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Abstract: An infinite slope stability numerical model driven by the comprehensive physically-based integrated hydrology model
(InHM) is presented. In this approach, the failure plane is assumed to be parallel to the hydraulic gradient instead of the slope
surface. The method helps with irregularities in complex terrain since depressions and flat areas are allowed in the model. The
present model has been tested for two synthetic single slopes and a small catchment in the Mettman Ridge study area in Oregon,
United States, to estimate the shallow landslide susceptibility. The results show that the present approach can reduce the simulation
error of hydrological factors caused by the rolling topography and depressions, and is capable of estimating spatial-temporal
variations for landslide susceptibilities at simple slopes as well as at catchment scale, providing a valuable tool for the prediction of
shallow landslides.
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1 Introduction

Shallow landslide is defined by a sliding surface
within the soil mantle or weathered bedrock, typically
a few decimeters to several meters deep. Shallow
landslide is usually triggered when pore water pres-
sures are high enough to reduce effective normal
stress to a critical level (Renwick, 1982). The con-
trolling factors for the shallow landslide hazard are
usually categorized as geological (e.g., materials),
morphological (e.g., slope angle), physical (e.g.,
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rainfall, earthquake), and human-associated factors
(e.g., land use change, water management). Some
factors make the slope vulnerable to failure and pre-
dispose the slope to potential instability, while others
more directly initiate landslide.

Shallow landslide models usually include two
main components: a hydrology model and a slope
stability model. A considerable number of physically-
based models have been developed to assess shallow
landslide hazard, which can be classified into four
groups: models based on Montgomery and Dietrich
(1994)’s approach (Montgomery and Dietrich, 1994;
Montgomery et al., 2000; Guimaraes et al., 2003;
Fernandes et al., 2004; Chang, 2007; Lee et al., 2009;
Minder et al., 2009), models based on Iverson
(2000)’s approach (Iverson, 2000; Baum et al., 2002;
Chen et al., 2005; Rosso et al., 2006; Tsai and Yang,
2006; Tsai et al., 2008), models based on Systéme



944 Ran et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2012 13(12):943-957

Hydrologique Européen (SHE) hydrological model-
ling system (Burton and Bathurst, 1998; Bathurst et
al., 2005; Bovolo and Bathurst, 2011), and models
based on other alternative approaches (Beville ef al.,
2010; Ebel et al., 2010). The major difference of
these approaches relies on the different equation
forms and solution algorithm in the hydrology
models.

The above mentioned models use an infinite
slope stability model in calculating the factor of safety,
where the failure plane is assumed to be parallel to the
surface slope. The problem is that the failure surface
does not necessarily follow the topography, especially
if the topography is described by very-high resolution
digital elevation model (DEM) with depressions. The
predicted slope stability results are strongly influ-
enced by the resolution, accuracy and reliability of the
elevation data from the DEM (Dietrich et al., 1998;
Claessens et al., 2005). Keeping the original topog-
raphic characteristics such as depressions and flat
regions could be important in landslide assessment.
However, to the authors’ knowledge, no slope stabil-
ity model is available at present that considers de-
pressions and flat areas in high resolution DEM that
provides the correct slide direction. It is the authors’
opinion that an alternative approach, which can keep
the original terrain when evaluating slope stability, is
needed. The hydraulic gradient, usually equal to the
gradient of the ground water table, is a representation
of the terrain feature. It provides surface slope char-
acteristics and alleviates the effect of local depres-
sions and flat regions. Therefore, in the present ap-
proach, the failure plane is assumed to be parallel to
the hydraulic gradient instead of the surface slope in
the revised infinite slope stability model.

Since soil water saturation plays a critical role in
the occurrence of landslide, any approach that aims at
predicting landslide effectively must be able to esti-
mate soil water movement correctly. The compre-
hensive physically based integrated hydrology model
(InHM) (VanderKwaak, 1999) was employed to
simulate detailed soil water saturation and pressure
head field, which were then used to drive the revised
infinite slope stability model. The present approach
was tested for two simple slopes and a small catch-
ment in the Mettman Ridge study area in Oregon,
United States, to estimate the shallow landslide
susceptibility.

