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INTRODUCTION
Information on where and when debris flows are 

likely to occur is greatly needed to reduce resultant 
losses and deaths. Shallow, rainfall-induced landslides 
that transform into debris flows commonly occur un-
der conditions of transient infiltration into initially un-
saturated soils. Application of mathematical models 
of transient, unsaturated infiltration and slope stability 
over broad regions to assess timing and potential loca-
tions of debris flow requires understanding of unsatu-
rated zone hydrology and soil mechanics as well as 
information on rainfall, topography and the distribu-
tion and properties of hillside soils. In this paper, we 
survey techniques for generating the spatial and tem-
poral input data for such models and present example 
calculations for a debris-flow producing storm using 
our spatially distributed mathematical model for Tran-
sient Rainfall Infiltration and Grid-based Slope Stabil-
ity (TRIGRS) (baum et alii, 2008; 2010). The model 
combines an analytical solution to assess the pore-
pressure response to rainfall infiltration into unsatu-
rated soil with an infinite-slope stability calculation 
to estimate the timing and locations of slope failures. 
Pore-pressures and factors of safety are computed on 
a cell-by-cell basis and can be displayed or manipu-
lated in a grid-based geographic information system 
(GIS). Input data are high-resolution topographic data 
and simple descriptions of initial pore-pressure dis-
tribution and boundary conditions for a study area in 
western Oregon, USA. Rainfall information was taken 
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Effective management of debris-flow hazard relies 

on accurate assessments of debris-flow susceptibility. 
Mathematical models of rainfall infiltration and slope 
stability can be applied to predict the temporal and 
spatial variation of debris-flow susceptibility. These 
models require high-resolution (<10 m) topographic 
data, as well as (ideally also high-resolution) data on 
initial groundwater conditions, physical properties of 
near-surface earth materials, depth to bedrock, and 
rainfall. A case study from the Oregon Coast Range, 
USA illustrates the use of generalized data from a soil 
survey, limited field measurements, and simple mod-
els to parameterize a combined infiltration and slope 
stability model for predicting debris-flow timing and 
source-area locations. Although the model over-pre-
dicts the extent of debris-flow source areas, results are 
consistent with mapping which shows channels to be 
the preferred source areas. Simulation of a November 
1996 storm that produced debris flows in the study 
area indicates that instability probably developed near 
the end of the period of most intense rainfall; how-
ever precise timing of debris flows in the study area is 
unknown. Model results also indicate that differences 
in rainfall interception between forested and logged 
areas may account at least in part for the observed dif-
ferences in debris-flow susceptibility.
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and NIEM, 1990). The bedrock weathers to highly 
permeable colluvium consisting of abundant sandstone 
clasts in a matrix of sandy silt or silty sand, covered 
with a layer of decomposed plant material 0 - 10 cm 
deep (NCRS, 2010). Depth to bedrock is commonly 
25-110 cm deep (NCRS, 2010) except in hollows, 
where it can be greater than 300 cm deep (sCHmidt et 
alii, 2001). Vegetation consists of Douglas Fir, Red Al-
der, and associated species of coniferous, hardwood, 
and understory plants (sCHmidt et alii, 2001).

 
MODELING APPROACH

We apply the TRIGRS model to predicting the 
shallow landslide source areas of debris flows in the 
study area. In this section we briefly describe the theo-
retical basis of the TRIGRS model (baum et alii 2008; 
2010) and review required input data and strategies for 
defining these inputs. Specific strategies applied to the 
study area are described in more detail in a later section.

