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[1] We present a generalized framework for the stability of infinite slopes under steady
unsaturated seepage conditions. The analytical framework allows the water table to be
located at any depth below the ground surface and variation of soil suction and moisture
content above the water table under steady infiltration conditions. The framework also
explicitly considers the effect of weathering and porosity increase near the ground surface
on changes in the friction angle of the soil. The factor of safety is conceptualized as a
function of the depth within the vadose zone and can be reduced to the classical analytical
solution for subaerial infinite slopes in the saturated zone. Slope stability analyses with
hypothetical sandy and silty soils are conducted to illustrate the effectiveness of the
framework. These analyses indicate that for hillslopes of both sandy and silty soils, failure
can occur above the water table under steady infiltration conditions, which is consistent
with some field observations that cannot be predicted by the classical infinite slope
theory. A case study of shallow slope failures of sandy colluvium on steep coastal
hillslopes near Seattle, Washington, is presented to examine the predictive utility of the
proposed framework.
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1. Introduction

[2] The stability of natural and engineered earthen slopes
is a classical subject in soil mechanics, slope hydrology, and
geomorphology. Until recently, most slope-stability analy-
ses have been based on Terzaghi’s effective stress principle
in which pore water pressure is quantified by saturated
seepage theories. However, in well-drained colluvial soils,
shallow slope failures may occur within the vadose zone
under partially saturated soil conditions [e.g., Wolle and
Hachich, 1989; de Campos et al., 1991; Godt et al., 2007]
indicating that stability analyses assuming saturated con-
ditions are invalid for some shallow landslides.
[3] In the past two decades or so, the deficiencies of the

assumption of saturated soil for a variety of soil mechanics
problems has been widely recognized and has drawn great
attention. Negative pore-water pressures above the water
table have been quantified in many slope-stability analyses
[e.g., Cho and Lee, 2002; Collins and Znidarcic, 2004].
However, stress distributions within the vadose zone are
mostly considered using the distribution of total stress since
Terzaghi’s effective stress is not capable of accounting for
the ‘‘skeleton stress’’ under partially saturated conditions.
Variations in soil skeletal stress due to changes in soil
moisture or soil suction have been largely ignored. Instead,
soil shear strength has been modified to account for soil
suction variation [i.e., Fredlund et al., 1978]. This modifi-

cation of shear strength due to soil suction has been recently
used for slope stability analysis [e.g., Ng and Pang, 2000;
Rahardjo et al., 2007]. Alternatively, effective stress vari-
ation due to soil suction can be conceptualized and quan-
tified in which the shear strength of soil remains invariant to
soil suction [e.g., Bishop, 1959; Khalili et al., 2004; Lu and
Likos, 2004, 2006].
[4] Attempting to capture the physical stresses in soil, a

generalized effective stress concept for variably-saturated
soils has been proposed by Lu and Likos [2004, 2006]. The
generalized effective stress is defined as the skeleton stress
changes due to physico-chemical forces and capillarity. This
approach differs from the classical approach of Bishop
[1954] in that there is no need to quantify the coefficient
of effective stress c. Determination of c has posed such
serious theoretical and experimental challenges that Bishop’s
[1954] approach was largely abandoned. Instead, suction
stress replaces pore water pressure in effective stress in the
vadose zone and suction stress can be quantified using shear
strength tests performed on unsaturated materials. One of
the practical implications of the suction stress concept is that
the classical theories of soil mechanics for stress and
deformation analysis of earthen structures such as retaining
walls, slopes, and embankments developed for saturated
conditions can be readily extended to unsaturated condi-
tions. The aim of this paper is to illustrate how generalized
effective stress (suction stress) can be readily formulated for
stability analysis of infinite slopes under partially saturated
conditions.

2. Effective Stress Under Vertical Steady Seepage
Conditions

[5] When the moisture variation in the vertical direction
in hillslopes is important, the consequent effective stress
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above the water table may need to be considered rigorously.
The effective stress in partially saturated soil is no longer
the difference between the total stress and pore-water
pressure or soil suction. The generalized effective stress that
unifies both saturated and unsaturated conditions recently
proposed by Lu and Likos [2004, 2006] is:

s0 ¼ ðs � uaÞ � ss ð1Þ

where ua is the pore air pressure, and ss is defined as the
suction stress characteristic curve of the soil with a general
functional form of:

ss ¼ �ðua � uwÞ ua � uw � 0 ð2aÞ

ss ¼ f ðua � uwÞ ua � uw > 0 ð2bÞ

where uw is the pore water pressure, and ua is the pore air
pressure. Lu and Likos [2006] showed that the suction stress
characteristic curve, ss, could be obtained either by shear
strength tests or by theoretical formulations. In light of the
effective stress definition proposed by Bishop [1959] as
well as ample experimental evidence, suction stress can be
expressed in terms of normalized volumetric water content
or degree of saturation [Lu and Likos, 2004] as:

ss ¼ � q� qr
qs � qr

ðua � uwÞ ¼ � S � Sr

1� Sr
ðua � uwÞ ð3Þ

where q is the volumetric water content, qr is the residual
volumetric water content, qs is the saturated volumetric
water content, S is the degree of saturation, and Sr is the
residual degree of saturation. The residual water content is
the amount of water that remains primarily in the form of
thin films surrounding the soil particle surfaces at very high
suctions. Furthermore, soil-water characteristic curve
(SWCC) models can be used to link the relationship
between the normalized volumetric water content or degree
of saturation with matric suction. If the SWCC model by
van Genuchten [1980] is used, the normalized degree of
saturation can be expressed as:

