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Abstract

Based on the fact that the concentration flowlines of overland flow depend on the surface landform of hillslope, a kine-

matic wave model was developed for simulating runoff generation and flow concentration caused by rainfall on hillslopes. The model-simu-
lated results agree well with the experimental observations. Applying the model to the practical case of Maoping slope, we obtained the
characteristics of runoff generation and infiltration on the slope. Especially, the simulated results adequately reflected the confluent pattern
of surface runoff, which offers a scientific foundation for designing the drainage engineering on the Maoping slope.
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Rainfall infiltration is a significant factor that af-
fects the stability of slopes. Commonly, a large
amount of rainwater infiltration can change the pore
pressure field, stress field, medium strength and
deadweight of slopes, which will badly affect the sta-
bility of landslides due to the increases of the pore
pressure and the volume weight of slopes and the
rapid decreases of the suction and shear strength of
soill’™3! . Obviously, rainfall plays an important role
in the process of slope failure, and so the effective
drainage is one of the important engineering measures
for the protection of landslides.

For a slope, especially a large slope, variation
methods are commonly applied for slope’s synthesis
administration. The drainage engineering is often one
of the most significant engineering measures. The
drainage methods often used in engineering include
the periphery intercepting ditch, interior drain,
drainage blind ditch, drainage bore, drainage gallery,
grouting preventing water, and etc. Among them,
the surface drainage is one of the most effective engi-
neering measures. However, understanding the inter-
nal process of runoff generation on slope surface is the
key to properly design the surface drainage engineer-
ing. In practical cases, the surface landform of slopes
is very complex, and the overland flow caused by
rainfall is also very complex because of the effect of ir-
regular topography. Therefore, delicately simulating

the concentrated flow routing of overland flow on
slopes is of primary importance for drainage engineer-

ing design.

Theoretically, two-dimensional (2-D) equation
of water flow is a good selection to describe the direc-
tions of overland flow. However, the overland flow
caused by rainfall is a kind of special flow different
from the general stream flows for its very small water
depth, complex boundaries and visible up-and-down
landform, which greatly affect the flow characteris-
tics of overland flow. Therefore, it is not easy to ap-
ply 2-D shallow water equations to overland flow. Till
now, the research results in this aspect are rather
limited. Scogingm firstly studied the process of
runoff converging on hillslopes, and developed a dis-
tributed model of overland flow. The model employed
two-dimensional cells (or grid elements) and one-di-
mensional kinematic wave model to simulate overland
flow in every cell. The pattern of concentrated flow
approximate to the real pattern was obtained using
this model. However, this model assumed that all the
water of each element flows out only from a lower
side, which is not true, and thus leading to a limita-
tion that may be incorrect under some situations. In
addition, the flow directions must be artificially de-
termined firstly before calculation according to. the
landform of slopes, which resulted in the inconve-
nient application of the model. Subsequently, Govin-
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daraju et al. 7] and Tayfurt® also studied the simula-
tion method of 2-D flow of overland flows by extend-
ing the kinematic wave theory from its 1-D form to 2-
D form. However, in their models, the flow direc-
tions need to be artificially determined based on the
surface topography of slopes. Michael and Refs-
gaardm, Cao et al. (10! applied the distributed hydro-
logic models to simulate the converging process of
runoff caused by rainfall in small catchments. Their
models improved the determination of out flow where
the water of each element can flow out from one side
or one corner point of element, but the direction of
flow still needs to be artificially determined firstly be-
fore calculation. In addition, these models adopted a
simply total water amount balance to calculate the
water flow in each element, which cannot effectively
reflect the dynamic process of overland flows. On the
basis of these investigations, by decomposing the wa-
ter flow into two directions in a calculation element,
we developed a 2-D model of overland flow that can
reasonably simulate the process of overland flow con-

(11,12 powever, the method of determin-

centration
ing the flow directions is rather complex, which leads

to some limitations.

