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Abstract With the finite volume method, a 2D numerical model for seespage in
unsaturated soil has been established to study the rainfall infiltration in the fractured siope.
The resutt shows that more rain may infiltrate into the slope due to existing fracture and
then the pore pressure rises correspondingly. Very probably, it is one of the crucial factors
accounting for slope failure. Furthermore a preliminary study has been conducted to
investigate the influence of various fracture and rainfall factors such as the depth, width
and location of a crack, surface condition, rainfall intensity and duration. Pore pressure
and water volumetric content during the transient seepage are carefully examined to
reveal the intrinsic mechanism.
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1 Introduction

It has been widely accepted that the rainfall infiltration through fractures is one of the
most probable factors for slope failure. Recent studies have focused on the relationships
between rainfall and slope failure, but the mechanisms of rainfall-induced slope failures
have not been fully understood. As a result, many experiments and theoretical studies
have been carried out to simulate the infiltration in the fractured soil”' ).

Aimed at the infiltration in unsaturated rock with a single fracture, Reitsma™ con-

structed a laboratory measurement on the water and oil driving experiments in water and
oil flooded rock fracture made of calcarecusness and obtained the relations of the capil-
lary pressure and saturation. Romm™ started an experiment with water and kerosene in
two parallel boards to gain the laws of relative infiltration rate and saturation. The results
showed that the relative infiltration rate is equal to the saturation. Through a two-phase
flow experiment in natural rough-walled rock fractures, Persoff®! found an experiential
connection between relative infiltration rate and saturation. Wang"' mathematically de-
rived the relations between pore pressure and relative infiltration rate in a partially satu-
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rated, fractured, porous medium. On the other hand, a number of models have been es-
tablished to deal with the seepage in unsaturated fractured networks. Generally speaking,
three kinds of models, continuum model[z’ﬂ, discrete model® and dual-porosity model'!,
have been widely adopted for the unsaturated infiltration in the fracture networks.

In order to apply the theory to the environmental protection and disaster prevention in
The Three-Gorges Dam Project in China, many valuable researches have been presented
in recent years. Xu® proposed the super- and sub-cubic theorem and the computing
model for the infiltration in the fracture networks. This research is shown to be more
applicable for the analysis in the permanent gate of the Three-Gorges Dam. Zhang“m
summarized the numerical methods for the infiltration in the fractured rock. Yu''" stud-
ied the water movement in the fractured rock and proposed a revised form for the cubic
theorem. Wang''? discussed the equivalent hydraulic width for the fractures with differ-
ent roughness. With FEM, Zhangm] simulated the rain infiltration process in the slope
with one group of fracture networks. Hu''* has compared various numerical models to
offer an appropriate model more suitable for the unsaturated infiltration in fractured rock.
Yao!™'® carried a numerical simulation with the FEM to analyze the differences of the
infiltration in fractured and non-fractured rocks. Huang'” and Qi''¥ simulated the infil-
tration in the rock with fracture respectively. Nevertheless a comprehensive review on
the rules of fracture is still lacking.

Therefore, further in-depth study is still needed to understand the influences of frac-
ture in the rock on the transient seepage and pore pressure. With a 2D unsaturated model,
the present paper sirnulates the rainfall infiltration in the fractured slope in detail and
analyzes the influences of a crack in slope with various parameters, the surface cover
and different rainfall conditions on the transient seepage and pore pressure, It is expected
from this research to reveal the mechanism of slope failure induced by the rainfall infil-
tration and provide scientific foundation for landslide management.

2 Mathematical model and numerical method
2.1 Governing equation

The rainfall infileration on the unsaturated slope is usually regarded as an unsteady
process. For the sake of simplicity, only 2D rainfall infiltration is considered in this pa-
per. The governing equation for two-dimensional unsteady seepage flows in unsaturated
soil is written as follows:

;-x(Kx(H)g

in which K, (H} and K,(H) are hydraulic conductivities in the x and z directions respec-
tively (m/s); C(H) is the variation in volumetric water content per unit change in pres-
sure head; H is the total pressure head {m), and satisfies,

SHY 9 OHY .. 3H
)+$(KZ(H)8—ZJ—C(H) z, ()

H=h+z, (2)
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oH oH
ve—-K,—, u=-K,—, (3)
‘oz ox
where £ is the pore pressure or matric suction {m); and « and v are the velocity compo-
nents in the x and z directions respectively {m/s).