2 Hydrology model

The InHM was originally designed by Van-
derKwaak (1999) to quantitatively estimate, in a fully
coupled approach, water flow and solute transport
within a spatially variable porous medium (with or
without fractures and/or macrospores) and across the
land surface above and adjacent to the subsurface.
Testing and applications of InHM have been widely
reported since 1999 (VanderKwaak and Loague, 2001;
Loague and VanderKwaak, 2002; Loague et al., 2004;
Ran, 2006; Ran et al., 2007; Ebel and Loague, 2008;
Ebel et al., 2008; 2009; Heppner and Loague, 2008;
Mirus et al., 2009; Ran et al., 2012). The flexibility of
InHM has facilitated successful simulation of hy-
drologic response for a variety of catchment sizes and
hydrologic environments.

A brief outline of the subsurface and surface
flow components of InHM is presented in the fol-
lowing paragraphs. A complete description of the
coupled surface/subsurface flow equations and de-
tailed discussion of the solution methods are referred
to VanderKwaak (1999).

3D subsurface flow in variably saturated porous
medium is simulated in [InHM by

A

Vigrqtg, ==

; (1

where ¢ is the Darcy flux, m/s, ¢° is a specified rate
. -1 e e .

source/sink, s, ¢ (equals —gg ) is the rate of water

exchange between the porous medium and surface

continua, s, @ is the porosity, Sy, is the water satura-

tion, and ¢ is the time, s. The Darcy flux in Eq. (1) is
given by

g=—k, 2Ekviy, +2), )

w

where k., is the relative permeability, p,, is the water
density, m/L’, k is the intrinsic permeability vector,
mz, y, 1s the pressure head, m, z is the elevation head,
m, and u, is the viscosity of water, kg/(m-s).

The transient flow of water on the land surface
(both overland and open channel) is estimated by the
diffusion wave approximation of the depth-averaged
shallow water equations. Such 2D surface flow is
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conceptualized as a second continuum that interacts
with the underlying variably saturated porous me-
dium through a thin soil layer of thickness a5, m.
Assuming a negligible influence of inertial forces and
a shallow depth of water, ¥, m, the conservation of
water on the land surface, is described by

a(’sws hs + l//sstorE)
ot

mobile

Vey, )

b e
q,*taq tagq, =

where g; is the surface water velocity, m/s, and S, is

the surface saturation, defined as

2(1-y,)

Sw. = l//r ’

C 4
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where ¥, is the surface water depth, m, relative to the

average height of surface micro-topography /4, m.
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s

where " is the depth of pond water that does not

participate in overland flow (e.g., depression storage),
m. Surface water velocities are calculated using a 2D
form of the empirical, though well-established, and
the Manning water depth/friction-discharge equation
can be given by

( Smobile )2/3

q,=— V(y, +2), (6)

n¢1/2

where 7 is the Manning’s surface roughness tensor,
s'm ", and @ is the energy slope approximated as

¢=[(8<ws+z>) {a(wsn)” o
ox oy

The linkages between different components of InHM
are through first-order, physically-based flux rela-
tionships driven by pressure head gradients.

-1
Surface/subsurface water exchange rates ¢, s

are approximated as
qsep = ae (l//p - l//s) = _q;s s (8)

where of is the nonlinear water exchange coefficient,
(m-s)”', given by

kzz
ae :krew pwgl, (9)
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where & is the permeability of the porous media,

which

ensures that the discretized solution is monotone, is
defined in the upstream continuum as

m/s. The interface relative permeability, &

™ 2
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ker > l//p < l//s >

where k_, is the relative permeability of the porous
P

medium and &, is the pseudo-relative permeability

of the surface continuum. The surface pseudo-
relative permeability is defined as being equivalent
to the surface saturation in Eq. (3). Eq. (7) describes
both rates of surface water infiltration and ground-
water seepage (or exfiltration). Infiltration and ex-
filtration rates are determined by spatially and
temporally variable subsurface pressure head gra-
dients and surface water depths, and by spatially
variable porous medium properties. The flows in
both the surface and subsurface continua are there-
fore intimately coupled, and the rates of water ex-
change between continua are not specified but
evolve in time and space as a function of local hy-
drodynamics (VanderKwaak, 1999).