The objective of this study is to find a more effi-
cient and accurate calculating method to establish a
dynamics model to automatically and reasonably simu-
late the concentration process of overland flow on hill-
slopes. We apply the model to the practical case of
Maoping slope, Qingjiang River to analyze the char-
acteristics of runoff concentration caused by rainfall
on Maoping slope in detail, so as to offer a scientific
foundation for designing the surface drainage engi-
neering in the protection of Maoping landslide.

1 Model of runoff concentration on slopes

Overland flow is closely related with the soil in-
filtration, and is the result of rainfall and soil infiltra-
tion interaction. Although not participating in the
movement of overland flow, the soil infiltration pro-
cess directly affects the process and amount of runoff
yield. Inversely, the movement of overland flow also
affects the soil infiltration in a certain degree. How-
ever, because the influence of overland flow on soil
infiltration is rather weak, commonly, overland flow
and infiltration have been extensively studied as sepa-

3] " The conventional approach has

[14]

rate components
been through the rainfall-excess concept

Because of the different climates and surface con-

ditions, the runoff generation caused by rainfall is di-
vided into two types: infiltration excess ( Horton)
runoff and saturation excess (Dunne) runoff. Satura-
tion excess runoff generally occurs in the drainage
basin with high groundwater level. Rainfall infiltra-
tion could make the moisture of soil quickly reach sat-
uration, and the part of runoff infiltrates at a steady
rate of soil permeation form subsurface runoff. In-
versely, infiltration excess runoff does not form
groundwater runoff. Only when rainfall intensity ex-
cesses the infiltration rate of soil, runoff occurs on the
surface of slopes. The main difference is whether or
not to form the groundwater runoff. In the situation
of saturation runoff, the part of rainfall will flow in
the form of groundwater, and for infiltration excess
runoff, the whole infiltration water will store in the
unsaturated zone of soil to turn into the loss quantity
of rainfall instead of groundwater runoff. In the pre-
sent study, the concentration process of surface runoff
rather than infiltration process of rainfall was con-
cerned. In addition, Maoping slope is a small slope
with low groundwater level. This study will aim at
the influence of a rainstorm on runoff generation of
slope. Consequently, applying infiltration excess
runoff model is rather appropriate to simulate the sur-
face runoff generation on the Maoping slope.

1.1 Infiltration formula

Soil infiltration is a precursory process for runoff
formation. Generally, its influencing factors include
the saturate conductivity (or infiltration coefficient)
of soil, initial water content, saturate volumetric wa-
ter content, cumulative infiltration quantity, soil
properties, and etc. At the beginning stage, the rain-
fall intensity is commonly greater than the soil infil-
trating capability, the real infiltration rate of soil is e-
qual to the rainfall intensity. With the time progress
of infiltration, the infiltration capacity reduces gradu-
ally and finally reaches an appropriately constant va-
lue. Based on this knowledge, the famous Green-
Ampt model with explicit physical meaning was se-
lected to describe the soil infiltration process, which
may be written as

o dl
i=4, = K[1+(8,-06)s/11,
I

I = Kt+S(8,-6)In|1 +s——(05 ~6)) (1)

where i is the infiltration rate (m/s), I is the cumu-
lative infiltration quantity (m), K is the saturated
hydraulic conductivity of soil (or infiltration coeffi-
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cient) (m/s), 8, is the saturated volumetric water

content, i.e. the effective porosity (cm®/em®), 6, is
the initial volumetric water content (cm’/cm®), and
S is the soil suction (m).