The upper boundary condition can be divided into two kinds. When the rainfall inten-
sity is greater than the infiltration capability of soil, the first kind of boundary condition
should be adopted:

HI, = A. )

As the depth of the ponding (~1 cmy) is much smaller than the dimension of the comput-
ing area (~10 m), it can be regarded as zero. The second kind of boundary condition
should be used when the rainfall intensity is less than the infiltration capability of the
scil and no ponding on the surface:

dH

K__
* oz

P (5)

in which i is rain mtensity (m/s).

The lower boundary is set on the impenetrable layer and the boundary condition is the
zero fluxes.

2.2 Discretization of the governing equation

Usually the numerical methods for the infiltration simulation include the finite differ-
ence method and finite element method. The FDM is simpler and applies for regular area
only. The FEM is widely used in the problems with complicated geometry, whereas it
needs more computing amount. With the finite volume method, Zhang”g] simulated the
steady infiltration problem. Combining the merits of the former two methods, the F¥YM
not only has less computing amount but also is adaptable for the complicated geometry
of boundary. As a result, the current paper uses the FVM to solve the unsteady infiltra-
tion problem which is more applicable for many practical conditions.

To triangular or quadrangular cell, both the velocity components u, v and the hydrau-
lic conductivities K, K, are defined at the boundary center of the cell, while the total
pressure head A and function C(H) are defined at the cell center. With Green formula,
the surface integral can be converted to a boundary integral as follows:

J‘J.ni (E;_i + %_(zz] dxdz = (ﬁaﬂ.-(sz - (dx), (6)

in which £; is a single conjoint area, and each of the boundaries 042, is smooth. Function
P(x, v), Q(x, y) and its derivatives are all continuous. Hence with the above relation one
can obtain
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Fig. 1. Discrete scheme in space.

This equation can be discretized in space in the following ways (see Fig. 1):
§ [Kx oH, &K, oH, de: Ko+K H -Hy,  Ko+K,H,~H
oL, ox 2z 2 Ax 2 Az
+ K10+wa HW_HOAZ+ KZO+K;§ HJ —HD Ax.(g)
2 Ax 2

The temporal derivative term can be discretized by Runge-Kutta method of the second
order:

3H,

Ax
ot Az, ®

jjﬂj C(H)aa—ljdxdz = C(Hy)

in which 8;;{0 = f(t,H,) and the Runge-Kutta method of second order is defined as
t

follows:

I +T,;
2

)Tl =Af-f(tﬂ,H0n)’

T,=At-f(1, + A, H +T)).

HO!’!'H = Hgn +

¥

(10)

3 Influences of the fracture on the transient seepage

The fractures usually lead to increase in soil permeability. Many physical models such
as the continuum model, discrete model, dual-porosity model and continnum-discrete
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coupling model at present are used to determine the hydraulic conductivity of fracture.
The continuum model applied in the present paper is used more widely due to its con-
venience. The hydraulic conductivity in the interior of a crack follows cubic theo-
rem™"122 190ks like

2
ga
K =8% 11

°12v an
in which K. denotes the hydraulic conduciivity of the fracture (m/s); g is the gravita-
tional acceleration (m/s>); @ is the width of the fracture (mmy); and v is the kinetic viscos-
ity for water (in normal temperature it is 107° m’/s). Thus according to the principle of
discharge conservation, the soil hydraulic conductivity in a cell containing a fracture

with width g should be revised as

_K.a+K, (dv-a)

K - : (12)

in which K is the saturated hydraulic conductivity (m/s); K’ denotes the revised satu-
rated hydraulic conductivity (m/s); and dx is the width of the cell ().