The governing flow and transport equations are
discretized in space using the control volume finite
element method. Each coupled system of nonlinear
equations in InHM simulation is solved implicitly
using the Newton iteration (VanderKwaak, 1999).
The calculated water saturation and pressure head
gradients of the porous medium are used to calculate
factor of safety in the slope stability model.
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3 Slope stability model

The infinite slope stability model is widely used
because of its simplicity and practicability. The
widely accepted assumption that the failure plane is
parallel to the surface slope, however, is not always
adequate for rolling topography (Fig. 1). For rolling
topography, water table gradient, which can be rep-
resented by hydraulic gradient, is more representative
than surface slope in serving as the slide angle. It
provides surface slope characteristics and alleviates
the effect of local depressions and flat regions.
However, no infinite slope stability model using the
hydraulic gradient as slide angle, to the authors’
knowledge, has been reported. From Inverson
(1990)’s study of groundwater flow fields in infinite
slopes, the possible flow lines seem more suitable to
act as the failure plane. Kawagoe et al. (2010) evalu-
ated the frequency and distribution of landslide haz-
ards over Japan using a probabilistic model based on
multiple logistic regression analysis, which suggests
that the sensitivity analysis confirmed that the hy-
drological parameter (hydraulic gradient) is the most
influential factor in the occurrence of landslides.
Hydraulic gradient affects subsurface flow that has
great influence on landslides. Besides, the hydraulic
gradient may also affect the slide direction due to the
subsurface. In this study, it is a trial that the failure
plane is assumed to be parallel to the hydraulic gra-
dient, instead of slope surface. The edge effects are
neglected since the failure depth is usually much
smaller than the slope length in mountainous areas
(Milledge et al., 2012).

Fig. 1 1D schematic illustration of slope and landslide

The normal stress o, kg/(m-s?), due to the weight
of a sliding mass and the soil pore-water pressure u,
kg/(m's?), can be expressed by

—coslpf’
o =cos HIO pgdz, (1)
u=(z-z,)p,gcos’ o,

where p is the soil density, kg/m’, g is the gravita-
tional acceleration, m/sz, 6 is the angle of the failure
plane to the horizontal, z,, is the depth of groundwater
level, m, and z is the depth of the potential failure
plane, m, as shown in Fig. 1. In fact, (z—zy) equals the
pore-water pressure that can be calculated from the
hydrology model InHM.
The shear strength z;, kg/(m's?), of the soil along
the potential failure plane is expressed by
7. =c'+(o—u)tang’, (12)
where ¢'is the effective cohesion of the soil, kg/(m-s?),
and ¢’ is the effective internal friction angle for the

soil or between the soil and bedrock. For vegetated
sites, root systems contribute to soil strength by pro-
viding an artificial cohesion ¢,, kg/(m-s?), that can be
added to effective soil cohesion in the Mohr-Coulomb
equation. Then, the effects of rooting strength can be
incorporated into Eq. (11) as follows:
T, =c +c'+(oc—u)tang' (13)
The shear stress 7, kg/(m-s?), of the soil along the
potential failure plane is expressed by

7 =sinfcos HJOZ pgdz. (14)
The factor of safety (FS) is expressed by
FS=1t. (15)
T

When FS>1.0, the slope is stable; otherwise the slope
is unstable.

Substituting Egs. (11)—(14) into Eq. (15) yields
the general expression for the factor of safety in the
form:
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¢, +c' +cos’ Otan ¢'Izp'gdz
FS= 0 ,
sin6’cos¢9_|.0 pgdz

(16)

where p'is the submerged soil density, kg/m’, that can
be expressed by

R O<h<z,
p= (17)
P— Py Zy <h=Zz

Soil density p, kg/m’, can be calculated from the
soil-phase conversion formula as

p:nsSpr+(1_ns)dspw’ (18)

where d; is the soil particle specific density, Sy, is the

water saturation, and n is the soil porosity. For all the

parameters from Eqs. (16)—(18), ¢,, ¢', ¢, ds and n; are

the given soil properties, Sy, and 6 are calculated by
the hydrology model. FS is calculated from the
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surface to the bottom of the soil, and the depth with
the lowest FS value is taken to be the potential failure
depth. All the parameters and variables required for
simulating slope stability is given in Table 1.

4 Numerical simulation and discussion

Two simple slopes and a catchment in the
Mettman Ridge study area in Oregon, United States,
were selected to test the capability of shallow land-
slide susceptibility assessment provided by the pre-
sented approach. A gentle slope and a depression are
added to the simple slopes, to see how rolling to-
pography affect the slope stability over rainfall and
the applicability of the presented approach with the
DEM without pre-processing. The simple slopes are
representative of simple 2D terrain of slope scale,
while the catchment in the Mettman Ridge study
area is representative of 3D terrain of catchment
scale.