The Green-Ampt equation is applied to ponding
water infiltration on dry soils. However, there is no
ponding water at the beginning stage of rainfall in
practical situations. Mein and Larson!'] generalized
it to infiltration during rainfall. Suppose p is the
steady rainfall intensity, when i equals p, the pond-
ing occurs according to the Hortonian mechanism.
The cumulative infiltration at the time, I,, can be de-
rived as follows:

(6,-6,)S
b= -1 (2)
from which the ponding time is obtained as
6, = 1./p. (3)

Thus, the infiltration rate in the whole overland flow
process can be expressed as
i = p, t<t, ()
i = K[1+(4,-6)S/I], ¢t > t,
In order to express infiltration as a function of time,
one has
K(t-1t)
I+5(6,-6)
I,+8(@6,-6))°
t>¢t,. (5)

By the above formulas, the real infiltration process

=1-1,-5(4,-6)n

can be simulated reasonably.
1.2 Kinematic wave equation for overland flow

Because of the very thin depth of overland flow
and the complicated boundary conditions, it is a
tough task to describe the movement of this kind of
flow appropriately. As for surface runoff, most re-
searchers prefer to describe it by the so-called kine-
matic wave theory. Actually, it is a simplified form of
the 1-D St. Venant model. The main assumption of
the kinematic wave model is that the gravity compo-
nent along the slope is equal to the resistance force
(S¢=8,=sind), and thus a concise relationship be-
tween discharge and water depth is established by
borrowing the Chezy’s resistant formula. The inves-
tigation by Woolhiser and Liggett[16] validated that
when the kinematic wave number K > 10 (In prac-
tice, the kinematic wave number is certainly much
greater than 10 in most situations), the kinematic
wave model can describe overland flow quite well.

Therefore, kinematic wave approach is widely accept-
ed for modeling overland flow on hillslopes. For steep

slopes, the kinematic wave equations can be written
asl17:18]

oh  dq _ .
ot +az = pcosf — i,
1 , (6)
= Lysngie
n

where x {(m) is the distance down slope, & (m) is
the water depth, g (m%+s™!) is the unit width dis-
charge, @ is the inclination angle of slope (in de-
gree), n (s*m”'/®) is the Manning roughness coeffi-

cient, and Sy is the slope gradient (Sg=sind).

The overland flow concentration on an irregular
hillslope is a two-dimensional process and its simula-
tion requires a two-dimensional flow model. There-
fore, it was considered appropriate to extend the the-
ory from its 1-D form to 2-D form. Based on the pre-
vious experience, the kinematic wave theory can be
extended to its 2-D form!'" 12!,

oh , 94,  9qy

o ' ar 3y = pcosfd — i
5 1
<q=uh='71:h353 ) (7)
qr: = qcosY
g, = gsinY

where ¢ is the unit width discharge of runoff in the
flow direction; = is the runoff velocity in the flow di-
rection, g, and g, are the unit width discharge com-
ponents in the x and y directions, respectively; and
7 is the angle between the flow direction and the z
coordinate.

1.3 Determining and controls of flow directions

From Eq. (7), it is obvious that the expressions
originate from the 1-D formulation of the kinematic
wave theory. Then, the runoff discharge (or flow ve-
locity) can be divided into the = and y directions ac-
cording to the flow direction. Thus, one feasible
wayout is to introduce 2-D grids on the slope surface.
The flow in a calculation cell (or grid element) is
simulated by the one-dimensional kinematic wave
model at first, and then cells were connected to each
other by distinguishing the flow direction in every
cell, and the flow discharge was divided into x and y
directions according to the geometry of the topogra-
phy of every cell. Finally, runoff was computed for
whole hillslope. Therefore, determining and control
of the flow directions is one key step in the model.
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In the previous models, the flow direction must
be artificially determined firstly according to the land-

6=101 " and all the water of each ele-

form of slopes[
ment was assumed to flow out only from a lower side,
which is not true, and may result in the inconvenient
application of the model. Based on the fact that the
flow direction depends on the landform of hillslopes,
in the present model, the water of every cell may
flow out from two sides of the cell and flow into two
neighbouring cells. Therefore, we deal with the wa-
ter in each cell to flow to two lower adjacent grids,
and divide the flow discharge into the x and y direc-
tions in each cell.