TRANSIENT VERTICAL GROUNDwATER FLOw
The characteristic time scales for lateral and slope 

normal pore-pressure transmission in initially wet, ho-
mogeneous, isotropic hillslopes are A/D0, and H2/ D0, 
respectively, where A is the upslope contributing area 
above a given location, D0 is the saturated hydraulic 
diffusivity, and H is the depth of the failure surface in 
the slope-normal direction. For areas of the landscape 
where the ratio , long- and short-
term pressure-head response to rainfall is dominated 
by vertical flow implying that pore-pressure variation 
in initially wet materials can be adequately described 
by simplified, one dimensional forms of the govern-
ing equation for infiltration (IVERSON, 2000). The 
Richards equation describes infiltration and vertical 
flow through the unsaturated zone (fReeze & CHeRRy, 
1979). When transformed to account for the effects of 
a sloping surface the equation is

where θ is the volumetric water content, ψ is the pres-
sure head, k(ψ) is the pressure head dependent hydrau-
lic conductivity, and δ is the slope angle. Following 
sRivastava & yeH (1991), we linearize equation 1 us-
ing GaRdneR’s (1958) exponential hydraulic parameter 
models, k(ψ) = ksexp(αψ) and θ = θ + (θS - θr )exp(αψ), 
where α is the air-entry head or inverse of the height of 
the capillary rise, kS is the saturated hydraulic conduc-

from a nearby recording rain gage. Material strength 
and hydraulic properties were gleaned from the lit-
erature and measured both in the field and laboratory. 
Results are tested by comparison with an inventory 
of shallow landslides that mobilized to debris flows.

SETTING AND CLIMATE
Debris flows typically initiate from shallow land-

slides in the Oregon Coast Range, where hillsides are 
susceptible to shallow landslides and debris flows due 
to steep topography, heavy rainfall, and land-use ac-
tivities associated with timber harvesting (e.g. bRown 
& kRyGieR, 1971; PieRson, 1977). Recent work in the 
region on shallow landslide and debris-flow initiation 
has focused on the influence of vegetation roots on 
slope stability (sCHmidt et alii, 2001; RoeRinG et alii, 
2003) and the role of pore-water response from rain-
fall in soil and shallow bedrock (montGomeRy et alii, 
2009; ebel et alii, 2010). The topography of the area is 
deeply dissected and steep (> 30º). Shallow landslides 
tend to occur in bedrock hollows (deitRiCH & dunne, 
1978), where colluvium is several meters thick (ben-
da, 1990). Average annual precipitation of about 2000 
mm falls mainly as rain during the winter wet season 
of November to March (daly et alii, 1994). The focus 
of this study is the North Charlotte Creek basin located 
about 20 km ESE of Reedsport, OR (Fig. 1) in the 
Elliott State Forest. The forest is administered by the 
Oregon Department of Forestry (ODF). The basin is 
underlain by the middle Eocene Tyee Formation; a tan, 
medium- to coarse-grained thick-bedded sandstone 
with interbedded layers of siltstone and shale (NIEM 

Fig. 1 - Location of study area in Oregon, USA

(1)
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landslide hazard mapping and modeling (e.g. sCHulz, 
2007). These data are typically of very high spatial 
resolution (<5 m) with small absolute elevation errors, 
and can be processed to reveal the “bare earth” surface 
beneath vegetation (slatton et alii, 2007).

Maps of the soil depth on steep hillsides are re-
quired for deterministic shallow landslide models 
that include the effects of infiltration or soil cohesion 
(Godt et alii, 2008a). Field observations of soil depth 
in landslide-prone areas of landscapes with well-de-
veloped drainage networks indicate that colluvium 
tends to collect in areas of topographic convergence 
(hollows) (e.g. dietRiCH & dunne, 1978; Reneau & 
dietRiCH, 1987). On steep slopes (> 20°) colluvium 
depth tends to decrease exponentially with slope angle 
(de Rose et alii, 1991; de Rose, 1996). Collecting suf-
ficient measurements of soil thickness to it map over 
broad areas is a practical impossibility, and empirical 
models have been used to create soil depth maps for 
landslide susceptibility studies (e.g. de Rose et alii, 
1996; salCiaRini et alii, 2006; Godt et alii, 2008b). 
Such models can be constrained using information on 
soil or colluvial depth from soil surveys, field investi-
gations, and geophysical mapping. 

Linearized solutions for infiltration are gener-
ally very sensitive to initial water-table depths and 
moisture conditions of the unsaturated zone and if ap-
plied to simulate actual landslide events require some 
knowledge of initial conditions (Godt et alii, 2008a). 
Where detailed information on groundwater condi-
tions is unavailable, parametric studies assuming a 
range of initial conditions may indicate the conditions 
that have caused shallow landslides in the past (CRos-
ta & fRattini, 2003; salCiaRini et alii, 2006). 

