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Abstract This investigation employs 3D, variably satu-
rated subsurface flow simulation to examine hysteretic
effects upon the hydrologic response used to drive unsat-
urated slope stability assessments at the Coos Bay 1 (CB1)
experimental catchment in the Oregon Coast Range, USA.
Slope stability is evaluated using the relatively simple
infinite slope model for unsaturated soils driven by simu-
lated pore-water pressures for an intense storm that trig-
gered a slope failure at CB1 on 18 November 1996.
Simulations employing both hysteretic and non-hysteretic
soil-water retention curves indicate that using either the
drying soil-water retention curve or an intermediate soil—
water retention curve that attempts to average the wetting
and drying retention curves underestimates the near-sur-
face hydrologic response and subsequently the potential for
slope failure. If hysteresis cannot be considered in the
hydrologic simulation, the wetting soil-water retention
curve, which is seldom measured, should be used for more
physically based slope stability assessment. Without con-
sidering hysteresis or using the wetting soil-water retention
curve, the potential for landsliding in unsaturated materials
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may be underestimated and a slope failure could occur
when simulations predict stability.
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Abbreviations

CB1 Coos Bay 1

InHM Integrated hydrology model
FS Factor of safety

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

USA  United States of America

Introduction

Slope failures continue to be one of the most deadly and
destructive natural hazards in the United States, causing
between 25 and 50 fatalities and approximately $3.5
billion in property damage annually (U.S. Geological
Survey 2004). Landslides and debris flows can also load
sediment to fluvial systems, degrading aquatic habitat
(e.g., Lamberti et al. 1991; Gomi et al. 2002). The
potential causes of slope failures include the influences
of hydrology, geology, soils, volcanoes, seismicity, and
land-use practices (Sidle and Ochiai 2006). Hydrologic
events serve as the most frequent trigger of landslides in
many regions throughout the world (Van Asch et al.
1999; U.S. Geological Survey 2004). The growing
field of hydrogeomorphology recognizes the importance
of hydrologic response in governing many geomorphic
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processes, including slope failure (Scheidegger 1972;
Dunne 1990, 1994; Sidle and Onda 2004).

The current conceptual understanding of rainfall-
induced landslides relies principally on the reduction of
effective stress via positive pore-water pressure develop-
ment (Terzaghi 1943). Recent research has demonstrated
that a reduction in capillary stress from a loss of matric
suction can also trigger shallow slope failure (e.g., Rah-
ardjo et al. 1994; Fourie et al. 1999; Likos and Lu 2004;
Godt et al. 2009). Whether it is the loss of suction or
positive pore-water pressures that reduce shear strength, it
is clear that unsaturated zone hydrology is a driving force
behind the timing and location of slope failure initiation.
Hysteresis in the nonlinear soil-water retention curve,
referring to different relationships between pressure head
and soil-water content depending on whether the soil is
wetting or drying, can strongly affect the movement of
water in the unsaturated zone, yet is seldom incorporated
into hydrologic models.

Selected modeling efforts that examine variably saturated
fluid flow and slope failure at both catchment and watershed
scales are summarized in Table 1. While the studies men-
tioned in Table 1 have contributed much understanding, only
the study presented here conducts 3D unsaturated flow sim-
ulation, including hysteretic flow processes, coupled to slope
stability assessment. The well-studied Coos Bay 1 (CB1)
experimental catchment is the field site used to investigate
the effects of hysteresis in simulating hydrologic response to
rainfall that triggers unsaturated slope failure. A large storm
in November 1996 that caused slope failure at CB1 provides
both the motivation and the parameterization data for this
work. The inclusion of hysteresis allows for comparison
between simulations using the wetting, drying, and mean
(i.e., intermediate between the wetting and drying) soil—
water retention curves to hysteretic results. The hydrologic
model employed here is the integrated hydrology model

(InHM); the slope stability assessment is conducted using the
infinite slope approach. This study builds upon prior hydro-
logic-response simulations at the CB1 field site (see Ebel
et al. 2007b, 2008; Ebel and Loague 2008). The intention of
this study is not to exactly replicate the slope failure mech-
anisms at CB1, which are likely triggered by bedrock fracture
flow (Montgomery et al. 2002, 2009). Instead, the principal
objective here is to investigate the impacts of hysteresis upon
near-surface hydrologic response and unsaturated slope sta-
bility for a Coos-Bay-like location in the presence of hys-
teresis in the soil-water retention curve. The presence of
sandy soils at CB1 (see Torres et al. 1998), coupled with
relatively permeable bedrock and reduced root strength from
timber harvest (Schmidt et al. 2001), provides the ingredients
for potential unsaturated slope failure (see Lu and Godt 2008)
at a CB1-like location. The testing of the hysteretic param-
eterization for controlled sprinkling experiments, including
comparison against pressure head and soil-water content
data, presented in Ebel et al. (2007b) provides a firm foun-
dation for the work presented here.