Table 1 Parameters and variables required for simulating slope stability

Parameter Definition (unit)

. *
Source, simple slopes Source, catchment

ds Soil particle specific density

ns Soil porosity
Cr Root cohesion (kg/(m-s%))
c Effective soil cohesion (kg/(ms%))
¢S’ oil Effective internal friction angle of soil (°)

Effective internal friction angle between
soil and bedrock (°)

Sw Water saturation

1% Slide angle (°)

r
¢bedrock

z Initial water table (m)
k Unsaturated hydraulic conductivity function
ks Saturated hydraulic conductivity (m/s)

r Rainfall intensity (m/s)
t Rainfall duration (s)

30°

2.65°
63.6%"
0°

o°

35¢

45¢

45"

Simulation, InHM
Simulation, InHM or use

surface slope

e
van Genuchten function”
5%x107%

5.79x1077 (50 mm/d)*
86400 (1 d)*

1.16x107 (1000 mm/dy
172800 (2 dy

" The parameters for simulating simple slopes are hypothesized based on the study of shallow landslides in Coos Bay, Oregon. “Average of
soil particle specific density for silty sand soil; "Calculated from bulk density based on the study (Torres ef al., 1998); “Based on the studies
(Schmidt et al., 2001; Yee and Harr, 1977); YBased on the studies (Iverson et al., 1997; Montgomery et al., 2009; Schmidt et al., 2001);
“Based on the study (Iverson et al., 1997); "Lack of internal friction angle between soil and bedrock. The study catchment has a large area of

steep slopes. If ¢, . is set to be 30°, most of the catchment is unconditional unstable; *Assumption; "Determined by the method of van

Genuchten (1980) using the parameters of a=0.075 and N=1.89 based on Torres et al. (1998); ‘Based on Montgomery (1991); ! Assumption.
Heavy rainfall intensity and long duration are selected to simulate unsaturated and saturated flows; “Based on the studies (Montgomery,

1991; Montgomery and Dietrich, 1994; Torres et al., 1998)
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The FS simulated is estimated by theoretical
analysis and compared with FS simulated by taking
surface slope as slide angle. In the following para-
graphs, the FS simulated by taking hydraulic gradient
as slide angle is labeled as method I and FS simulated
by taking surface slope as slide angle is labeled as
method II.

4.1 Numerical simulation I: simple slopes

The simulations were conducted based on two
simple slopes to investigate how the slope stability
varies over time for different topographies.

4.1.1 Mesh structure

The finite-element meshes for the two simple
slopes, i.e., single smooth slope and single rolling slope
with depressions, are shown in Fig. 2. The dimensions
of the meshes are 10.0 m long (y axis), 1.0 m wide (x
axis) and 2.0 m deep (z axis). Both of the horizontal
nodal spacings (Ax, Ay) and the vertical nodal spacing
(Az) in the mesh are 0.1 m. The total number of nodes
and elements in the mesh are 16863 and 28800, re-
spectively. The slope gradient is fixed to be 35° for
both slopes and the soil volumes are the same.

4.1.2 Boundary conditions

The boundary conditions for each face of
boundary value problems (Fig. 2) are as follows:
impermeable (A-E-G-C, B-F-H-D, C-D-H-G,

(a)

A-B-C-D and E-F-H-G) and flux (A-E-F-B). To
simplify the problem, the entire subsurface domain is
considered to be homogeneous and isotropic. The
artificial rainfall conditions, soil properties and other
information required to drive the model are summa-
rized in Table 1.

4.1.3 Simulation results

Rolling topography and depressions play an
important role in hydrologic response. As shown in
Fig. 3, the hydrograph of the smooth slope has an
earlier rising time of outlet flow than the rolling slope.
Both the slopes represent the saturation excess runoff.
Three stages can be observed from the hydrograph,
which represent no outlet flow stage, rising outlet
flow stage and steady outlet flow stage, respectively.
Three different time snapshots taken at 10 h, 20 h, and
48 h of rainfall duration, respectively, were selected to
characterize the variations of hydrologic condition
and slope stability. Note that it is unusual to have
“overland flow” at a site where a landslide would
occur as landslide sites are typically steep and have
highly permeable soil resulting in runoff generation
by subsurface stormflow. In this specific case, the
overland flow occurs only at the downstream outlet. It
is an indication of the subsurface hydraulic condition.