Rainfall data are needed to determine the flux at 
the ground surface for transient modeling of infiltration. 
Attempts to recreate conditions for past landslide events 
may benefit from rainfall data with high spatial (kilom-
eter scale) and temporal (hourly) resolution such as can 
be obtained from weather radars (CRosta & fRattini, 
2003). Empirical rainfall intensity-duration thresholds 
can be used in applications designed to estimate the 
likelihood of landslide occurrence for a given set of ini-
tial and rainfall conditions (Godt et alii, 2008b).

The strength and hydrologic properties of hillside 
materials and an estimate of their spatial distribution can 
be obtained using field and laboratory tests and soil sur-
veys or geologic mapping (Godt et alii, 2008a; 2008b). 

tivity, θ is the moisture content, and  θS and θr are the 
saturated and residual moisture contents, respectively. 
See baum et alii (2008; 2010) for details of the solution 
scheme and a discussion of limitations of this approach.

STABILITY OF INFINITE SLOPES
With some exceptions (e.g. Reid et alii, 2000), 

models designed for assessing slope stability over 
large areas using digital topography typically rely on 
a statically determinate infinite-slope stability analy-
sis (e.g. montGomeRy & dietRiCH, 1994; CRosta & 
fRattini, 2003), which assumes slopes are infinitely 
long and that the failure plane is parallel to the ground 
surface (tayloR, 1948). Stability of an infinite slope 
is characterized by the factor of safety ratio, FS, of re-
sisting basal Coulomb friction to shear stress and is 
calculated at an arbitrary depth Z by

where c' and f are soil cohesion and friction angle for 
effective stress, respectively, γw is the unit weight of 
water, γS, the unit weight of soil, and ψ is the ground-
water pressure head. For stability above the water 
table where pressure heads are negative we use an 
approximation of bisHoP’s (1959) effective stress 
and calculate suction stress (lu & likos, 2004) as 
the product of (θ - θr)/(θS - θr) and ψ(Z,t)γw (baum et 
alii., 2008; 2010). Slope failure is predicted where 
FS<1, stability holds where FS ≥1, and FS =1 indicates 
a state of limiting equilibrium.

INPUT AND TEST DATA 
Grid-based digital topography, soil thickness, 

materials strength and hydrologic properties, initial 
groundwater conditions, and time-varying rainfall 
intensity and duration are required input data for ap-
plication of the model over broad geographic areas 
(baum et alii, 2008; Godt et alii, 2008a). Landslide 
maps are needed to test modeling results and should 
include information on sources, tracks, and deposits, 
and where and when the landslides occurred. 

Digital Elevation Models (DEMs) are regularly 
spaced arrays of elevation values that are used to 
calculate local topographic slope, δ. Of the emerg-
ing remote-sensing technologies used to generate 
DEMs, Airborne Laser Swath Mapping (ALSM also 
commonly referred to as LiDAR - Light Detection 
and Ranging) has arguably had the most impact on 

(2)
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The model data were managed in a geographic in-
formation system (GIS). Topography was represented 
by a 3-m resolution DEM, obtained by resampling 
a 1-m resolution “bare-earth” DEM derived from 
LIDAR elevation data. We used a cubic convolution 
resampling algorithm to smooth facets and other ar-
tifacts in the 1-m data caused by poor ground-point 
densities in areas of thick vegetation. Slope is com-
puted using the standard D-8 algorithm (Fig. 2a).