The Coos Bay 1 experimental catchment study site

The CBI1 field site, which consists of a small (860 mz)
unchanneled valley on the Oregon coast in the USA, is
shown in Fig. 1. Maximum elevations at the ridgeline shown
in Fig. 1 are 300 m above sea level. The site is small enough
to facilitate detailed characterization and monitoring of
hydrologic response. Topography for CB1 was generated
from a detailed theodolite survey at approximately 1 m?>
horizontal grid scale (Montgomery et al. 1997). CB1 has a
north-facing aspect, an average slope of 43°, and receives
approximately 1,600 mm of rainfall [based on 29 years of
data from the nearby North Bend, Oregon airport (Taylor
et al. 2005)]. Timber harvest occurred in 1987, followed by

Table 1 Selected process-
based simulation efforts that
have considered both variably
saturated hydrologic response

and slope stability

* 1D unsaturated flow coupled
to 3D saturated flow

Reference Hydrologic response Slope stability

- - - - dimensionality
Dimensionality Hysteresis

Anderson and Howes (1985) 1D No 1D

Anderson et al. (1988) 2D No 2D

Ng and Shi (1998a, b) 2D No 2D

Hattendorf et al. (1999) 3D* No 2D

Gasmo et al. (2000) 2D No 2D

Iverson (2000) 1D No 1D

Cho and Lee (2002) 2D No 2D

Tsaparas et al. (2002) 2D No 2D

Wilkinson et al. (2002) 3D No 2D

Mirus et al. (2007) 3D No 1D

Simoni et al. (2008) 3D No 1D

This study 3D Yes 1D

® Quasi-3D
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herbicide application (Roundup®) in 1988 (Torres 1997),
and planting of Douglas Fir (Pseudotsuga menziesii) seed-
lings in 1989 (Montgomery et al. 1997). Vegetation after
reforesting consisted primarily of Alder (Alnus), Douglas Fir
(Pseudotsuga menziesii), sword fern (Polystichum muni-
tum), and bramble (Rubus). A high intensity storm in
November 1996 that resulted in six landslide-related fatal-
ities in the Oregon Coast Range (Roering et al. 2003) trig-
gered a slope failure at CB1 (Montgomery et al. 2009). The
failure mass, representing removal of approximately 180 m?
of material from CB1, travelled nearly 1 km downslope as a
debris flow (Montgomery et al. 2009). A long-term research
effort at CB1 conducted site characterization and hydrologic
observations from artificial sprinkling and natural storms
(see Anderson etal. 1997a, b; Montgomery et al. 1997, 2002;
Torres et al. 1998; Montgomery and Dietrich 2002; Ebel
etal. 2007a). The observations and measurements facilitated
hydrologic-response simulation of the 3 week-long sprin-
kling experiments (Ebel et al. 2007b) and natural storms
(i.e., continuous simulation from 1990 to 1996; see Ebel
et al. 2008). A system of wooden platforms (see Fig. 1)
facilitated instrument installation and monitoring with
minimum impact to the CB1 surface and subsurface.
Analysis of the CB1 observations and hydrologic-
response simulations show that (1) subsurface storm flow is