As shown in Fig.1, the hillslope surface is parti-
tioned into rectangular grids or cells. A rectangular
grid is the projection of the grid onto the horizontal
plane. In fact, the four points of an element in the
practical space are not in the same plane. Assuming
the element plane to be a bilinear element, one can
express:

z = (ax +b)(cy + d), (8)
where z is the height of the element; and x and ¥
are the abscissa and ordinate, respectively. From Eq.
(8), the relation between z and y is always linear for
a fixed x, and the relation between 2z and x is always
linear for a fixed y.

Fig. 1.

Sketch of 2-D grids.

According to the bilinear element approach of
calculation cell and employing coordinate transforma-
tion method, we have ever established a method to
(1,12], Through
transforming the projection area of the element to the
fixed area [ —1,1] X[ —1,1], we may derive the e-
quation of cell plane, further to obtain the obliquity of
the center point of cell to represent the cell slope and
the direction angle of flowline in the cell. This

divide runoff into two directions

method is complex in practical application. There-
fore, this study will employ a more simple method to
divide the flow direction in a cell. That is, using the

average slope to express the angle of calculation ele-
ment, and applying the average slopes in the x and y
directions to divide runoff into two directions.

As for a calculated element ABCD shown in Fig.
2(a), assuming that the heights of four corner points
are z,, zg, Z¢» Zp» respectively; the dx and dy val-
ues are the projections on the horizontal plane of the
grid step lengths in the z and y directions, respec-
tively; and 6, and ¢, are the average angles of grid in
the =z and y directions, respectively; we have ap-
proximately

1 [=z4 + 2 z~+ 2z
tand_ A B_ ¢ _°D

dzLl™ 2 2

1
= 2(1_1(zA+zB_zC— Zp)s (9)

I

_A[zatzc zptzp
tanﬁy dy [ > — > :l

1
=2d—y(zA+zc—zB—zD). (10)

Consequently, the slope gradient of the element, i.e.
the representative slope gradient #, can be obtained

tand = /tan®d, + tanzﬁy, (11)
6 = arctan /tan’d, + tan’d,, (12)

and the flow vector direction angle Y as shown in
Fig.2(b) can be expressed as:

as;

wany = tand _ d_l[zA + 2o~ zg — ZD:'
tand, dylz, + 25— 2c— 2pd’

(13)

D Vg \\\q

(a) (b)

Element flowline analysis. (a) Sketch of element dimen-

Fig. 2.

sion; (b) element flowline disintegration.

In this model, the water in every element is con-
sidered to flow out along the flow direction, and then
flow into two adjacent grids. That is, the water in a
cell is assumed to flow out from any point of a cell a-
long the flow direction angle and flow into two neigh-
bour cells. Thus, the water flowlines will intersect
with two sides of grid. If the unit discharge is ¢, the
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unit discharges in the x and y directions can be calcu-
lated, respectively, as
g, = gcosY, g, = gsinY. (14)

To express the average length of each element in
space by Ar and Ay, we have

Az = dx/cos(8,), Ay = dy/cos(ﬂy). (15)
Consequently, the flow direction angle and the out-
flow discharge of each side in a calculated element can
be calculated by the above formulas.

1.4 Discretization and solution of the equations

The flow continuum equation can be written as:

oh O O ¢, (16)
ot or dy
where F, and F, express the unit discharge compo-
nents in x and y directions, respectively; and C is
the source item. Taking the calculation point at the
center of a grid, the finite volume difference expres-
sion of Eq. (16) can be written as:
JAYH%,;' - F AY.

x 1=
y

n+1 n At

Wiy =0T azay Py

n+1

» 1 W%Axi,ﬁ%) + C} At,

(17)

where At is the time step of calculation; Az and Ay

are the lengths of the calculation grid unit in x and v

directions, respectively; and AX and AY with sub-

script are the real lengths of the cell in x and y direc-
tions, respectively.

Because every element does not have only an in-
flow cell and an outflow cell, applying the first-order
backward difference operator, the inflow unit dis-
charge is the total discharge of all inflow cells. In the
same way, the outflow unit discharge represents the
total discharge of all outflow cells.