As shown in Fig. 4, rolling topography and de-
pressions result into different water infiltration that
affects the distribution of water saturation. Fig. 5

(b)

Fig. 2 Finite-element meshes used for numerical simulation I
(a) Smooth slope; (b) Rolling slope
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shows simulated saturation difference distributions
between the smooth slope and rolling slope at

12 1 10h i
I | I
o ! :
1 1 ]
ofF : :
i ! Smooth slope |
| i — — Rolling slope |
— 3 ! i |
&8 ! /i |
“?E i | ! :
o | i
Eoep :
Q I ]
9 1 ]
© ! |
< | |
g 4t ! !
8 ! !
I ]
1 ]
I 1
2| i i
i i
I ]
l ! i

0 4 1 /NI T TR S S [T S T |

0 5 10 15 20

Time (x10* s)
Fig. 3 Simulated hydrograph for smooth slope and roll-
ing slope

(a) L®

r

(a) j (b)

different times. Since the meshes of the smooth slope
and rolling slopes were different, the saturation dif-
ference was calculated by spatial interpolation. First,
the mesh of the smooth slope (Ssmootn) Was duplicated.
Then the saturation value for the duplicated mesh
(Sinterpolated) Was interpolated from the rolling slope
(Sroliing) mesh by inverse-distance interpolation using
eight numbers of points by octant selection. Finally, the
saturation difference was calculated by Sinerpolated
—Ssmooth- The saturation difference mainly appears
from top soil to bottom soil as water infiltration from
top to bottom. The rolling slope has larger saturation
value than the smooth slope at the bottom when outlet
flow is steady. Removing rolling topography and
depressions will cause unrealistic distribution of wa-
ter saturation which also affect the calculation of FS.

The distribution of the simulated slide angle,
defined as the hydraulic gradient calculated from total

(c)

Saturation

090
0.80
070
060

Fig. 4 Simulated saturation distributions for smooth slopes and rolling slopes

(a) Smooth slopes, =10 h; (b) Smooth slopes, /=20 h; (c) Smooth slopes, /=48 h; (d) Rolling slopes, =10 h; (e) Rolling slopes,
=20 h; (f) Rolling slopes, /=48 h

difference

010

o 008

0.06

N By 1 004
A / 002

‘ 0.00

4 002

1M 4 -0.04
: 006

r] Saturation

-0.08
-0.10

Fig. 5 Simulated saturation difference distributions between smooth slope and rolling slope at /=10 h (a), =20 h (b),

and =48 h (¢)
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pressure head (method I) and surface slope (method
1), is shown in Fig. 6. The slide angle distribution by
method I is mainly due to the surface slope and satu-
ration distribution. For the smooth slope, the slide
angle is parallel to the surface slope except the section
near the downstream end where the hydrology gra-
dient is affected by the boundary condition. For the
rolling slope, different infiltration due to rolling to-
pography and depressions leads to some steeper hy-
draulic gradient at first, and the distribution of the
hydraulic gradient becomes more stable as the subsoil
gets saturated and water table rises. For the rolling
slope, if the surface slope is taken as the slide angle, it
does not vary versus water saturation, and slide angle
is unrealistic in the section near the downstream end
and depressions. In the specific case, the hydraulic
gradient for the lower soil is predominantly horizontal
due to the initial condition and then increases when
the soil gets saturated. Fig. 6 suggests that, if the
hydraulic gradient is taken as the slide angle, the
impact of rolling topography and depressions can be
reduced and the slide angle near the boundary can

(a) (b)

(9) (h)

i I

also be more realistic. For ideal conditions, the slide
angles calculated by the hydraulic gradient and sur-
face slope are the same.

The simulated FS distribution by method I for
both smooth slope and rolling slope and that by
method II for rolling slope is shown in Fig. 7. For FS
simulated by method I, it can be seen that the most
unstable region is the topsoil on the slope with higher
water saturation before the subsoil gets saturated
(Figs. 7a and 7d). When the bottom soil gets saturated,
the most unstable position is located between the soil
and bedrock (Figs. 7b and 7e). After the subsoil gets
saturated, the FS value increases near the downstream
boundary because of low hydraulic gradient and
subsequently low slide angle. FS distribution simu-
lated by method II, with the same boundary condi-
tions for rolling slope, is shown in Figs. 7g-7i.
Compared with FS by method I, the main differences
of the FS distribution are as follows: (1) the subsoil is
always more susceptible than (or equal to) the topsoil
because the slide angle from the topsoil to subsoil is
the same, and the FS of topsoil and subsoil is the

(c)