Pacific
Ocean

USA

== Platform
iz Slope failure extent

B Pore-water pressure monitoring point
V¥ Upper weir

All contour units are in meters

Fig. 1 Map showing the location of CB1 in coastal Oregon, USA and
a diagram of the CB1 topography, instrumentation platforms,
approximate observed slope failure extent in 1996, and simulated
pore-water pressure monitoring point. Note that the topography was
surveyed before the failure and does not reflect the post-failure

topography

the primary runoff generation mechanism (Montgomery
et al. 1997, 2002; Ebel et al. 2007b); (2) flow through
fractures in the shallow, weathered bedrock exerts the most
significant control on pore-water pressure development in
the CB1 soil (Anderson et al. 1997b; Montgomery et al.
1997, 2002); (3) unsaturated flow provides an additional
control on the timing of pore-water pressure and runoff
development (Torres et al. 1998; Montgomery et al. 2002;
Ebel et al. 2007b); and (4) incorporating the geometry and
hydraulic properties of subsurface permeability contrasts is
important for accurate simulation of hydrologic response
(Ebel et al. 2007b, 2008). It should be noted that the
simulations reported here are different from the event-
based simulations of the three CB1 sprinkling experiments
(see Ebel et al. 2007b) in that the storm simulated in this
effort is natural (i.e., not irrigated with sprinklers) and has a
much larger rainfall intensity magnitude (i.e., causing slope
failure).

Methods

Hydrologic response simulation: the integrated
hydrology model (InHM)

The hydrologic-response model InHM (VanderKwaak
1999) quantitatively estimates 3D unsaturated flow in
porous media and macropores and 2D surface flow
employing the finite-element method. InHM has been
successfully employed to simulate hydrologic response for
a variety of hydrologic environments (see VanderKwaak
1999; VanderKwaak and Loague 2001; Loague and
VanderKwaak 2004; Loague et al. 2005, 2006; Ebel and
Loague 2006, 2008; Jones et al. 2006; Ran et al. 2007;
Heppner et al. 2006, 2007; Smerdon et al. 2007; Heppner
and Loague 2008; Mirus et al. 2007, 2009; Ebel et al. 2009).
InHM estimates subsurface flow using:

va(pSW

V- g+ +q=f 5 (1)

where f* is the area fraction associated with each
continuum [-], § is the Darcy flux [L T7'], ¢° is a
specified rate source/sink [T~'], ¢° is the rate of water
exchange between the subsurface and surface continua
[Tfl], /' is the volume fraction associated with each
continuum [-], ¢ 1is porosity [L3 L73], Sy 1s water
saturation [L3 L73], and ¢ is time [T]. The Darcy-
Buckingham flux is:

G= —kn8RV (Y + 2) 2)

W

where k., is the relative permeability [-], py, is the density
of water [M L™%, g is the gravitational acceleration
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[LT 3, Uy 1s the dynamic viscosity of water [M L't
k is the permeability vector [L?], z is the elevation head [L],
and  is the pressure head [L]. The diffusion wave
approximation to the depth-integrated shallow water
equations is employed to estimate the transient surface
water flow, with the conservation of water on the land
surface expressed by:

a (Swghs + lpilore)

V- lmebﬂeqs + asqb + asqe — 5 (3)

where  is water depth [L], gis the surface water velocity
LT, a, is the surface coupling length scale [L], qb is the
source/sink rate (i.e., rainfall/evaporation) [T*I], q° is the
surface—subsurface water exchange rate [T~ '], and A is the
average height of non-discretized surface microtopography
[L]; the superscripts mobile and store refer to water
exceeding and held in depression storage, respectively
(VanderKwaak 1999). The first-order coupling (see
VanderKwaak 1999; Ebel et al. 2009) between the
surface and subsurface continua occurs via a thin soil
layer of thickness, a; in Eq. 3. Surface water velocities are
calculated utilizing a two-dimensional form of the
Manning’s equation calculated as:

(l//mobile) 2/3
qs = _;,(I)il/zv(ws + Z) (4)
where 7 is the Manning’s surface roughness tensor [T L™"?]
and @ is the friction (or energy) slope [-]. A more
detailed description of InHM can be found in Vander-
Kwaak (1999).

Adaptive time-steps (Ar) are used to decrease simulation
run time. The finite-element mesh used in the InHM sim-
ulations to represent CB1 is the same as used by Ebel et al.
(2007b, 2008), consisting of 264,220 prism elements
(138,544 nodes) in the subsurface and 4,804 triangular
elements (2,474 nodes) for the surface. Vertical discreti-
zation (Az) is variable from 0.04 m in the near surface to
1.67 m near the base of the finite element mesh. Horizontal
discretization (Ax, Ay) is also variable from 0.4 m in areas
of interest to 2.0 m near the upgradient boundaries.