S � Sr

1� Sr
¼ 1

1þ aðua � uwÞ½ 	n
� �1�1=n

ð4Þ

where n and a are empirical fitting parameters of
unsaturated soil properties.

[6] A closed form expression for suction stress for all
degrees of saturation can be arrived at by substituting
equation (4) into equations (1) and (3):

ss ¼ �ðua � uwÞ ua � uw � 0 ð5aÞ

ss ¼ � ðua � uwÞ
1þ a ua � uwð Þ½ 	nð Þ n�1ð Þ=n ua � uw > 0 ð5bÞ

[7] The matric suction or soil suction generally varies
within a slope, depending on soil types, the water table and
slope configuration, and infiltration conditions. For a one-
dimensional steady-state matric suction profile, the depen-
dence of matric suction on all these afore-mentioned factors
can be expressed as [e.g., Lu and Griffiths, 2004]:

ua � uw ¼ �1

a
ln 1þ q=ksð Þe�gwaz � q=ks½ 	 ð6Þ

where q is the steady infiltration (negative) or evaporation
rate (positive), g is the unit weight of water, z is the vertical
coordinate upward positive, and ks is the saturated hydraulic
conductivity. The range of representative soil parameters for
various sandy and silty soils is listed in Table 1 [Lu and
Likos, 2004].
[8] Substituting equations (4) and (6) into equations (1)

and (3) leads to an analytical suction stress profile under
steady infiltration or evaporation conditions:

ss ¼ �ðua � uwÞ ua � uw � 0 ð7aÞ

ss ¼ 1

a
ln 1þ q=ksð Þe�gwaz � q=ks½ 	

1þ � ln 1þ q=ksð Þe�gwaz � q=ks½ 	f gnð Þ n�1ð Þ=n

ua � uw > 0

ð7bÞ

[9] When the flow rate is equal to zero, i.e., hydrostatic
conditions, the above equations recover to an analytical
form for the suction stress characteristic curve (equations
(5a, 5b)). The above equation provides a rigorous way to
expand the classical infinite slope model for variably
saturated conditions.

3. Factor of Safety for Unsaturated Infinite
Slopes With a Weathered Mantle

[10] For the factor of safety under partially saturated
conditions, the generalized effective stress (equation (1))
can be inserted into the well-known equation for infinite

Table 1. Hydrologic and Shear Strength Properties for Hypothetical and Case Study Soils

Soil Type N (unitless) a (kPa�1) ks (m/s) fo (deg) Df (deg) b (deg) zw (m)

Coarse sand 7.5 0.45 40 6 45 0.5
Medium sand 5.5 0.14 40 6 45 0.5
Fine sand 4.75 0.08 1.0 � 10�6 40 6 45 0.5
Sandy silt 4.0 0.1 33 15 45 1.5
Silt 3.0 0.05 33 15 45 1.5
Loess 4.0 0.025 5.0 � 10�7 33 15 45 1.5
Colluvial sand 2.21 0.61 1.6 � 10�6 36 5 40 0.5
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slope stability (e.g., Duncan and Wright [2005]; also see
Figure 1):

F ¼ c0 þ gHss cos
2 b � ss½ 	 tanf0

gHss sinb cos b
ð8aÞ

which, after rearranging and applying trigonometric iden-
tities, becomes:

F ¼ tanf0

tanb
þ 2c0

gHss sin 2b
� ss

gHss

tan b þ cotbð Þ tanf0 ð8bÞ

The geometry and symbols that appear in the above
equation are illustrated in Figure 1.
[11] The first term on the right hand side of the above

equation is due to the internal frictional resistance of the
soil, the second term is due to the cohesion, and the third
term is due to the suction stress. Since suction stress is
tensile in nature, the overall effect is to hold the soil
together, thus increasing the factor of safety. In contrast,
below the water table, the effect of pore pressure on the
factor of safety, as shown in equation (8b) is generally the
opposite. As conceptualized by Lu and Likos [2006], for a
given soil, suction stress is highly dependent on soil suction.