Depth to bedrock was estimated using an expo-
nential function of slope angle (de Rose, 1996), with 
a modification to account for the effect of curvature. 
Field measurements at a monitoring site several kil-
ometers to the southeast of the study area (Fig. 1) 
revealed a strong secondary dependence of colluvial 
thickness on topographic curvature. At locations of 
equal slope, colluvium was thicker in concave areas 
along axes of zero order drainage basins and thin-
ner on convex interfluves between the basins. Depth 
of bedrock ranged from 0.47 m to 3.1 m and slopes 
ranged from 26° to 41°. We computed depth of bed-
rock, dLZ (Fig. 2b), in the study area using (5.0-1.5 
sgn(κ))exp(-0.04δ), in which δ is the slope angle and 
κ is the curvature. Using this model, colluvium is 2.3 
m in concave areas and 1.2 m in convex areas on 
26° slopes and 1.3 m (concave) or 0.68 m (convex) 
on 41° slopes. Slopes steeper than 45° were treated 

Soil strength parameters (angle of internal friction, f' 
and cohesion c') and saturated hydraulic conductivity, 
kS, are typically obtained from standard geotechnical 
tests (e.g. savaGe & baum, 2005), however, tests to de-
termine the hydraulic conductivity function k(ψ), or the 
relation between pressure head and moisture content, 
θ(ψ) are needed to estimate the air-entry head, α. Predic-
tion of these relations and parameters from other more 
easily obtained properties such as particle-size distribu-
tions and bulk density is possible (e.g. leiJ et alii, 2002). 
Plant roots are thought to impart significant strength to 
hillside soils (e.g. sCHmidt et alii, 2001); however, be-
cause the resisting forces imparted by plant roots do not 
typically act normal to the failure plane, incorporating 
their effects into one-dimensional infinite-slope stability 
models (i.e. equation 2) is problematic.

MODEL APPLICTION
We applied the TRIGRS model (baum et alii, 

2008: 2010) to a 2.4 km² study area in the Oregon 
Coast Range to study model parameterization and 
performance in an area with a strongly developed 
dendritic drainage pattern. Heavy rainfall during No-
vember 1996 produced numerous debris flows in the 
central Oregon Coast Range (wiley, 2000), including 
those mapped in the study area (Fig. 2). Specific tim-
ing of the debris flows during the rainfall is unknown.

Fig. 2 - Maps showing (a) topographic slope angle, δ, w is watershed boundary, L is logged area, D is debris flow inventory from 
coe et alii 2010, (b) depth to bedrock, dLZ, (c) distribution of ratio ε, (d) property zones, 1 is colluvium and 2 is bedrock
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as bedrock outcrops even though thin discontinuous 
patches of colluvium locally exist there. Assignment 
of steep slope areas to bedrock outcrop results a 
higher proportion of rock outcrop in the eastern one 
third of the basin, consistent with NRCS (2010) soil 
mapping in the study area (Fig. 2a).

The fall season initial water table depth for the 
study area was approximated by assuming lateral flow 
in the colluvium and weathered bedrock. We solved 
Darcy’s law (fReeze & CHeRRy, 1979) for the height 
of flow above unweathered bedrock, Hf,

Hf = (A / w)(IZLT / kS)/(tanδ + 0.001),
in which A is the upslope contributing area, w is the 
cell width (3 m), IZLT is the average winter infiltration 
rate, kS is the saturated hydraulic conductivity and, 
slope of the ground surface, tanδ, approximates the 
hydraulic gradient. The constant, 0.001, prevents divi-
sion by zero in flat areas. For this computation, both A 
and tanδ were estimated using taRboton’s (1997) D-∞ 
algorithm. We estimated initial water-table depth using

d = Hw + dLZ - Hf ; Hf < Hw + dLZ - dmin

and
d = dmin ; Hf ≥ Hw + dLZ - dmin

in which Hw is the vertical thickness of weathered, per-
meable bedrock and dmin is the minimum initial water 
table depth. In this example, Hw = 2.25 and dmin = 0.75 
m to ensure that FS > 1 at time t = 0 During fall and 
winter months water commonly flows in many of the 
channels; however, we lack data on the channel slope 
angles where open channel flow begins.