Slope stability estimation: the infinite slope model

Assuming a continuous phase of pore-air pressure,
u[ML™'T2], equal to the atmospheric pressure (i.e., zero
for gage pressure), the infinite slope equation provides an
expression for the factor of safety (FS) [] given by:

C'+ AC) + ()20, c08> & — S uy) tan ¢’

FS = ( -
V¢Zuz SIN 0L COS o

(5)
where C’ is the effective soil cohesion [ML™'T~?], AC is

the root cohesion [MLflez], y¢ 1s the total unit weight of
the soil [ML72T72], Zuz 18 the thickness of unsaturated soil
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[L], o is the slope angle [°], S is the saturation [L*L73, Uy
is the pore-water pressure [ML™'T™?], and ¢’ is the angle
of internal friction [°]. The saturation is estimated as the
soil-water content, 0 [L3 L_3], normalized by porosity, n
[L* L™3]. The formulation of Eq. 5 relies on the effective
stress framework initially proposed by Schrefler (1984),
which replaces the Bishop (1959) parameter, y [-], with
saturation. Borja (2006) explains the thermodynamic basis
for the aforementioned effective stress framework. It
should be noted that the infinite slope equation given here
is slightly different that that proposed by Lu and Godt
(2008), which uses the effective saturation rather than
saturation (see Lu and Likos 2006).

Boundary-value problems
Hydrologic response boundary-value problem
Hydrologic parameterization

The fence diagram in Fig. 2 shows the hydrogeologic units
used to parameterize the CB1 boundary-value problem.
The CB1 subsurface parameterization used in this study is
based on prior analysis by Ebel et al. (2007a, b, 2008)
employing the extensive information from the field site
(see Montgomery et al. 1997; Torres et al. 1998; Anderson
and Dietrich 2001; Anderson et al. 2002). Ordinary Kriging
of 630 measured soil and saprolite depths (Montgomery
et al. 1997; Schmidt 1999) in and surrounding CB1 provide
a detailed characterization of the near-surface geology to
generate the soil and saprolite hydrogeologic unit geome-
tries shown in Fig. 2. The weathered bedrock layer shown
in Fig. 2 is 4 m thick at the ridgecrest and thins downslope
(Anderson 1995; Anderson et al. 2002; Montgomery et al.
2002), pinching out at the downgradient boundary. The
lowermost layer in Fig. 2 is the bedrock. The porosity
value for the soil of 0.5 m® m™ is taken as the soil-water
content value at saturation (Torres et al. 1998; Montgomery
et al. 2002). Porosity values for the saprolite (i.e.,
0.15 m* m_3), weathered bedrock (i.e., 0.15 m’ m_3), and
bedrock (i.e., 0.12 m> m_3) come from the deep drill core
taken at the ridge crest (Anderson et al. 2002).

Figure 3 shows the measured hysteretic soil-water
retention data (see Torres et al. 1998) and the estimated
wetting, drying, and mean non-hysteretic soil-water reten-
tion curves generated using the van Genuchten (1980)
method. Hysteresis in the InHM characterization of soil—
water retention was represented using the approach descri-
bed by Scott et al. (1983) and Kool and Parker (1987) to
scale scanning curves between the wetting and drying
soil-water retention curves and was tested at CB1 by
Ebel et al. (2007b). The saprolite, weathered bedrock, and
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2 soil

[] Saprolite

[ Weathered
bedrock

[l Unweathered
bedrock

Il Upper weir

Fig. 2 Fence diagram illustrating the hydrogeologic characterization
of the CB1 boundary-value problem with letters used to describe the
boundary conditions (after Ebel et al. 2008)