2 Model validation

To verify the validity of the model, the process
of runoff generation and flow concentration on a hills-
lope with an up-and-down landform were investigated
experimentally at the National Key Laboratory of Soil
Erosion and Dryland Farming in Loess Plateau in the
Northwestern Institute of Water and Soil Conserva-
tion, Chinese Academy of Sciences. Rainfall was sim-
ulated by a drop-former type of artificial rainfall simu-
lator, in which raindrops were formed at 16 m above
the surface of test plot and the falling raindrops at-
tained a fixed speed near the surface. The test plot
was a 320 cm long, 100 cm wide, and 30 cm deep

Y

wooden-flume. The soil used in the experiment was
the local loess of Yangling in the Shanxi Province of
China. The soil was packed into the wooden flume
with 30 cm deeps, and was controlled to reach a bulk
density of 1.3 g/cm®. The initial surface landform
was an irregular surface that was artificially made be-
fore experiment. It is convenient to observe the pro-
cess of runoff concentration caused by complex surface
landform of slope. The slope gradient of the soil
flume was secured at 10° during experiment. The
rainfall intensity adopted in this experiment was 1.6
mm/min, and the rainfall duration was 1 hour. The
process of runoff concentration was observed and the
runoff volume was measured at the test plot outlet.

Due to the artificial irregular surface, at the be-
ginning stage of experiment, runoff formed clear con-
centrated flow route, which demonstrates that the
concentration of surface runoff depends on the land-
form of slopes. In experiment, the soil erosion caused
by runoff results in a little evolvement of initial land-
form of the slope. However, these changes occur
mainly in the groves of the slope, i.e. in the concen-
trated flow route, which mainly scoured the groves
deep, and did not cause the change of runoff flow
route. Therefore, the observed flowlines truthfully
reflected the concentrated runoff route in the experi-
ment.

Using the proposed model, the process of runoff
generation and flow route concentration on the test
plot were simulated. The model parameters used in
simulation are selected as: the porosity of soil is
50.27%, the initial water content is 22. 62%, the
permeability coefficient of soil is 0. 1 mm/min, the
soil suction is 0. 15 m, and the surface roughness coef-
ficient is 0. 03. The simulation results are shown in

Figs. 3, 4.

Fig. 3 compares the observed and predicted
runoff volumes and total discharges at the outlet of
the test plot. Although the observed runoff data ex-
hibits a little randomness, on the whole, the agree-
ment between the observed and predicted results was
good. And the simulated runoff volumes are in good
agreement with the observed results. Fig. 4 (b)
shows distributions of the simulated flow depths on
the entire test plot at the runoff steady state. In Fig.
4(b), the position with the high values of the water
depth is just the position where the water starts to
converge on a route. Compared to the experimental
results of Fig.4 (a), the agreement between simula-
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tion results and experimental observations is rather
good. These comparisons show that the proposed
model is capable of adequately simulating the process-
es of runoff generation and flowline concentration on
hillslopes.
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3 Runoff yield and concentration on Maop-
ing slope

3.1 Brief introduction of Maoping slope

The physical model is based on a practical slope,
named Maoping slope, which is located on the left
bank of Qingjiang River, Hubei, China. Maoping
slope is one of the largest landslides in the Geheyan
reservoir area, and with a distance of 6600 m from
the dam. Since Geheyan reservoir began reserving
water in 1993, the slope has drawn great attention
due to its increasing deformation, which has reached
2100 mm according to the monitoring data. It is the
potential of blocking up Qingjiang River once the slide
occurs. Analysis shows that the reservoir reserving
water and rainfall is the main reason of causing the

[19])

revival of the landslide The whole slope likes a

long and narrow stripe with a length of 1600 m, a
width of 600 m and a total volume of 2350 X 10* m? as
shown in Fig. 5. Its back edge is perched on 570 m
above the sea level, the thickness of the sliding body
is between 5 and 87 m with the average value of 40
m. The front edge part is rather steep with about
28—55 degrees, and other parts are relatively flat
with about 15—20 degrees.