Slide angle (°)

i . 50.00
45.00

: = 4000

i 35.00
30.00
25.00
20.00
15.00
10.00
5.00

0.00

[T T |

i

Fig. 6 Simulated slide angle distributions for smooth slopes and rolling slopes
(a) Smooth slopes by method I, /=10 h; (b) Smooth slopes by method I, /=20 h; (c) Smooth slopes by method I, /=48 h; (d)
Rolling slopes by method I, =10 h; (e) Rolling slopes by method I, /=20 h; (f) Rolling slopes by method I, =48 h; (g) Rolling
slopes by method II, =10 h; (h) Rolling slopes by method II, /=20 h; (i) Rolling slopes by method II, =48 h
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(@ i (b)

(d)

(e)

(9) (h)

NN
NN TN
NN

(c)

FS

2.00
1.90
1.80

= 1.70
— 1.60
1.50
1.40
1.30
1.20
1.10
1.00

N

Fig. 7 Simulated FS distributions for smooth slopes and rolling slopes
(a) Smooth slopes by method I, =10 h; (b) Smooth slopes by method I, /=20 h; (c) Smooth slopes by method I, /=48 h; (d)
Rolling slopes by method I, /=10 h; (e) Rolling slopes by method I, =20 h; (f) Rolling slopes by method I, =48 h; (g) Rolling
slopes by method II, /=10 h; (h) Rolling slopes by method II, /=20 h; (i) Rolling slopes by method II, /=48 h

same until the subsoil gets saturated; (2) the signifi-
cant difference is near the downstream end where FS
by method I is higher than that by method II and the
boundary effect cannot be simulated by method II;
and (3) the slip surface simulated is circular by
method I but along the bedrock by method II.

4.2 Numerical simulation II: a catchment in
Mettman Ridge

A small catchment was selected as the applica-
tion site for shallow landslide assessment of catch-
ment scale because of availability of data required to
drive the reported model. The catchment, which is
located along the Mettman Ridge in the Coast Range
just north of Coos Bay, Oregon, USA, has an area of

0.3 km” with many narrow ridge tops and steep slopes.

Nineteen shallow landslides occurred in the catch-
ment between forest clearance in 1987 and the sum-
mer of 1992 (Montgomery and Dietrich, 1994). The
location and the contours of the Mettman Ridge
catchment are shown in Fig. 8.

4.2.1 Soil characteristics

The colluvial soil in the study area was silty
sand with thickness ranging from roughly 0.1 to 0.5
m on topographic noses to greater than 2 m in to-
pographic hollows (Montgomery, 1991). Saturated
hydraulic conductivity of the colluvial soil declined
from about 10 m/s at the ground surface to about
10" m/s at a depth of 2 m (Montgomery, 1991).
Saturated soil bulk density was about 1600 kg/m’
(Torres et al., 1998). Several values of internal fric-
tion angle for soil developed on sandstones in the
Oregon Coast Range had been reported, varying from
about 35° to 44° (Yee and Harr, 1977; Schroeder and
Alto, 1983; Burroughs et al., 1985). Stress path
analyses of low confining stress triaxial strength tests
indicated the colluvial soil had a friction angle of
about 40° (Iverson et al., 1997; Schmidt et al., 2001;
Montgomery et al., 2009) and was virtually cohe-
sionless (Yee and Harr, 1977; Schmidt et al., 2001;
Montgomery et al., 2009).
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Oregon, USA

Mettman Ridge

Elevation, m
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Fig. 8 Location and contour DEM of the catchment in Mettman Ridge

The study area was clear cut and replanted with
Douglas fir around the year 1994 (Montgomery and
Dietrich, 1994). It has been examined by Schmidt et
al. (2001) and Roering et al. (2003) from the scarps of
landslides triggered during large storms in February
and November of 1996 in the Oregon Coast Range.
Although the majority of colluvium depths in
landslides-prone areas range from 0.5 to 1.5 m, median
rooting depths appear to be constrained to the upper 0.5
m of regolith. Though root strength provided signifi-
cant apparent cohesion to the soil, it could not be easily
accounted. An alternative way often adopted was to
use a friction angle of 45°, increasing the soil strength
to 1.4 times that of the actual frictional strength
(Montgomery and Dietrich 1994; Rosso et al., 2006).

4.2.2 Mesh structure

Based on the DEM with a resolution of 2 m
(available from http://calm.geo.berkeley.edu/geo-
morph//, the DEM shows no depression in the terrain),
an irregular triangulated network was constructed to
form a 3D finite-element mesh. The dimensions of the
finite-element mesh are 747 m in the north-south
direction (y axis), 682 m in the west-east direction (x
axis), and 1.0 m in the vertical direction (z axis). The
horizontal nodal spacing of the mesh is 5.0 m and the
vertical nodal spacing is 0.05 m. The total number of
nodes and elements in the mesh is 284277 and
532020, respectively.