o Wetting, measured
® Drying, measured
— Wetting, Van Genuchten (1980)
~~~~~~~~ Drying, Van Genuchten (1980)
------- Mean non-hysteretic, Van Genuchten (1980)

Soil-water content [m?® m]

0 -0.5 -1.0 -1.5 -2.0
Pressure head [m]

Fig. 3 Observed soil-water retention data (after Torres et al. 1998)
and the estimated wetting, drying, and mean (i.e. intermediate
between the wetting and drying) non-hysteretic soil-water retention
curve approximated using the van Genuchten (1980) method (after
Ebel et al. 2007b)

unweathered bedrock are parameterized using non-hyster-
etic characteristic curve values from Wu et al. (1999) and the
van Genuchten (1980) method. Unsaturated hydraulic con-
ductivity functions are estimated from the van Genuchten
(1980) parameters for each respective layer. The saturated
hydraulic conductivity values are 3.4 x 10~* m s~ for the

soil, 2.0 x 107> m s~ ! for the saprolite, 1.7 x 10 ms™!

for the weathered bedrock, and 5.0 x 1077 m s™! for the
bedrock. These saturated hydraulic conductivity values are
based on evaluation of piezometer slug tests for the soil,
saprolite, and weathered bedrock (Ebel et al. 2007a, 2008)
and calibration for the bedrock (Ebel et al. 2008).

Hydrologic boundary conditions

The InHM boundary conditions are shown in Fig. 2, which
identifies the boundary condition endpoints referenced by
capital letters in this section. No flow boundary conditions
are specified for the drainage divides at the side boundaries
for the surface (AEF and BHG) and subsurface (ADJE and
BCIH), the upgradient surface drainage divide (AB) at the
ridge crest, and the basal subsurface boundary condition
(DCIJ). The CB1 upper weir [metal sheeting sealed to
bedrock with roofing tar (Montgomery et al. 2009)] is rep-
resented using an impermeable subsurface boundary con-
dition (along FG from the surface to the top of the weathered
bedrock) and a critical depth (see Chow 1959; Freeze 1978)
surface flow boundary condition (FG). The upgradient
(ABCD) and downgradient (EHIJ) subsurface boundary
conditions (except for the upper weir) use a local head
boundary condition. The local head boundary condition
represents a known, temporally variable hydraulic head
value at a point outside the boundaries of the finite-element
mesh (see Heppner et al. 2007; Ebel et al. 2007b, 2008) to
calculate the volumetric boundary flux, Oy, [L*T ! ateach
boundary node using:

hl - hb,pm

Qv = ke 2SiA— (6)

where £ is the total head at the local head point [L], Ay, pm
is the total head for the porous medium equation at the
boundary node [L], A is the nodal area [Lz], and dl is the
(positive) distance in the x—y plane between the node and
the regional sink point [L]. The local head point is treated
as a vertical line of constant potential below the specified
local head point, which results from using the two-
dimensional distance (dl) in Eq. 6.

The upgradient local head (ABCD) is parameterized
using the level of the deep well at the CB1 ridge crest (see
Ebel et al. 2008). The downgradient local head point used
for all the simulations is a location of consistent observed
surface saturation in the channel downslope of CB1 just
below the lower weir. The mean rainfall rate from three
onsite-automated raingages is used to parameterize the
specified flux for the surface boundary condition
(ABHGEE in Fig. 2). Rainfall is assumed to be spatially
uniform across the relatively small CB1 catchment, which
is consistent with the Coefficient of Uniformity (see
Christiansen, 1942) of 90% estimated by Ebel et al. (2007a).
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The temporal resolution of the rain gages is 600 s. Figure 4
shows the hyetograph and cumulative rainfall (see Mont-
gomery et al. 2009) used during the simulations reported
here, up to the time of observed slope failure. The peak
rainfall rate of near 40 mm h™' presumed to trigger slope
failure at CB1 is approximately an order of magnitude
larger than typical peak rainfall rates observed at the site
during nearly 7 years of observation (see Ebel et al. 2008).

Hydrologic initial conditions

The hydrologic response initial conditions consist of
pressure head at every subsurface node and the water depth
at every surface node. These initial conditions are gener-
ated using InHM simulations, self-consistent for each soil—
water retention curve scenario (i.e., wetting, drying, mean,
and hysteretic), to drain CB1 from near saturation to an
approximate observed water table location based on
observations from a deep well and piezometers. The InHM
simulations for assessing the failure conditions begin on 15
November 1996 at midnight, which facilitates “spinning
up” the subsurface, via simulation, preceding the most
intense portion of the storm that triggered the CB1 slope
failure. The relatively short duration spinup period prevents
pumping effects in the Kool and Parker (1987) hysteresis
method.