Figure 1. Infinite slope model for a variably-saturated infinite slope with a weathered mantle. (a) Basic
definitions. (b) Conceptual illustration of differences between the factor of safety profiles for the classical
and unsaturated models.
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In general, there are two physical mechanisms causing
suction stress in soils; inter-particle physico-chemical
forces, and inter-particle capillary forces. Suction stress is
greatly reduced as soils near saturation, and this phenom-
enon could be the physical mechanism triggering many
shallow landslides when hillslopes are subject to intense
precipitation. Equations (8a, 8b) can be used to assess the
impact of soil properties and infiltration conditions on the
stability of an infinite slope.
[12] In light of the unified effective stress concept defined

in equation (1) and the variation of stress in the vertical
direction, a factor of safety equation under steady vertical
seepage and both saturated and unsaturated conditions is
given by:

FðzÞ ¼ tanf0

tanb
þ 2c0
gHss sin 2b

� ru tan b þ cotbð Þ tanf0 ð9aÞ

ru ¼
ss

gHss

ð9bÞ

[13] In the classical infinite slope theory, the friction
angle, f0, shown above is a constant for a given soil. This
assumption is rarely the case under field conditions. Soil
mantles that form hillslopes are typically the results of
weathering and mechanical transport and compaction. Con-
sequently, for soils with the same chemical compositions,
soil porosity at the ground surface is typically greater than
that at deeper locations. At a certain depth, soil porosity
becomes relatively homogeneous and constant. For shallow
soil less than 2 m, shear strength is mainly provided by
inter-particle frictional resistance and soil cohesion is rela-

tively small; typically less than 10 kPa. Studies have shown
that the porosity of weathered soil and regolith typically
varies from 0.45 to 0.30 in the upper 10 m of the soil profile
[e.g., Selby, 1993; Cornforth, 2005]. Experimental evidence
shows that the friction angle for a given sand can vary from
30� to 55� and is inversely linearly proportional to its
porosity m [e.g., Rowe, 1969; Marachi et al., 1969;
Cornforth, 1973, 2005]. Thus such dependency can be
mathematically described as:

f0 ¼ f0
o þ

Df
Dn

mo � mð Þ ð10Þ

where f0
o and mo are the friction angle and porosity at the

ground surface, and Df and Dm are the range of variation
in friction angle and porosity respectively within the
weathering zone zw. Reduction of porosity with depth is
mainly a result of mechanical compaction and consolidation
under the soil’s self weight or external loadings. The
functional relationship between porosity and soil depth Hss

may be described as a power reduction equation:

m ¼ mo �
Dm

1þ zw

Hss

ð11Þ

Substituting equation (11) into equation (10) leads to:

f0 ¼ f0
o þ

Df

1þ zw

Hss

ð12Þ

If soil samples from different depths are tested to determine
f0

o, Df, and zw, the above equation can be used to quantify
the shear strength increase with depth in a hillslope
environment. Figure 2 illustrates the relative change in
friction angle (dimensionless quantity (f0 � f0o)/Df) as a
function of soil depth for various weathering zone
parameters, zw.
[14] With the above conceptualization of a weathered soil

mantle, a generalized factor of safety equation under steady
vertical seepage and both saturated and unsaturated con-
ditions now becomes:

FðzÞ ¼ tanf0ðzÞ
tanb

þ 2c0

g Hwt � zð Þ sin 2b � ru tan b þ cotbð Þ tanf0ðzÞ

ð13aÞ

ru ¼
ss

g Hwt � zð Þ ð13bÞ

where the friction angle and suction stress as functions of
soil depth are completely defined by equations (7a, 7b) and
(12). With the seepage rate q, the soil’s hydrologic properties
(a, n, ks), shear strength parameters (c0, f0), and weathering
characteristics (Df0, zw), equations (13a, 13b) can be readily

Figure 2. Graphic illustration of relative change in friction
angle as a function of depth for various thicknesses of the
weathered zone parameter zw.
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used to assess the stability of variably saturated infinite
slopes.

4. Possible Slope Failure Above the Water Table
in Sandy Hillslopes

[15] In the case of cohesionless hillslope materials (i.e.,
sand for which c0 = 0), the generalized factor of safety
equation for an infinite slope is:

FðzÞ ¼ tanf0

tanb
� ru tanb þ cot bð Þ tanf0 ð14aÞ

ru ¼
ss

g Hwt � zð Þ ð14bÞ

[16] Suction stress in sandy soils is due primarily to
capillarity. Thus the magnitude of suction stress in such
cases depends mainly on soil suction and particle- and pore-
size distributions. For a given sandy soil, particle- and pore-
size distributions can be considered insensitive to environ-
mental changes such as temperature, pressure, and humidity.
Soil water content can then be uniquely defined by soil
suction via the SWCC. Thus suction stress can be conve-
niently considered as a characteristic function of soil suction
[Lu and Likos, 2004].