Fig. 5.

Maoping slope, Qingjiang River.

3.2 Modeling area and model parameters

A regular rectangle region including the Maoping
slope is selected as the simulated area. Selecting the
longitudinal direction along the slope as the x coordi-
nate, and transverse direction as the y coordinate,
the calculation zone is shown in Fig. 6, where 0<Cx
<.1600 m, 0<Xy<.800 m. The size of the grids is set
as 20 m X 20 m and the number of grids is 80 X 40.
To simplify the calculation, we assume that there is
no inflow around boundaries, but there may be out-
flow around boundaries which completely depend on
the landform condition and simulated results.

http://www.cnki.net
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Fig. 6. Topography of simulated area.

The landform and vegetation conditions on the
Maoping slope are complex, which may influence
rainfall because of the trapping function of vegeta-
tion. In addition, the non-uniform distribution of
vegetation covers on the Maoping slope can result in
variation of soil porosity, initial water content, and
soil permeability coefficient. However, due to the
lack of practical observation, influences are not con-
sidered in the present model. For the study of the
concentration process of surface runoff caused by a
rainstorm, the vegetation cover condition will bring
little effects on the concentration process and flow
route of surface runoff. Consequently, using the pre-
sent model is feasible to simulate the runoff concen-
tration process on the Maoping slope. Although the
distribution of soil parameters is non-uniform because
of vegetation influence, we take the soil parameter as
constant due to the very limited study area. Accord-
ing to the observation in the Maoping slope, the pa-
rameters of soil are selected as follows: the porosity of
soil is 48 %, the initial water content is 17 %, the per-
meability coefficient of soil is 1.465 X 10 ™% m/s, the
soil suction is 0.2 m, and the surface roughness coeffi-
cient is 0.045.

3.3 Simulated results and analyses

Concentrated flow routing of runoff on slope

3.3.1

surface

Taking the rainfall intensity of 60 mm/h, the
process of runoff yield on Maoping slope is simulated
by using the present model. The simulated results are
shown in Figs. 7—9. Fig. 7 illustrates the distribu-
tions of the simulated runoff depths and unit dis-
charges on the Maoping slope at 60 mins of rainfall.
To clearly display the concentration flow route, Fig.8
shows the plane distributions of the simulated runoff
depths and unit discharges. In the figures, the posi-

tion with deeper water depth is just the position of the
concentrated flow route. The results show that there
are two obvious concentrated flow routes on the
Maoping slope. Compared with the real landform of
the Maoping slope, the simulated results clearly re-
flect the influence of landform characteristics on sur-
face runoff movement. Although there are no real ob-
servation results of surface runoff, there indeed are
two obvious groves on the Maoping slope according to
primary spot investigation. The simulated results
demonstrate that the present model is able to perfectly
simulate the runoff yield process on slopes with com-
plex surface topography.
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Fig. 7. Distributions of water depths and unit discharges of runoff
on the Maoping slope. (a) Water depth of runoff; (b) unit dis-

charge of runoff.

Fig. 9 shows the distributions of simulated ve-
locity values and velocity vectors of runoff on the
Maoping slope. The results clearly reveal the concen-
trated flow routes. Especially, the simulated velocity
vectors reflect ideally the directions of runoff concen-
tration, and exhibit the whole picture of surface
runoff flow on the Maoping slope.
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Plane view of distribution of velocities of runoff on the

Maoping slope. (a) Distribution of velocity values of surface runoff;

(b) distribution of velocity vectors of surface runoff.