The relation between soil hydraulic conductivity and matric suction is experientially
presented by Gardner™"! as follows:

K, = K, , (13)

) 1+o.1{w]n

P&

in which X, is the unsaturated hydraulic conductivity (m/s), (1, — ) 1s the soil matric
suction, g, is the water density (kg/m’), K, is the saturated hydraulic conductivity (m/s),
and the value of » is set as 2 in this paper. The relation between the volumetric water
content and matric suction accords with experiments by Wul**:

6 =0.5053-0.08261g(u, —u, ), (14)

in which &1is the volumetric water content. The equation is mainly applicable to the pul-
verous clay.

Fig. 2 shows the geometry of the slope and meshes. The whole slope ABCDE consists
of three layers with different permeability. The total thickness of the slope is 30m, in
which the upper layer EDIF, the middle layer FIHG, and the lower layer GHCB are 18m,
6m and 6m respectively. The permeability for the middle layer is weaker than that for
the other two. The lower boundary ABC is impenetrable. MN describes a vertical frac-
ture which starts {m) from the slope top. The depth of this fracture is 4 (m), The length
of the front part of the stope is 30m horizontally, while the total horizontal length of the
slope is 230 m. The inclination angle of the slope in the front is 45° and 15° for the main
part.
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6m

6m

Fig. 2. Skeich for the slope dimensions and the meshes,

For the above model, the rainfall infiltration process is simulated and compared under
various parameters including the depth, width and site of the fracture, the surface condi-
tion, and the rain intensity and duration. Subsequently, the influences of the parameters
on the seepage and slope stability are analyzed in detail. Parameters are set as follows:
the hydraulic permeability for the upper layer, middle layer, lower layer, surface and the
fracture are 107° m/s, 10°® nm/'s, 107 m/s, 107 m/s and 107 mv/s respectively, the grid
dimension dx and dz are 2m and 1m; the equivalent width of the crack should be 0.63
mm according to eqgs. (11) and (12); I = 100 m; rain intensity is 107® m/s and duration is
5 days. Different parameters when indicated may be adopted as well.

3.1 Influence of the fracture depth

First we examine the influences of the fracture depth on the pore pressure and water
volumetric content. Fig. 3(a), (b) and (¢) show the results of vertical pore pressure dis-
tribution by the end of the 5th day with the depths concerned being 6 m, 18 m and 24 m
respectively. We can see from these figures that with the increasing of the fracture depth,
the effect of pore pressure profile can be found nearby the lower boundary of the slope.
Fig. 4 compares the water volumetric content & in the fractured soil by the end of the 5th
day in four cases. For case 1 there is no fracture and only a small amount of rain infil-
trates into the slope. Thus the pore pressure near the ground surface increases shightly.
When the depth of fracture is 6 m, the water content in the upper layer is higher than
case 1 due to enhanced penetration of water in fractured soil. However, the water content
rises a little bit below the fracture. For case 3 the fracture depth is 18m where a layer
with weak permeability is located, and the soil becomes saturated since the rain water
accumulates there. For case 4 the fracture depth is 24 m, the water content of the bottom
of the fracture has a higher value. Below the fracture the water content decreases with
the depth as the hydraulic conductivity decreases.
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Fig. 3. Comparison of the pressure (h: m) with fracture depth being 6 m in (a), 18 m in (b) and 24 m in (c) respec-
tively.

3.2 Influence of the fracture width

The influence of the fracture width is rather complex. According to Zhang!”, Yu'"
and Wang''*, the cubic theorem is only satisfied in a certain range of the fracture width.
Therefore, the fracture width in our model should .only be supposed to be in the range
that the cubic theorem permits. In Fig. 5 {(a) and (b) the hydraulic permeability in the
crack soil are 10 °nvs and 10 *nv's and the equivalent fracture widths are 0.29 and 1.35
mm respectively according to egs. (11) and (12). Comparing these two figures we may
find that the bigger the fracture width, the higher the pressure. Fig. 6 gives comparison
of water volumetric content #under three kinds of fracture widths of 0.29 mm, 0.63 mm
and 1.35 mm. When the fracture width is 0.29 mm, the permeability of the fractured soil
is so weak that only a little rain water may infiltrate into the fracture. As a result the wa-
ter content merely at the upper part of the fracture rises and decreases with the depth. As
the fracture depth extends to 0.63 mm, the hydraulic conductivity of the fracture is so
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Fig. 4. Comparison of the water volumetric content #with fracture depth 0 m, 6 m, 18 m and 24 m respectively.
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Fig. 5. Comparison of pressure (4 m) with fracture widths 0.29 mm in (a) and .35 mm in {b) respectively.