4.1. No Infiltration Conditions

[17] Soil water content profiles in sandy soils under
hydrostatic equilibrium conditions can be assessed by
equation (4) for three representative sandy soils with unsat-
urated parameters shown in Table 1 (Figure 3a). For the
coarse sand, the effective degree of saturation varies dra-
matically near the water table from 100% saturation at the
water table to the residual state about 0.6 m (or at 6 kPa of
soil suction) above the water table. For the medium sand,
the zone of saturation greater than the residual state extends
to about 2 m (or 20 kPa of soil suction) above the water
table. For the fine sand, this zone reaches more than 5 m (or
50 kPa of soil suction) above the water table.
[18] Suction stress profiles for the three hypothetical

sands can be predicted by equations (5a, 5b) and are shown
in Figure 3b. In general, suction stress for the sandy soils is
sensitive to soil suction over a range from 0 to less than
several kPa and diminishes to nearly zero for soil suctions
greater than several hundred kPa. Within several hundred
kPa of soil suction, suction stress in sands decreases from
zero at zero soil suction (100% saturation) to a peak
between 8 and 10 kPa of soil suction, and then increases
toward zero again as soil suction increases. The minimum
suction stress for the hypothetical sandy soils shown in
Figure 3b is �1.75 kPa for the coarse sand, �4.25 kPa for
the medium sand, and �8.0 kPa for the fine sand. Figure 3b
also shows that the distance above the water table at which
the minimum suction stress occurs will increase as the soil
becomes finer. For example, for the fine sand, the minimum
suction stress of �8.0 kPa occurs at about 1.0 m above the
water table.
[19] The effect of suction stress above the water table on

the factor of safety of the sandy slope can be assessed by
equations (13a), (13b) and is shown in Figure 3c. For
illustration, the inclination of the slope is assumed to be

45�. The friction angle is 40� at the ground surface and
increases to 46� at a depth of 5 m with the weathering zone
parameter zw set as 0.5 m. Under the zero infiltration
condition with water tables 5 m vertically below the ground
surface and assuming steady, slope-parallel flow below the
water table (Figure 3c), the factor of safety is 1.03 at the
water table for all three sands. The maximum factor of
safety nearly coincides with the location of the minimum
suction stress (refer to Figure 3b) in all three sands. For
slopes of coarse, medium, and fine sand, the maximum
factors of safety are about 1.06, 1.13, and 1.24 respectively.
The possibility of several to tens of percentage increases in
suction stress in sandy soils could be important for the
stability of many natural slopes, where environmental
changes such as the passage of a transient wetting front
could overcome suction stress and potentially trigger
shallow landslides.
[20] Above the location of the maximum factor of safety

in sandy hillslopes, the factor of safety varies greatly
depending on the type of sands (Figure 3c). In the cases
of the coarse and medium sands, the variation of the factor
of safety shows three distinct horizons: a zone of sharp
reduction right above the location of the maximum factor of
safety, above which lie zones of gradual reduction and a
zone of increasingly sharp reduction in the factor of safety
near the ground surface. As an example, for the slope of
medium sand (Figure 3c) the zone of sharp reduction is
located between 0.6 m and 1.5 m above the water table, the
gradual zone of reduction is between 1.5 m to 3.5 m above
the water table, and the zone of increasingly sharp reduction
is within 1.5 m to the ground surface. For slopes of both
coarse and medium sands, the factor of safety reaches 1.0 at
about 2.4 m above the water table, implying that under
hydrostatic conditions slopes inclined at 45� of these two
sands will not be stable if the unsaturated zone is thicker than
2.4 m. For these slopes to remain stable, additional factors
contributing to stability, such as the support by vegetation
roots [e.g., Schmidt et al., 2001] must be invoked.
[21] For the slope of fine sand, the variation of the factor

of safety shows two distinct horizons: a zone of reduction
right above the location of the maximum factor of safety,
and a sharp increase in the factor of safety near the ground
surface (Figure 3c). The minimum factor of safety (1.01)
occurs at the transition of these two zones about 0.5 m
below the ground surface. The existence of suction stresses
of �8.0 kPa in the fine sand soil under hydrostatic con-
ditions implies that the factor of safety in the unsaturated
zone could be reduced to less than 1.0 under infiltration
conditions. These scenarios will be explored in a later
section.
[22] It is important to point out that the sharp variation of

the factor of safety with depth cannot be predicted by the
classical infinite slope model. For the classical model, the
factor of safety is a constant over the entire layer of
cohesionless sand.
[23] The occurrence of the minimum factor of safety near

the ground surface depends on the thickness of the unsat-
urated zone (Figure 3d). When the unsaturated zone is
relatively thin, such as 1 m shown in Figure 3d, the
minimum disappears and the factor of safety increases
monotonically with increasing distance away from the water
table.
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4.2. Steady Infiltration