Slope stability boundary-value problem
Slope stability parameterization
The simulated pore-water pressures from the hydrologic-

response simulations are used to drive the unsaturated
slope stability estimation. If estimation of slope stability at

ryoc Rt | °E
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250 — 2
i o
H 40 =
L 8
r £
= 200 r g
£ [
= L
= 150
3 r
° L
= r
E 100 C
=
IS L
8 L
50 r
0 le | | I I | I I | I I |
15-Nov. 16-Nov. 17-Nov. 18-Nov. 19-Nov.
Date [1996]

Fig. 4 Hyetograph and cumulative rainfall at CB1 during the
simulation period
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locations between finite-element nodes using simulated
pore-water pressures is needed, the protocol of Krahn et al.
(1996) could be employed. The root cohesion, AC, con-
tributes to the mobilized shear strength in Eq. 5 as a sur-
face force on the base of the soil mass and therefore must
use the basal rather than lateral root cohesion. Measure-
ments made at CB1 after the slope failure (Montgomery
et al. 2009), following the protocol of Schmidt et al.
(2001), provide the parameterization of the infinite-slope
model used in this study, which are C'y; of 0.9 kPa,
AC,oorbasal Of 0.1 kPa, . of 15.7 kN m>, ¢’of 40°, o of
43°, and a locally variable z,, that accounts for the soil
depth at the InHM finite-element node at the failure plane.
Figure 1 shows the simulated monitoring location where
failure is assessed, the location of which was chosen to
reflect the most likely location of failure initiation based on
observations (Montgomery et al. 2009). The observed basal
failure surface was nearly planar and parallel to the ground
surface (Montgomery et al. 2009), consistent with the
failure surface assumptions of Eq. 5.

Results
Simulated hydrologic response
Integrated hydrologic response

Figure 5 shows the observed upper weir discharge and the
simulated hydrographs for the wetting, drying, mean, and
hysteretic soil-water retention curves. The observed dis-
charge shows a slow rise between 16 November to 18
November in response to intermittent rainfall of moderate
intensities. Beginning 18 November, the observed dis-
charge begins to rise rapidly in response to near-continuous
rainfall, peaking slightly before the timing of observed
failure following a spike increase of rainfall rate to near
40 mm h™'. The observed discharge ceases at the time of
slope failure, when the weir is destroyed by the sliding
regolith. Relative to the observed discharge, all the simu-
lated discharges are underestimated at small discharges
between 15 November to 18 November. For all four soil—-
water retention curves, the discharge is well simulated for
the first 16 h of 18 November. The simulated discharges
for all four soil-water retention curve scenarios are rela-
tively close in magnitude to the observed discharge at the
time of failure. In Fig. 5, the simulated discharges continue
for the period after failure, showing the continued rise in
discharge in response to the 40 mm h™' rainfall pulse that
triggers failure followed by rapid drainage of the subsur-
face (as indicated by the simulated discharge) for 1 day
following failure. Other than the slightly better simulation
of discharge by the hysteretic soil-water retention curve in
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the period from 16 November to 18 November, the four
soil-water retention curves produced nearly identical dis-
charges, in large part because the bedrock saturated
hydraulic conductivity places a predominant control on
simulated discharge (Ebel et al. 2008) at CB1. While the
simulated discharges suggest that the hydrologic response
is simulated reasonably accurately at CB1 for the storm
causing slope failure, the discharge represents the inte-
grated hydrologic response and may not reveal differences
in response at distributed locations throughout the site
which may be important for slope failure initiation.

Distributed hydrologic response

Figure 6a shows simulated saturation snapshots at the soil—
saprolite interface at the time of the observed slope failure,
which is similar in spatial patterns for all four soil-water
retention curve scenarios because saturation development
at the soil-saprolite interface is predominantly controlled
by convergent interface topography. Owing to the n
parameter in the van Genuchten (1980) relationships being
constant across all four scenarios (see Scott et al. 1983;
Kool and Parker 1987), the unsaturated hydraulic conduc-
tivity functions are the same and so the magnitudes of
simulated saturations in Fig. 6a are similar. Figure 6b
shows simulated pore-water pressure snapshots at same
time and locations as Fig. 6a. The pore-water pressure
development is also largely controlled by subsurface
interface topography. The effect of the characteristic
curves for the soil layer can be seen by comparing the

Observed slope failure

o

LI I R L :