large that the water content rises at the fracture bottom. Thus the distribution of the wa-
ter content in the vertical direction grows at first and declines subsequently. As for a 1.35
mm wide fracture the former phenomenon becomes more distinct. It can be seen that the
permeability of the fracture increases with the fracture width and the water content at the
bottom of the fracture reaches a maximum.

3.3 Influence of the location of the fracture

People may always find that landslide usually starts at the front of a slope, and we try
to reveal the underlying mechanism. Fig. 7 (a) and (b) present the pressure distributions
with a 24 m depth fracture at different locations on the slope, namely 150 m and 50
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Fig. 6. Comparison of water volumetric content & with fracture widths .29 mm, 0.63 mm and 1.35 mm respec-
tively.

100 - 100 -
Level 1 3 5 7 9 11 131517 Level 103 5 7 9 11 131517
Rim =70-60 ~30—40 -30-20 =10 O 10 Wm —70-60 -50 ~40 -30-20 -10 0 10

50 100 150 200 50 100 150 200
X/m im

Fig. 7. Comparison of the pressute (k: m) with locations of the fracture being 150 m in (a) and 50 m in (b} respec-
tively to top of the slope.

m from the slope top respectively. In the two figures, we find that the pressure in the
fracture becomes higher as the location of the fracture moves closer to the slope front.
Fig. 8 compares water volumetric content & in the fracture by the end of 5th day in the
three cases, When the distance between the location of the fracture and the slope top
increases from 50 m to 100 m, the water contents at both the upper and the lower part of
the fracture are increased. It demonsirates that if the runoff becomes overland flow on
the slope the fracture which is located at the slope front receives more discharge from
the overtand flow. When the distance is 150 m, the water content value at the fracture
root is the highest. On the other hand more water can infiltrate into the soil from the
fracture due to the high pressure and simultaneously water in the upper part of the frac-

www.scichina.com



i6 Science in China Ser. E Engineering & Materials Science 2005 Vol 48 Sepp. 107—120

0 - —0— Case |
—O— Case 2
—A— Case 3
-5 -
=10 +
-15 <

z'm

-20 A Eﬂmﬂn ﬂ?gb
0 o4 M'&

-0
-25 BTy o A
- 0
30 O & &

T T T ] T
0.30 0.32 0.34 036 038 0.40

Water content (8)

Fig. 8. Comparison of the water velumetric content & with locations of the fracture being 50 m, 100 m and 150 m
to the top of the slope respectively.

ture is fetched up to the lower part. Thus it may even decrease the water content in the
upper part of the fracture. Therefore we can conclude that with the overland flow on the
slope the fracture which is located at the slope front has a higher pressure value at its
bottom. This is also the reason why the slope failure always starts at the slope front. It
may be noted that this phenomenon cannot take place without the overland flow.

3.4 Influence of the surface condition

Sometimes the surface cover, either natural or due to human activity, forms an im-
peding layer and reduces the surface permeability. Fig. 9(a) and (b) show the differences
of the transient pore water pressure with surface cover or hot. In Fig. 9(a) the surface
permeability is minimized to 1.0x10™"m/s due to the surface cover, while in Fig. 9(b) it
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Fig. 9. Comparison of the pore pressure (h: m). In (a) with surface cover; in (b) without surface cover.
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is equal to the soil permeability value 1.0x10™ nv/s. By comparing the two figures one
can see that the pore water pressure has a wider range around the fracture with surface
cover than that without surface cover. Fig. 10 presents comparison of the water volumet-
ric content @by the end of the 5th day with surface cover or not. We can find that the
fractured soil becomes saturated for case 1 with surface cover and the water content in
case 2 that without surface cover is much less. It shows that with surface cover more
rainfall forms runoff, turns into overland flow and subsequently flows into the fracture.
As a result, the hydraulic pressure around the fracture increases as well.
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Fig. 10. Comparison of the water volumetric content & Case 1 with surface cover; case 2 without surface cover.