[24] The impact of suction stress on the potential of the
factor of safety to be less than 1.0 or predicted slope failure
in the unsaturated zone can be explored by applying various
steady infiltration conditions in equation (7b). The fine sand
slope with the same hydro-mechanical properties and geom-
etry given for the previous sandy soil examples are used for
illustration. A series of infiltration rates of �1.5� 10�7 m/s,
�2.5 � 10�7 m/s, and �4.9 � 10�7 m/s are used. A steady
infiltration rate of �1.5 � 10�7 m/s for a period of one
week is equivalent to a total rainfall of 91 mm, a moderate
rainfall event for many hillslope environments. A steady
infiltration rate of �4.9 � 10�7 m/s for a week is equivalent
to a total rainfall of 296 mm, a heavy rainfall event. For a
sandy soil, the wetting front can reach a depth of several
meters within a month following rainfall events of these

magnitudes so that the steady model used here yields an
approximate range of the changes in soil suction, suction
stress, and the factor of safety that can be expected. The
steady profiles of the effective degree of saturation and
suction stress under the assumed infiltration rates as well
as under hydrostatic conditions are predicted using
equations (6) to (7a), (7b) as shown in Figures 4a and 4b,
respectively. The profiles of the effective degree of satura-
tion (Figure 4a) are sensitive to the applied infiltration rates,
varying from nearly zero saturation under the hydrostatic
condition to nearly full saturation under the infiltration rate
of �4.9 � 10�7 m/s. The profile of suction stress also varies
with the variation in infiltration rate. The magnitude of the
minimum suction stress remains about the same as the
infiltration rate decreases from 0 to �2.5 � 10�7 m/s but
its location moves toward the ground surface. Changing the

Figure 3. Hydrostatic profiles. (a) Effective degree of saturation. (b) Suction stress. (c) Factor of safety
in various sandy slopes with a thickness of 5 m. (d) Factor of safety in fine sand slope of various
thicknesses.
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infiltration rate from �2.5 � 10�7 m/s to �4.9 � 10�7 m/s
causes a drastic increase in suction stress to nearly zero
throughout the soil profile. Correspondingly, a zone where
the factor of safety is less than 1.0 is observed in a zone
between 0.3 m to 1.4 m below the ground surface, indicat-
ing that shallow landslide may occur on this slope under
heavy precipitation conditions (Figure 4c).

5. Possible Slope Failure Above the Water Table
in Silty Hillslopes

5.1. No Infiltration Conditions

[25] Suction stress in silty soils is mainly the combination
of capillarity and physico-chemical forces. Thus the mag-
nitude of suction stress in such cases depends mainly on soil

suction, particle- and pore-size distributions, and van der
Waals attraction near the contacts of soil grains. Soil water
content profiles in silty soils under hydrostatic equilibrium
conditions again can be assessed using equation (4) for three
representative soils with parameters shown in Table 1
(Figure 5a). For the sandy silt, the effective degree of
saturation varies greatly a couple meters above the water
table from 100% saturation at the water table to 12%
saturation 2 m above the water table (or at around 20 kPa
of soil suction). For the silt, the water retention capability
extends a significant distance above the water table. At the
ground surface (5 m above the water table or 50 kPa soil
suction), the effective degree of saturation is around 15%.
For the loess, the water retention capability extends further.

Figure 4. Profiles. (a) Effective degree of saturation. (b) Suction stress. (c) Factor of safety in a 5-m-
deep fine sand slope under various steady flux conditions.
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At the ground surface (5 m above the water table or 50 kPa
soil suction), the effective degree of saturation reaches 40%.
[26] Suction stress profiles for the three hypothetical silty

soils under the no infiltration condition can be predicted by
equations (5a), (5b) and are shown in Figure 5b. In general,
suction stress for silty soils is sensitive to soil suction over a
range from 0 to less than several hundred kPa and dimin-
ishes to zero for soil suctions greater than several hundred
kPa (not shown but can be inferred from equations (5a),
(5b)). Within the range of soil suction of several hundred
kPa, suction stress in silty soils decreases from zero at zero
soil suction (100% saturation) to a minimum of several tens
of kPa, but then increases as soil suction increases. The
minimum suction stress for the hypothetical silty soils shown
in Figure 5b is�6.2 kPa for the sandy silt,�12.9 kPa for the
silt, and �24.8 kPa for the loess. Figure 5b also shows that
the distance above the water table where the minimum
suction stress occurs will increase as the soil becomes finer.

For example, the minimum suction stress of �24.8 kPa
occurs at about 3.4 m above the water table in a loess slope.
[27] The effect of suction stress above the water table on

the factor of safety of the silt slopes can be assessed by
equations (13a), (13b), and is shown in Figure 5c. For
illustration, the inclination of the slope is assumed to be 45�.
The cohesion is assumed to be 2 kPa. The friction angle is
33� at the ground surface and increases to 48� at the depth
of 5 m with the weathering zone parameter, zw, set to 1.5 m.
Under hydrostatic conditions with a water table located 5 m
vertically below the ground surface (Figure 5c), the factor of
safety is between 1.01 and 1.04 at the water table in the
three silty slopes. The maximum and minimum factors of
safety only occur for the sandy silt. The maximum factor of
safety occurs about 0.3 m above where the minimum
suction stress occurs (0.85 m as shown in Figure 5b). The
minimum factor of safety occurs at about 1.2 m below the
ground surface where it reaches 0.98 (refer to Figure 5b).