20 €
- Mean 20 £
i —-—-—- Wetting %
= [ —me Drying L 40 2
® T - g
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o - s
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< |
<
9 -
C1op
= i
2 |
9] |
Q.
o -
2 o5l
i - S
e ENENETETEE ENATETENET B
15-Nov. 16-Nov. 17-Nov.  18-Now. 19-Nov. 20-Nov.
Date [1996]

Fig. 5 Observed and selected simulated upper weir hydrographs
(note that the observed record ends at the time of slope failure
initiation). The hyetograph generating the observed and simulated
runoff is shown up to the point of failure initiation

mean, drying, wetting, and hysteretic scenarios. For
example, the drying scenario in Fig. 6b has lower simu-
lated pore-water pressures because for a given saturation,
the pressure heads are smaller (i.e., more negative) on the
drying soil-water retention curve compared to on the
wetting curve (see Fig. 3). Consistent with the simulated
saturation results, the wetting scenario has the highest
simulated pore-water pressures and the drying scenario has
the lowest simulated pore-water pressures of the four sce-
narios presented here. Unfortunately, there are no unsatu-
rated zone observations available to evaluate the simulated
unsaturated zone response at CB1 during the failure storm.

Slope stability assessment

Figure 7a shows a time series of FS values calculated using
Eq. 5 for the simulated monitoring point (see Fig. 1) for
the mean retention curve scenario. The minimum simulated
FS value approaches 1.0 (i.e., failure) approximately one
and a half hours after the observed slope failure time, but
the FS in Fig. 7a never dips below 1.0. Figure 7b shows the
FS values for the mean, drying, wetting, and hysteretic
scenarios. The drying scenario is the most stable, the
wetting scenario is the least stable (although the hysteretic
scenario is approximately equivalent to the wetting sce-
nario), and the mean scenario is in the middle. The hys-
teretic scenario values are similar to the drying FS values at
the initiation of the storm and quickly approach the wetting
scenario FS values. Based on the FS results shown here, the
wetting soil-water retention curve provides the most con-
servative estimate of hydrologically driven slope failure
(i.e., most failure prone) and the mean scenario is like an
ensemble of the drying and wetting simulations. Use of the
wetting soil-water retention curve is physically consistent
with extreme rainfall events likely to trigger slope failure,
which should converge quickly from a hysteretic scanning
curve to the primary wetting curve with thorough soil
wetting. It is clear from the FS estimates in Fig. 7b that the
drying soil-water retention curve, which is the most easily
measured in the laboratory and the most frequently used by
hydrologists and geotechnical engineers, will overestimate
FS values in hysteretic soils like those at CBI1.

Discussion

As noted previously, while the FS values shown in Fig. 7a
approach 1.0, the FS estimates never fall below 1.0 (i.e., no
slope failure). Previous CB1 hydrologic-response simula-
tion efforts (see Ebel et al. 2007b, 2008) indicated that the
missing fracture flow processes, which could not be ade-
quately simulated using an effective saturated hydraulic
conductivity approach, prevented representing the pore-water
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Fig. 6 a Simulated saturation
snapshots at the soil-saprolite
interface for the mean, drying,
wetting, and hysteretic soil—
water retention curve scenarios
at the observed time of the 1996
slope failure initiation. b
Simulated pore water pressure
snapshots at the soil-saprolite
interface for the mean, drying,
wetting, and hysteretic soil—
water retention curve scenarios
at the observed time of the 1996
slope failure initiation

(b) Mean

pressure hotspots observed in the field data (see Mont-
gomery et al. 1997, 2002, 2009). Our results suggest that
the rainfall drives the slope to near-failure by reducing the
stability contribution of negative pore-water pressures; at
the CB1 site, this is insufficient to induce failure but
instead poises the slope for failure like a “loaded gun”
until localized failure is triggered by positive pore-water
pressures resulting from exfiltrating fracture-flow (Mont-
gomery et al. 2009). This points to the difficulty in simu-
lating hydrologically driven slope failure in locations like
CBl1 since it is nearly impossible to know the fracture
locations a priori (Montgomery et al. 2002, 2009). While
not all sites are fracture flow dominated, factors such as
lithology (e.g., Evans 1982; Andronopoulos 1982; Roering
et al. 2005), saturated hydraulic conductivity heterogeneity
(e.g., Wilson and Dietrich 1987; Johnson and Sitar 1990;
Vieira and Fernandes 2004), and unsaturated zone response
(Fourie et al. 1999; Godt et al. 2009) have been demon-
strated to affect landsliding. The aforementioned com-