3.3.2 Processes of runoff yield and infiltration on
the surface of the Maoping slope

Changing the rainfall condition, the processes of
runoff yield and infiltration on the Maoping slope
were simulated for four rainfall intensities of 30, 60,
90, and 120 mm/h with the same rainfall duration of
1 hour. The calculated values of runoff discharge and
infiltration amount as functions of time for various
rainfall intensities, respectively, are shown in Fig. 10
and Fig.11. The simulated results show that both the
total runoff and the total infiltration increase with the
increasing rainfall intensity. A rainfall of one-hour
duration may lead to the infiltration amount of 4 X 10*
m?, which shows that the infiltration caused by rain-
fall is fairly large. Besides intenerating soil and in-
creasing pore pressure, infiltration water coming from
rainfall could obviously increase the deadweight of
slope body, which also casts bad impact on the stabil-
ity of landslides. When there exist fractures on
slopes, especially when the fractures are located in the
surface flow route, rainfall water may lead much
more infiltration into the slope body. Therefore, ef-
fective drainage measure is significant for the protec-
tion of landslide.
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Fig. 10. Simulated results of runoff generation processes for dif-

ferent rainfall intensities. (a) Runoff discharge; (b) accumulated
amount of surface runoff.
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Fig. 11. Simulated results of the process of infiltration on surface
soil for different rainfall intensities. {a) Infiltration rate for total
slope; (b) accumulated infiltration amount for total slope.

For the small-intensity but long-duration rain-
fall, the process of surface runoff and infiltration was
simulated for the rainfall at the intensity of 15 mm/
hour for 3 hours. Fig.12 shows the calculated results
of the processes of runoff yield and infiltration, which
indicates that when rainfall intensity is small the sur-
face runoff is also small, but the infiltration amount
will reach a rather great value. The simulated results
demonstrate that the small-intensity but long-duration
rainfall, likewise, can cause a large amount of infil-
tration and endanger the stability of landslide.

Table 1 compares the ratio of total infiltration
amount to total rainfall under different rainfall inten-
sities. The results show that the ratio of total infiltra-
tion amount to total rainfall increases with the de-
crease of rainfall intensity, which indicates that small
rainfall could also lead to great rain infiltration.
Moreover, the small-intensity, but long-duration
rainfall may result in more infiltration, and is further
adverse for the stability of landslide.

Table 1. The ratio of infiltration amount to total rainfall un-
der different rainfall conditions
Rainfall intensity 15 30 60 90 120
(mm/h)
Infiltration amount/total 95.96 90.39 50.78 34.67 26.29
rainfall (%)

a

O'ST (@
= Rainfall rate 15 mm/h
f'g 0.6
)
g 0.4f
2
-3
&S 02}
5
&

0 50 100 150 200 250

Time (min)

T ®
o of
E
S 4r
e
E 3t Rainfall rate 15 mm / h
g
& o
g
2}

0 50 100 150 200 250

Time (min)

Fig. 12. Simulated results on the processes of surface runoff dis-
charge and infiltration under small rainfall. {a) Surface runoff dis-

charge; (b) accumulated infiltration amount.
4 Conclusions

Based on the fact that the concentration flow
route of overland flow depends mainly on the land-
form of hillslope, a dynamic model of runoff yield on
irregular slope was developed by adopting kinematic
wave theory and revised Green-Ampt infiltration for-
mula. This model is able to reasonably simulate the
processes of soil infiltration and overland generation
caused by rainfall, especially, to adequately reflect
the concentration flow route caused by irregular land-
form of slopes.

Applying the model to the practical case of the
Maoping slope, we obtained the processes of runoff
yield and infiltration and the pattern of surface runoff
concentration routings on the Maoping slope. The
simulation results reveal that there exist two obvious
concentrated flow routings on the Maoping slope. In
addition, the simulated results of the infiltration pro-
cess show that both great-intensity rainfall and small-
intensity but long-duration rainfall could cause a large
amount of infiltration and endanger the stability of
landslides.

As a matter of fact, the complex landform and
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vegetation cover have some influences on the rainfall
trapping and soil properties on the Maoping slope.
Because of the lack of the spot observation, the pre-
sent study did not account for these effects caused by
landform and vegetation cover. Nevertheless, the re-
sults presented in this paper, especially the simulated
results of the runoff concentration process and the
pattern of concentrated flow route, could offer an im-
portant foundation for designing the surface drainage
engineering on the Maoping Slope.
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