Figure 5. Hydrostatic profiles. (a) Effective degree of saturation. (b) suction stress. (c) Factor of safety
in various silty slopes with thicknesses of 5 m. (d) Factor of safety in a loess slope of various thicknesses.
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There is no maximum factor of safety for the silt and loess
slopes. The factor of safety for both slopes increases
monotonically with increasing distance from the water table.
The minimum factor of safety occurs in both slopes at the
water table.
[28] The pattern of monotonic variation for the factor of

safety is largely due to the cohesion term shown in
equations (13a), (13b). This term dominates near the ground
surface where Hss is small. In all three loess slopes with
different thicknesses shown in Figure 5d, the pattern is the
same; the factor of safety increases monotonically with
increasing distance away from the water table. The possibil-
ity of slope failure in unsaturated silty slopes with such
patterns of variation in the factor of safety is explored below.

5.2. Steady Infiltration

[29] The loess slope with the same hydro-mechanical
properties and geometry in the previous silty soils
examples is used for illustration. Three infiltration rates of
�5.0 � 10�7 m/s, �8.0 � 10�7 m/s, and �9.9 � 10�7 m/s
are used. A steady infiltration rate of �5.0 � 10�7 m/s for a
week is equivalent to a total rainfall of 302 mm, a heavy
rainfall event. A steady infiltration rate of �9.9 � 10�7 m/s
for a week is equivalent to total rainfall of 599 mm, a very
heavy rainfall event. For silty soils, the wetting front can
reach several meters within a few months after the rainfall
event so the steady model used here yields an approximate
range of the expected changes in soil suction, suction stress,
and the factor of safety. The steady profiles of the effective
degree of saturation and suction stress for the assumed
infiltration rates as well as under hydrostatic conditions
are predicted by using equations (6) to (7a), (7b) as shown
respectively in Figures 6a and 6b. The profiles of the
effective degree of saturation (Figure 6a) depends on the
applied infiltration rates, varying from 41% saturation near
the ground surface under the hydrostatic condition to near full
saturation under the infiltration rate of�9.9� 10�7 m/s. The
profile of suction stress also varies dynamically with the
infiltration rates. The minimum suction stress for the three
infiltration rates occurs at the ground surface and progres-
sively increases as the infiltration rate increases. Suction
stress nearly vanishes when the infiltration rate approaches
�9.9 � 10�7 m/s. The increase in suction stress is 24.8 kPa
in comparison with the minimum suction stress under hydro-
static conditions; equivalent to a vertical stress under gravity at
a depth of about 1.4 m given a soil unit weight of 18 kN/m3.
Correspondingly, a zone with factor of safety less than 1.0 is
observed between 1.3 m and 2.8 m below the ground surface,
indicating that shallow landslides may occur on this slope
under very heavy precipitation conditions (Figure 6c).
[30] From the above analysis for both sandy and silty

hillslopes, three observations can be made. We have shown
that the generalized infinite slope theory can predict the
occurrence of landslides above the water table in silty soils.
Second, the slope failure (factor of safety reaches 1.0) is
likely to occur in a weak zone a few meters below the
ground surface; and third, when slope failure occurs, soil
suctions are nearly zero and the soil is nearly saturated.

6. Case Study of Landslide-Prone Coastal Bluffs

[31] Shallow landslides are common in the colluvial
deposits that mantle many of the steep bluffs along the

Puget Sound in the Seattle, WA area [Galster and Laprade,
1991; Montgomery et al., 2001; Coe et al., 2004] and are
often triggered by heavy rainfall or rapidly melting snow
[Godt et al., 2006]. The bluffs in the Seattle area are
typically underlain by subhorizontally bedded glacial and
interglacial sediments, which include glacial outwash sand
and glaciolacustrine silt deposits (Figures 7a to 7b). The
well-consolidated glacial and non-glacial deposits readily
weather mechanically to form a loose, permeable, sandy
colluvium. Shallow landslides in the colluvium typically
involve less than 1000 m3 and are generally between 1 and
2 m thick [Baum et al., 2000]. The soil water characteristics
of colluvium from a landslide-prone bluff north of Seattle
were determined using capillary rise tests and from field
monitoring results [Baum et al., 2005; Godt and McKenna,
2008] and the van Genuchten SWCC model [1980] was fit
to the water content and soil suction data (Figure 7c).
Saturated hydraulic conductivity was measured using
results from constant head and constant flow tests per-
formed in the lab.
[32] Figure 7d shows the distribution of suction stress in

