. 4(c)). When the water con-
tent reached saturation, the water content at the saturated point no longer increases (Fig.
4(d)). Similarly, because the right and left edges of the calculation model are closed, the
water contents at these points are increased slowly.

3.3 Comparison and discussion

The simulated results of the water content distribution with X=100 cm at different
times are shown in Fig. 5. The symbols <, O, [0 and Ain Fig. 5 represent the simu-

Copyright by Science in China Press 2005



Numerical study on rainfall infiltration in rock-soil slop 41

40 o O 40F 0 O
O O B O O
20 20F
(c) : (d)
0 PO ST [ SN TR SO S NN S TN W SN N S S T 0 T T T TR T (NN ST ST N S N SR SN SO SHN [ S S S
0 50 100 150 200 0 50 100 150 200
Xem Xem

Fig. 4. Simulation results of rainfall infiltration process in the rock-soil slop. (a) Water content distribution at ¢1=
1 h; (b) water content distribution at £2=10 h; (c) water content distribution at £3=63.1 h; (d) water content distribu-
tion at £4=100 h.

lation results in the homogeneous media at times ¢#1=1 h, £2=10 h, £3=63.1 h and #4=100
h, respectively, while 4, @, B and Arepresent the simulation results in the hetero-
geneous media at times 71=1 h, £2=10 h, £3=63.1 h and #4=100 h, respectively.

The simulated results show that: (i) In the early stage of rainfall infiltration, the varia-
tion of water content curves in the whole calculated region is not obvious. From ¢1=1 h
to £2=10 h, the water content profile in the homogeneous media and the heterogeneous
media are nearly the same. Actually, before £2=10 h, the wetting front of infiltration does
not yet reach the impervious blocks, the infiltration velocities of both models are nearly
perfectly agreeable. (ii) The water content at the same depth increases with time, be-
cause the rainfall infiltration process is an unsteady one. (iii) When £2>10 h, Gock-soir™ Gsoils
the averaged infiltration coefficient of heterogeneous media is greater than that of the
homogeneous media. Additionally, the depth of wetted front in the heterogeneous media
is greater than that in the homogeneous media at the same period. (iv) In the later stage
of rainfall infiltration, the water content at a certain distance from the ground surface
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gradually reaches saturation, the water content curve becomes a strait line, i.e. the water
content does not change with depth. The saturated region in the heterogeneous media is
larger than that in the homogeneous media at the same time. This indicates that the av-
eraged infiltration velocity in the heterogeneous media is greater than that in the homo-
geneous media. This conclusion is of signification to understand the mechanism of infil-
tration in the rock-soil slop.

Zlem

]00.0 1 L 1 L
0 10 20 30 40 50

1%

Fig. 5. Comparison of infiltration profiles between in the homogeneous soil and in the rock-soil slop.
3.4 Factor analysis

Different rainfall intensities and vertical infiltration rates are selected to simulate
rainfall infiltration process in the heterogeneous rock-soil slop. The profiles of water
content at X=100 cm as £3=63.1 h are shown in Fig. 6. In Fig 6, Oand @ represent the
rainfall intensities R=10 °ms™' and R=10" ms™" respectively. Fig. 7 shows the profiles
of water content for different vertical infiltration rates, where Oand @ represent the
infiltration rates k=10""ms ™' and k=10 ms™" respectively.

It shows clearly that if other conditions are the same, the greater the rainfall intensity,
the larger the saturated region. Similarly, the greater the infiltration rate, the deeper the
wetted front.

3.5 Special simulation case

A special case in which the infiltration rate in the heterogeneous rock-soil slop is
much larger than the rainfall intensity has been simulated. In this case, no water accu-
mulation and surface runoff will be formed on the surface. The process of infiltration at
the extreme condition was simulated and analyzed. In the simulation, the only changed
condition is that the vertical infiltration rate k, changed from 10° ms™' to 10~ ms™'. Fig.
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Fig. 6. Vertical distributions of water content for different rainfall intensities at 7=63.1 h
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Fig. 7. Profile of water content for different infiltration rates at /=63.1 h.