4.2.3 Boundary conditions

The storm events observed to cause shallow
landslide in this catchment had annual or biennial 24-h

rainfall intensities of 50 to 75 mm/d (Montgomery,
1991; Montgomery and Dietrich, 1994; Torres et al.,
1998). The rainfall condition in the simulation was set
to be 1 d with rainfall intensity 50 mm/d. An unsatu-
rated hydraulic conductivity function was determined
by the method of van Genuchten (1980) using the
parameters of transformed model parameters of
0=0.075 and N=1.89 based on Torres et al. (1998) in
Oregon Coast Range.

Based on the study of soil property in the Oregon
Coast Range, soil internal friction angle of 45° was
selected in the simulation, without consideration of
soil and root cohesion. When bedrock is serving as the
failure plane, the friction angle between the soil and
bedrock is usually taken as smaller than that of soil
(e.g., 30°), based on the experiment of measuring
friction angle between the soil and concrete flume bed
(Iverson et al., 1997, Montgomery et al., 2009).
Considering many narrow ridge tops and steep slopes
in the catchment, if the friction angle between the soil
and bedrock is taken as 30°, most regions of the
catchment is unconditionally unstable. In the present
study, bedrock serving as failure is not considered and
the friction angle between the soil and bedrock is set
to be the same as soil.

The side and basal boundary condition is im-
permeable. The rainfall conditions, soil properties and
other variables required to drive the model are sum-
marized in Table 1.

4.2.4 Simulation results

During one day’s rainfall with intensity of
50 mm/d, no surface overland flow was simulated.
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Distribution of the slide angle, which takes from the
vertical depth with the lowest FS value, is shown in
Fig. 9. There is little difference in slide angle calcu-
lated by the hydraulic gradient and surface slope after
one day’s rainfall. The figure shows that the observed
landslides took place in the slope larger than 36°, but
not all the slopes with large slide angle would cause
landslide.

The FS distribution estimated after one day’s
rainfall is shown in Fig. 10. The observed shallow
landslides match the predicted unstable region well
for both FS simulated by method I and method II. The
simulated unstable regions also match the simulated
unstable regions by SHALSTAB (Dietrich and
Montgomery, 1998). Some observed landslides are

located in the predicted stable regions because the
effect of the upper and lateral landsliding force on the
lower slope stability is not considered. The predicted
unstable area by method I is larger than that by
method II, which is mainly because of the difference
in slide angle in FS calculation. When it is raining, the
soil water content is changing dynamically and the
spatial/temporal distribution of soil water content
plays an important role in landslide processes. How-
ever, only the presented model (method I) can repre-
sent this transient process by consideration of the
predominantly horizontal due to the initial condition
and then increases when the soil gets wet, leading to
hydraulic-gradient parallel sliding plane. In the spe-
cific case, the hydraulic gradient for the lower soil is

Slide angle (°)

Fig. 9 Simulated slide angle after one day’s rainfall with rainfall intensity of 50 mm/d by method I (a) and method II (b)

The black polygons are the observed landslides

(a) (b)

Fig. 10 Simulated FS after one day’s rainfall with rainfall intensity of 50 mm/d by method I (a), method II (b) and
SHALSTAB (c). The black polygons are the observed landslides

FS difference

1 000
-0.05
010
-0.15
-0.20
-025

Fig. 11 Simulated FS difference after one day’s rainfall with rainfall intensity of 50 mm/d
(a) Flat view; (b) 3D view
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higher sliding angle which means lower FS value. In
method II, the slide angle does not change and the FS
value is the same from the surface to the groundwater
table (i.e., Egs. (16) and (17)) even though the soil is
getting wet. The difference of FS simulated by
method I and method II is shown in Fig. 11. Generally,
FS simulated by method I is lower than that by
method II, especially for the gentle region. This is
important because the gentle slope still has the po-
tential of landslide when the subsurface flow is strong.
If using surface slope as the failure plane, this phe-
nomenon may be neglected.