bluff colluvium for several steady infiltration rates assuming
a water table located 5 m below the ground surface
consistent with field monitoring observations [Baum et
al., 2005]. The steady infiltration rates were chosen using
the maximum monthly (November 2006) and maximum
daily (20 October 2003) rainfall amounts recorded at the
Seattle-Tacoma, WA airport (data from the National Climatic
Data Center). These infiltration rates were chosen to illus-
trate the effects of heavy rainfall on suction stress and slope
stability and representative of the high-end of rainfall rates
that have triggered shallow landslides in the Seattle area
[Godt et al., 2006]. For the zero infiltration condition,
suction stress reaches a minimum of �1.4 kPa about 0.2 m
above the water table. The magnitude of the suction stress
profile changes little from that of the hydrostatic condition
under the maximum monthly rainfall scenario, and suction
stress actually decreases further above the water table
toward the ground surface. For the maximum daily rainfall
scenario that yields infiltration rates approaching the mag-
nitude of the saturated hydraulic conductivity, suction stress
begins to disappear throughout the entire profile.
[33] The influence of steady infiltration on the stability of

the bluff colluvium reflects the effect of infiltration on
suction stress (Figure 7d). Assuming a friction angle fo of
36� at the ground surface that increases to 41� at 5 m depth
and a slope inclination b of 40�; appropriate values for
colluvium shear strength and bluff topography respectively
[Koloski et al., 1989; Montgomery et al., 2001], under
hydrostatic conditions, the factor of safety is greater than
1.0 at the water table, peaks at about 0.2 m above the water
table and increases non-linearly to a maximum at the ground
surface. Small steady infiltration rates have the counter-
intuitive effect of increasing the factor of safety above the
water table because of their decreasing effect on suction
stress in sandy soil. Under infiltration rates approaching
the magnitude of the saturated hydraulic conductivity,
suction stress disappears (Figure 7d) and the factor of
safety is less than unity in the upper 1.5 m of the soil
profile (Figure 7e). The depth of the potentially unstable
zone is consistent with the depths of many of shallow
landslides triggered by rainfall on the Puget Sound bluffs
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during the winter of 1996–97 [Baum et al., 2000]. This
case study indicates that the generalized infinite slope
model is capable of assessing the likelihood and precipi-
tation conditions that induce shallow translational land-
slides on the coastal bluffs of Puget Sound.

7. Practical Implications of Suction Stress to
Shallow Landsliding

[34] The above quantitative and case study analyses
indicate that the dynamics of suction stress above the water
table bears important practical implication to the stability of
both artificial and natural slopes.
[35] In classical slope stability analysis, sandy soils are

often considered to be cohesionless. The classical analysis

leads to a simple conclusion that for these soils the factor of
safety is independent of the depth of the slip surface so that
the failure can occur at any depth. In reality, in landslide-
prone terrain, sandy soils can possess considerable cohesion
that is not captured in the drained cohesion of classical soil
mechanics. This cohesion is due to capillarity and is
conceptualized using suction stress in the generalized prin-
ciple of effective stress for soils under all degrees of
saturation. The magnitude of suction stress shown in this
theoretical treatment as well as many experimental studies
may be as much as 10 kPa in sandy soils and is subject to
changes in environmental factors such as infiltration and
evaporation. The classical approaches lead to generally
conservative designs for artificial or man-made slopes,
which often accomplish the public-safety objective from

Figure 6. Profiles. (a) Effective degree of saturation. (b) Suction stress. (c) Factor of safety in a 5-m
deep loess slope under various steady flux conditions.
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Figure 7
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an engineering perspective. In dealing with natural slopes,
the emphasis is often on prediction of shallow landslides.
This demands the understanding and quantification of all
mechanisms and their importance to the triggering of land-
slides. Suction stress is a natural phenomenon occurring in
the unsaturated zone and its role on the factor of safety has
shown here to be important in various soils.
[36] For slopes of cohesive soils, the classical infinite

slope theories consider the depth of the sliding surface as
fixed, often at a mechanically weak interface beneath the
slope. This assumption is supported by many field cases.
However, many field observations also indicate that this
may not always be the case [e.g., Matsushi et al., 2006;
Godt and Coe, 2007]. The generalized infinite slope theory
presented here quantitatively shows that the effective stress
above the water table depends on types of soils and the
environmental factors such as infiltration and evaporation
rates. For silty soils, a zone of low factor of safety exists
above the water table. Thus, in reality, when the unsaturated
zone is subject to the transient effects of infiltration on soil
suction and effective stress, shallow landslides could be
triggered by the increase of suction stress that reduces the
factor of safety.
[37] The generalized infinite slope theory for all degrees

of saturation also demonstrates that the moisture content, soil
suction, suction stress, and factor of safety profiles are highly
dependent on the soil type. For an infinite slope of sandy
soil, suction stress plays a critical role in the stability of the
slope. For silty slopes under hydrostatic conditions, the
contribution of suction stress to the stability of the slope is
on the same order of magnitude as that of classical cohesion
under saturated and drained conditions (Figures 5b to 5c).
However, since suction stress is highly dependent on soil
suction or soil moisture content, the transient effects of
infiltration may dramatically reduce the suction stress near
the ground surface and trigger shallow landslides.
[38] In the case study, slope failure above the water table