8(a) is the simulated water content distribution in the rock-soil slop. Selecting X=100
cm, the profile of water content at £3 =63.1 h was plotted in Fig. 8(b). Curve 1 represents
the profile of water content with k.= 10~ ms™' and R = 10 ®ms™"; curve 2 is the profile
of water content with &.= 10~ ms 'and R=10"°ms™"; curve 3 is the profile of water con-
tent with k,= 107 ms ', R= 10 ms™".

From Fig. 8(a), it can be seen that there is no saturated zone formed near the ground
surface even till 4=63.1 h, just like the infiltration in the desert. Fig. 8(b) shows that the
water content does not exceed 20% all the time (curve 1) under this condition, but re-
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Fig. 8. Simulation results when vertical infiltration rate is more than rainfall intensity. (a) Water content distribu-
tion at #=63.1 h; (b) profiles of water content at =63.1 h.

mains a relatively low value. It suggests that if the vertical infiltration rate is far greater
than the rainfall intensity, the vertical infiltration rate dominates the whole process of
infiltration. There are two points of intersection in Fig. 8(b), which are A(0.175, 159.0)
and B(0.120, 110.3). Points A and B show that if the vertical infiltration rate is far
greater than the rainfall intensity, the water content is smaller than that of the lower ver-
tical infiltration rate case at the same depth within the range of distance from the surface
to the point of intersection. The water content is greater than that of the lower vertical
infiltration rate case at the same depth beyond the range of distance from the surface to
the point of intersection. Curve 1 shows that the rainwater infiltrates rapidly and cannot
form a saturated zone in the rock-soil slop. Curves 2 and 3 show that if the rainfall in-
tensity remains constant, it is favorable to quickly form a saturated zone for the rock-soil
slop to moderately increase the vertical infiltration rate.

3.6 Comparison with the field test data

The field test data of rainfall infiltration given by Zhang et al.”* in a rock-soil slope
in Three Gorges Reservoir region was selected to verify the numerical model established
in this paper. Basing on the test results of Zhang et al.”®| the infiltration process in the
rock-soil slop was simulated by selecting the infiltration rate of 1.465x10° ms™', the
rainfall intensity of 1.465x 10 ms™" and the initial water content of zero. Fig. 9(a) shows
the simulation results of the profile of water content at different times at X=100 cm, and
Fig. 9(b) is the measured results in ref. [28]. By comparing these two results, it can be
seen that the shapes and the values of two groups of curves are extremely similar and the
changing process of water content is also agreeable. The difference of absolute values
primarily comes from the initial water content (which was selected as zero in the calcu-
lation). Nevertheless, the comparison demonstrated that the model established in the
paper is suitable to be used to simulate the rainfall infiltration process in the heteroge-
neous rock-soil slop.
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Fig. 9. Comparison of theoretical field test profile of water content. (a) Simulated results in this paper; (b) field
test data in ref. [28].

4 Conclusions

(1) A mathematical model for simulating the process of rainfall infiltration in the
rock-soil slop has been established and solved by FEM.

(i1) The simulated results show that the changing of water content in the rock-soil slop
is unsteady and the existence of impervious blocks accelerates the velocity of rainfall
infiltration.

(iii) If the other conditions are the same, it is easy to form saturated zone in the
rock-soil slop by increasing rainfall intensity in the simulated model. The greater the
rainfall infiltration is, the easier the saturated region forms in the rock-soil slop.

(iv) If the vertical infiltration rate is far greater than the rainfall intensity, the infiltra-
tion rate in the rock-soil slop primarily depends on the rainfall intensity. The infiltration
velocity is accelerated apparently, but it is hard to form a saturated zone in the rock-soil
slop.

(v) By comparing the simulation results with the field test data, we suggest that the
simulation model established in the paper can be used to simulate the rainfall infiltration
process in the heterogeneous media.
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