4 Transient seepages under the various rain conditions

Evidently, rain intensity and duration may exert significant influences on the transient
seepage in soil and the slope stability. Therefore, the seepage in the fracture is affected
greatly by the rain conditions consequently. Fig. 11(a) and (b) compare the pore pressure
by the ¢nd of the 5th day for different rain intensity. The intensity of rain in Fig. 11(b) is
1.5%x107® m/s (129.6 mm/d), which is triple of that in Fig. 11(a). We can see in Fig. 11(b)
around the fracture the pore pressure is higher than that in Fig. 11(a). Fig. 13(a) compares
the water volumetric content by the end of the 5th day under three kinds of rain intensi-
ties, which are respectively 0.5x10 ® m/s (43.2 mm/d), 1x10° m/s (86.4 mm/d) and
1.5x10°* m/s (129.6 mm/d). We can casily find that at the lower part and the upper part
of the fracture the water volumetric content increases with the rain intensity when the
rain intensity increases from 43.2 to 86.4 mm/d. When the rain intensity is further
enlarged to 129.6 mm/d, the soil saturates at the root of the fracture. Furthermore the
higher pressure at the root of the fracture leads more water to infiltrate into the soil and
consequently the water content at the upper part of the fracture may reduce.
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Fig. 11. Comparison of the pore pressure (: m) with rain intensities 0.5x107° m/s in (a) and 1.5x10°° m/s in (b)
respectively.
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Fig. 12. Comparison of the pore pressure (h: m) with rain durations 4 h in (a), 12 h in (b} and 24 h in (¢) respec-
tively.
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Fig. 12(a), (b}, {c) describe the difference of the transient pore pressure under various
rain durations of 4 h, 12 h and 24 h. It is obvious that the pore pressure in the fracture
increases with the rain duration. Fig. 13(b) compares the water volumetric content § un-
der the former three rain durations. It can be seen from this figure that the area where the
water content increases moves from the surface to the lower part as the rain duration
increases from 4 h to 12 h. After 24 h the lower part of the fracture becomes saturated.
For the same reason, the higher pressure at the root of the fracture results in more water
infiltration into the soil, and the water content at the upper part of the fracture may re-
duce as well,

0 ~o—Case 1 04 —a—Case 1
o=Case 2 ~9o—Case 2
=54 &—Case 3 -5 o7 —4—Case 3
i
oF
-104 -104 BF
&
g —15- g . g8 E S
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-25 4 H,u 000 -25{ Ba
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- 8
30 4 (ay 304 (b)
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032 036 G40 044 048 052 0.30 (.35 Q.40 0.45 .50
Water content (¢) Water content {4 )

Fig. 13. Comparisons of water volumetric content & under different rain conditions. In (a) rain intensities are
0.5x10™ m/s, 1x107 m/s and 1.5%107° m/s respectively; in (b} rain durations are 4 h, 12 h and 24 h respectively.

5 Conclusions

In this paper, numerical simulations by FVM have been conducted to study the rain-
fall seepage in a two-dimensional fractured slope. The influences of various parameters
on the seepage in the slope are carefully analyzed thus leading to the following conclu-
sions:

1) The fractured soil exhibits higher permeability than the same soil without fracture,
causing pore pressure and water volumetric content to rise locally.

2) The longer the fracture is, the deeper the effect of the fracture can reach. The per-
meability of the fraclure grows with its width, which results in the water content in-
creasing at the bottom and decreasing near the ground surface accordingly. If there is
overland flow on the ground the pressure in the fracture close to the slope foot increases.

3) With surface cover more overland runoff may be produced and flow into the frac-
ture which may enhance the water content in the fracture.

4) More rain infiltrates into the fracture if the rain intensity is higher and the rain lasts
longer. As a result, the water content at the foot of the fracture becomes higher.

As rain infiltration into the soil changes the distribution of water content and pore
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pressure in the soil, the mechanism of the slope stability and quantitative analysis should
be further carried out along with the field observation.
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