is predicted when heavy rainfall reduces soil suctions to
nearly zero and suction stress disappears. Infiltration under
heavy rainfall is obviously a transient process, but the
steady analysis may be appropriate for examination of the
near-surface suction profiles under these conditions. At the
case study site, near zero soil suctions are generated by
heavy rainfall at rates approaching the saturated hydraulic
conductivity of hillside materials. If heavy rainfall is of
adequate duration so that soil suctions are decreased to near
zero in the upper few meters of the soil profile, shallow
slope failure is likely. Because soils under these conditions
are very nearly saturated, shallow landslides that are gen-
erated by this mechanism may mobilize into debris flows
[Iverson et al., 1997].
[39] Shallow landslides may be produced by this mech-

anism in hillslope settings where the water table is well
below the ground surface and the soil or regolith overlies a
permeable substrate. Permeable substrates such as the

glacial outwash sands of the Puget Lowland, marine sand-
stones in Japan [Matsushi et al., 2006] or the weathered
granites and gneisses of the Serro do Mar, Brazil [Wolle and
Hachich, 1989] act to inhibit the formation of shallow
saturated zones on steep hillsides maintaining suction stress.
Suction stress in the soil or regolith allows cohesionless
hillside materials to remain stable on slopes in excess of
their internal angle of friction except under the exceptional
conditions of intense and prolonged rainfall.
[40] Explicit quantification of the soil moisture and rain-

fall conditions that may lead to shallow landslide generation
by this mechanism, and the frequency of their occurrence in
a given geologic and climatic setting, will require transient
and multidimensional analysis of hillslope hydrology and
slope stability.

8. Summary and Conclusions

[41] We have presented a generalized analytical frame-
work for assessing the stability of infinite slopes under all
degrees of saturation with an emphasis on the case in which
the slip surface is above the water table. This framework
relies on the existing understanding of unsaturated-zone
hydrology and considers for the first time, the contribution
of suction stress in the stress analysis. The framework also
explicitly quantifies the friction angle increase with the
depth due to weathered mantles.
[42] Analysis of infinite slopes with a range of properties

typical of sandy soils under possible rainfall conditions
indicates that soil suction, moisture content, and suction
stress all vary greatly above the water table. For these soils,
suction stress reaches a minimum of �8 kPa over generally
less than 1 m above the water table under hydrostatic
conditions. As the infiltration rate increases, the location
of the minimum suction stress first moves upward until it
reaches the ground surface and then approaches zero. The
magnitude and the dynamics of suction stress profiles in
sandy soils are sufficient to vary the factor of safety above
the water table to cause failure near the ground surface.
[43] For hillslopes of silty soils, suction stress can reach a

minimum of �24.8 kPa over several meters above the water
table under no infiltration conditions. Under possible rain-
fall conditions, as the infiltration rate increases, the location
of the minimum suction stress moves upward until it
reaches the ground and then suction stress vanishes to near
zero under the heaviest infiltration rate. The magnitude and
the changes in suction stress in silty soils are sufficient to
generate a potentially unstable zone at depths of more than
1.3 m below the ground surface.
[44] The example from the coastal bluffs along the Puget

Sound shows the impact of infiltration rates that approach
the magnitude of the saturated hydraulic conductivity of the
hillside materials. Relatively small infiltration rates have the
effect of actually increasing slope stability above the water
table; however, under high infiltration rates, suction stress

Figure 7. (a) Map showing the location of the example case study. (b) Slope profile and location of landslide scar at the
Edmonds field site on the coastal bluffs of Puget Sound. (c) Soil-water characteristic curve (solid line) for hillside
colluvium in the Seattle, Washington, area fit to suction and saturation data (closed circles) determined for colluvium
collected at the Edmonds site capillary-rise tests. (d) Distribution of suction stress. (e) Factor of safety above the water table
in hillside colluvium for three rainfall scenarios. The maximum daily and monthly rainfall data were taken from the
National Weather Service station at the Seattle Tacoma airport.
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disappears and slope failure could occur at depths 1.5 m
from the ground surface, which is consistent with observa-
tions of precipitation-induced shallow landslides on the
Puget Sound bluffs. The case study indicates that the
generalized infinite slope model is capable of assessing
the likelihood and precipitation conditions that induce
shallow translational landslides.
[45] Although the new framework explicitly considers the

hydro-mechanical coupling of physical processes in unsat-
urated infinite slopes, it only captures stress and soil suction
under steady flow conditions. The framework can provide
the triggering mechanisms and an order of magnitude
analysis for the stability of infinite slopes under variably-
saturated conditions. The steady state limitation can be
removed by expanding the framework to include unsteady
unsaturated flow without adding any additional physical
processes. While the current framework includes the friction
angle variation within the weathered soil mantle, the con-
tribution of vegetation to the stability of slopes may need to
be considered particularly in forested environments. Inclu-
sion of suction stress and soil suction under transient
conditions as well as the enhancement of stability due to
vegetation are important steps toward the realistic forecast-
ing of the spatial and temporal distributions of shallow
landslides triggered by rain infiltration.
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