Rainfall during the November 1996 storm was 
estimated from the nearest available hourly record 
at similar elevation and distance inland (RAWS rain 
gauge, Fig. 1). The hourly data were approximated by 
three time periods of constant rainfall intensity (Fig. 
3). The forest canopy intercepts rainfall and modifies 
the amount and intensity reaching the ground surface 
(e.g mooRe & wondzell, 2005), and these effects 
may reduce the potential for landslide generation 
(keim & skauGset, 2003). Mature stands of Doug-
las fir may reduce the amount of rainfall reaching the 
ground surface by as much as 40 percent (e.g. link et 
alii, 2004). keim et alii, (2004) present a stochastic 
model that describes the reduction in rainfall inten-
sity for a given storm duration and return period. In 
general, rainfall from high-intensity storms is affected 
less than that from low-intensity storms. For the case 
presented here, rainfall intensities were applied at 

100% in logged areas (Fig. 2) and 90% in forested 
areas to account for interception consistent with ob-
served storm intensity (keim et alii, 2004).

We identified areas in the digital landscape (Fig 2c) 
where vertical transmission of pore-pressure as imple-
mented in the TRIGRS model is dominant over lateral 
transmission (iveRson, 2000) by comparing the slope 
normal depth, HD, and the square root of the upslope 
contributing area, A. Where the ratio  
long and short-term pressure-head responses to rainfall 
can be adequately described by 1-D linear and quasi-
linear approximations to the Richards equation (iveRson, 
2000). We computed the upslope contributing area for 
each grid cell using taRboton’s (1997) D-∞ algorithm 
and calculated slope-normal depths using the vertical 
thickness (Fig. 2b) and topographic slope (Fig. 2a). Fig. 
2c compares the distribution of mapped shallow land-

(3)

(4a)

(4b)
Fig. 3 - Rainfall and computed pressure head response (a) 

Rainfall at the Goodwin Peak Remote Automated 
weather Station (RAwS) during the November 
1996 storm, A is average rainfall, P1 P2, and P3, 
are rainfall during first, second, and third, time 
periods, respectively. (b) Computed pressure head 
for a typical cell in the debris-flow source areas 
H is hourly rainfall, A is Average rainfall, 3P is 
hourly rainfall averaged over three time periods, 
3P90 is 90% of 3P, used in forested areas. (α=40°, 
d=0.75 m, dLZ=1.3 m)
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water table remained unsaturated (Fig. 4). Expansion 
of saturated areas up the channels into hollows is 
consistent with observations in similar topographic 
settings elsewhere (wilson & dietRiCH, 1987). Fac-
tor-of-safety gradually decreased in the steep chan-
nels, where debris flows occurred in 1996, as well as 
in other similar channels. Due to higher infiltration 
rates, pore pressures rose more rapidly in the logged 
areas than in the forested areas (Fig 3b, 4). Conse-
quently the proportion of steep channel grid cells 
where FS<1 by the end of the storm was greater in 
the logged area than in the forested areas.

DISCUSSION
Several points related to data preparation, model 

results, and interpretation of results merit further expla-
nation. In the case study presented, the TRIGRS model 
produced results that are consistent with the observed 
distribution of debris-flow source areas despite the 
use of generalized and in some cases estimated data. 
Although we are currently in the process of acquiring 
more detailed data on physical properties and hydro-
logic response of debris-flow source areas in the Coast 
Range, these results indicate that the TRIGRS model 
can be applied successfully even where limited data are 
available. The model over-predicts potential landslides 
as a result of data uncertainty, particularly fine-scale 
subsurface variations in the depth of bedrock, strength 
and hydrologic properties, and initial groundwater and 
soil moisture conditions. Consequently results must be 
interpreted in a probabilistic sense.

GIS methods used in preparing some of the input 
grids, notably the initial water table depth resulted in 
artifacts that skew some of the model results. Both 
the D-8 and the D-∞ methods of computing upslope 
contributing area result in many cells adjacent to the 
main channels having very small contributing areas. 
Consequently (3), (4a) and (4b) computed very low 
water tables at many grid cells near the valley bottom 
(Fig. 4). A finite-difference or finite-element model for 
steady saturated-unsaturated groundwater flow would 
compute a more realistic initial water table, probably 
at considerable computational expense.