plexities will confound simple (e.g., steady-state, reduced
dimensionality, non-distributed) hydrologic simulation
approaches. Obviously, the same complexities, when not
well represented (e.g., the fracture flow component in the
study reported here), can pose problems for more rigorous
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hydrologic approaches as well. However, physics-based
hydrologic-response models have the potential to represent
fracture flow, lithologic heterogeneity, saturated hydraulic
conductivity variations, and unsaturated zone physics if
sufficient parameterization data are available.

The slope stability estimation approach used here is not
without its limitations (see Wright et al. 1973); the physical
rigor of the hydrologic-response model far exceeds that of
the slope stability assessment in this study. The limit
equilibrium method used here (a) assumes that peak
strength is mobilized simultaneously along the failure
surface (Duncan 1996), (b) presumes force inclinations can
be specified a priori (Duncan 1996), (c) allows only for
rigid body displacements to occur (Wong 1984), and (d)
overestimates failure potential because it does not include
3D effects (lateral forces) (Stark and Eid 1998). Perhaps
the most significant challenge in slope failure estimation is
to correctly incorporate the contributions of spatially var-
iable root strength that provides stability on the periphery
of a landslide; these root effects are known to be important
at CB1 (Schmidt et al. 2001) and cannot be included in
Eq. 5 in a physically correct form. The inclusion of root
strength into unsaturated slope stability assessments in a
physically meaningful way may represent a significant



Environ Earth Sci (2010) 61:1215-1225

1223

(a) 2° | | | | |
Mean i
N Failure threshold (FS =1.0)
>
@
5 1.5
w
©
§ —L_;
o
©
e
10—~~~ Z-" -~~~ ST T T T T T T
CBH1 slope failure
..... | I S ...
15-Nov. 17-Nov 19-Nov
(b) I I I I I
Mean
— 15 ':-_—..--:;? — = - ~Drying
- N\ e Wetti
> \\‘ etting .
) \ — — — = Hysteretic
© S
O T e N
S T
§ 1.0
(o]
5]
w
05 L, | I | | I | I ...
15-Nov. 17-Nov. 19-Nov

Fig. 7 Time series of the factor of safety (FS) values from the infinite
slope stability assessment. a For the mean soil-water retention curve
scenario at the simulated observation point (see Fig. 1). The dashed
line at FS equal to 1.0 indicates incipient slope failure, values of FS
below 1.0 are typically assumed to have failed. b For the mean,
drying, wetting, and hysteretic soil-water retention curve scenarios at
the simulated observation point

advance in our ability to estimate slope failure initiation. It
is worth pointing out that while more sophisticated slope
stability estimation methods exist, such as the finite-ele-
ment method (e.g., Griffiths and Lane 1999), it is critical to
understand the complex hydrology triggering failure,
including hysteresis, before moving onto a fully coupled,
fully 3D analysis. Despite the drawbacks of the infinite
slope approach, the method can still provide insight into
the complex interplay of the factors that trigger slope
failure, as shown here.

One of the original objectives of the long-term and
controlled sprinkling efforts at CB1 was to first understand
the hydrology and then use a high intensity sprinkling
experiment to cause a landslide at the site (WE Dietrich,
personal communication 1988). The intention was to use
sophisticated hydrologic and geotechnical measurements to
monitor hydrologically driven landslide initiation at the
field scale at CB1. Sprinkling experiments, such as the one
envisioned at CB1, that induce slope failure in a controlled,
highly monitored setting at the field scale are needed to

advance the development and testing of hydrologically
driven slope failure models.

Summary

Comparisons of simulated saturation and pore-water pres-
sures show the sensitivity of saturation and pore-water
pressures to the soil-water retention curves. The FS values
from hysteretic and non-hysteretic simulations show that
wetting retention curve scenario is the most failure prone
while the drying retention curve scenario is the least failure
prone. Our results indicate that employing either the drying
soil-water retention curve or a mean soil-water retention
curve (that attempts to average the wetting and drying
retention curve) will underestimate the potential for failure
of an unsaturated slope. It is suggested that when hysteresis
cannot be considered, that the wetting soil-water retention
curve be used for slope stability assessment. This approach
would be consistent with the physical interpretation that an
extreme rainfall event likely to trigger slope failure would
follow the primary wetting soil-water retention curve. This
study further illustrates the importance of including the
dynamics of 3D unsaturated zone flow in simulating
hydrologically driven slope failure.
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