5 Discussion

Compared with other physically-based shallow
landslide models, the present model uses a more rig-
orous physically-based hydrology model and a re-
vised infinite slope stability model that can keep the
original topography but provide reasonable landslide
shape. The physically-based model has different
simplifications in describing flow processes. Com-
pared with the famous physically-based hydrology
model SHE, which uses 2D overland flow, 1D chan-
nel flow, 3D saturated flow and 1D unsaturated flow,
the hydrology model InHM in the present approach
uses 2D overland flow, 2D channel flow, 3D saturated
flow and unsaturated flow. In this sense, the present
approach is more precise than the shallow landslide
model based on the SHE family of models (Burton
and Bathurst, 1998) as it can give better temporospa-
tial distribution of water content, especially for high
resolution DEM. Though these applications have
shown some success in catchment scale modelling of
shallow landslide triggered by rainfall, they have
raised certain modelling difficulties, especially in
representing the uncertainties associated with pa-
rameter evolution (Guimaraes et al., 2003).

In the present study, the selected catchment and
synthetic single slopes have/exhibit hydraulic isot-
ropy and homogeneity. This assumption simplifies the
simulation but also makes the simulation result very
similar to other models. The distribution of predicted
FS for the selected catchment matches well with the
predicted stability by SHALSTAB, as well as the
observed landslide occurrence. Note that the rainfall
conditions and initial conditions that triggered the

observed landslides are not precisely recorded, and to
some extent, these conditions are different from the
initial and boundary conditions used in the present
study. Considering some other unknowable factors
(e.g., highly fractured bedrock), there appear to be
some areas that are predicted to be unstable yet were
not observed to be unstable and there also appear to be
areas that were observed to fail yet the model predicts
is stable.

The primary assumption in this study is that the
failure plane is parallel to the hydraulic gradient.
Though there are no field observations available at
present that could support this assumption, it is our
opinion, which is supported by the results of this study,
that this assumption is appropriate for evaluating the
spatially/temporally distributed susceptibility of
shallow landslide.

For simple slopes or terrain without depressions,
the hydraulic gradient is parallel to the surface slope
on the whole, and the reported model generates
similar FS distributions as methods assuming a
surface-parallel sliding plane. However, the present
model is capable of dealing with complex topography
and no pre-processing of depressions and flat areas is
needed, by which the original hydrologic response is
preserved. Impacts of rolling topography and depres-
sions are significant especially when the subsurface
soil is getting saturated. Even with pre-processing of
complex topographic feature, taking the surface slope
as slide angle generally underestimates the slope
stability. For heterogeneous porous media with frac-
tured rock and fault zones, preferential flow paths
through soil and rock contribute to the style and tim-
ing of landslide (Hencher, 2010). When the preferen-
tial flow path is served as the failure plane, it may not
be parallel to the surface slope but will automatically
be represented by the hydraulic gradient.

Although the presented model is able to generate
spatial and temporal distributions of landslide sus-
ceptibility reasonably well, it is far from perfect. For
infinite slopes, the hydraulic gradient depends on the
slope angle, the groundwater specific discharge, and
the distribution and anisotropy of the hydraulic con-
ductivity (Iverson, 1990). When the hydraulic gradi-
ent is forced to be nearly horizontal, the model pre-
dicts a high FS, illustrating that the slope is stable.
This is counterintuitive for steep slope because the
flow lines in such cases are directed out of the slope,
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thus significantly reducing the effective stress. For
this situation, the present approach is not suitable.
Some steep hydraulic gradients could happen because
of the shape of the impermeable bottom boundary,
leading to larger slide angles and unstable prediction.
Surface slope may be used to validate the suscepti-
bility of slope failure if an unusual hydraulic gradient
occurs (e.g., hydraulic gradient significantly varies
from surface slope). More field data is needed to
calibrate the failure plane under different rainfall and
topography conditions.

6 Conclusions

An infinite slope stability numerical model
driven by a comprehensive physically-based
hydrologic-response model has been developed and
presented. The model’s capability to estimate land-
slide susceptibility is illustrated by its application to
two simple slopes and a small catchment study site in
Mettman Ridge, Oregon. The landslides predicted by
using the hydraulic gradient as the slide angle
matches the observed landslides reasonably well. The
presented approach is capable of not only predicting
shallow landslide in catchment scale, as well as pro-
viding valuable detailed information such as landslide
depth, but also dealing with complex topographic
features such as depressions and flat areas without
pre-procession.

Although the presented model is able to generate
spatial and temporal distribution of landslide suscep-
tibility, further improvement is still needed. Due to
the limitations of available data, the soil properties
and rainfall conditions have been taken to be homo-
geneous, which may not conform to the conditions of
the observed landslides. Further work should also
include producing detailed observed information of
failure plane and failure depth, which are needed to
calibrate the presented model and the assumption of
hydraulic-gradient parallel slide angle.
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