Several factors may account for the much higher 
density of debris flows in the logged area compared 
to forested areas (Fig. 5). These include (1) greater 
difficulty detecting debris flows beneath forest cov-
er (ODF, 1999), (2) the greater proportion of steep 

slides (Coe et alii, 2010) and ε in the study area. Values 
of ε are typically much less than unity along the steep 
slopes and in the channel network where the mapped 
shallow landslides (debris-flow source areas) lie. At most 
points within the mapped landslides, ε = ≤ as suggested 
by iveRson (2000) (Fig. 2c).

We used two property zones (table 1, Fig. 2d), bed-
rock outcrop (as defined previously), and colluvium. 
Strength parameters of the colluvium were based on 
published values for previous work in nearby areas 
of similar geology (ebel et alii, 2010). Although the 
contribution of root strength and pullout resistance 
could be a further basis for distinguishing differences 
between the logged and forested areas, implementation 
using (2) is problematic, as noted previously. Hydrau-
lic properties of the colluvium were estimated from a 
published soil survey (NRCS, 2010) and unpublished 
monitoring data. Continuous unsaturated conditions 
observed throughout the fall and winter rainy season 
are consistent with α ≈ 3.0 m-1, rather than α ≈  0.5 m-1 
as indicated by analysis of the soil survey data. Hydrau-
lic diffusivity, D0, was estimated as described by baum 
et alii (2010) so that 2kS ≤ D0 ≤ 10kS .

Properties of weathered bedrock were estimated 
by adjusting colluvial properties toward lower poros-
ity, permeability and diffusivity and higher strength 
(beaulieu & HuGHes, 1975; fReeze & CHeRRy, 1979).

RESULTS
Simulated rainfall infiltration resulted in gradual 

pore pressure rise and reduction in factor-of-safety. 
Simulating infiltration using three periods of con-
stant rainfall rather than hourly data (35 periods) 
preserves the major features and timing of pore pres-
sure rise (Fig. 3b) while reducing computational ef-
fort by about 90%. Infiltrating water percolated to 
the shallow water table, causing it to rise gradually. 
The water table rose above the top of weathered bed-
rock only in channel areas and colluvium above the 

Tab. 1 - Material Strength and Hydraulic Properties for 
the Two Map Units in Fig. 2d
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Fig. 4 - Maps showing evolution of pressure head, ψ at base of colluvium at different stages of the three rainfall periods 
in Fig. 3 and boundary and initial conditions depicted in Fig. 2. Rainfall after 20 h=85 mm, after 30 h =161 mm 
and after 35 h = 201 mm. Rectangle in upper left panel (0 h) indicates approximate area shown in other panels, L 
is logged area, D is boundaries of debris flows

Fig. 5 - Maps showing evolution of factor of safety. Rectangle in upper left panel (0 h) indicates approximate area shown 
in other panels, L is logged area, D is boundaries of debris flows
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slopes in the logged area (Fig. 2), (3) differences in 
evapotranspiration, which might result in drier ini-
tial conditions in the wooded areas, (4) loss of root 
strength and pullout resistance in logged areas, and 
(5) interception of rainfall by the forest as considered 
in our model. We are confident that all debris flows 
in the study area that resulted from the November 
1996 rainfall are shown on the map (Fig. 4). Given 
sufficient data the TRIGRS model could account for 
the other four factors. Our model accounts for two of 
these (distribution of steep slopes, and interception) 
and our results indicate that even the modest effect of 
interception explains at least some of the difference in 
susceptibility between logged and wooded areas.

CONCLUSIONS
The TRIGRS model was used to simulate rainfall 

infiltration and occurrence of shallow landslides from 
a November 1996 storm that resulted in widespread 
landslides and debris flows in the Oregon Coast Range.

• Modeling results are consistent with observations 
that steep channels in this setting are more suscepti-
ble to shallow landslides and debris flows than either 
hillsides or basin rims as observed in other settings.

• Parameter estimation for the TRIGRS model can 
be based on generalized data and simple models of 
soil depth distribution and initial water table, where 
site-specific data are lacking. Availability of more 
specific data would reduce model uncertainty.

• Storm rainfall interception can account for at least 
part of the observed landslide susceptibility diffe-
rence between logged and forested areas.
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