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Relative Potential for Shallow Landsliding as
an Indicator of Road Hazard

Name of indicator
Relative potential for shallow landsliding as delineated by the process-
driven shallow landslide model, SHALSTAB (Montgomery and Dietrich
1998, and Dietrich et al. in review).

Questions potentially addressed
AQ (3) How and where does the road system affect mass wasting?

Description of indicator
SHALSTAB theory is based on the observation that shallow landslides
tend to occur in topographic hollows, where shallow subsurface flow
convergence leads to increased soil saturation, increased pore
pressures and reduced shear strength (Montgomery and Dietrich
1994). SHALSTAB links a steady-state, shallow, subsurface flow model
with a cohesionless infinite plane slope stability model to estimate the
relative potential for shallow landsliding across the landscape. The
current implementation of SHALSTAB (in beta testing on Unix
systems) is grid based and relies on a high resolution DEM in an ascii
grid file format. Model output can be imported into ArcInfo using the
ASCII grid command at the Arc prompt. In its simplest form,
SHALSTAB solves for the hydrologic ratio predicted to cause instability
at each grid cell:

q/T = ρs/ρw (1-tanθ/tanφ) b/a sinθ.

The following topographic terms are defined by the numerical surface
used in the digital terrain model: drainage area (a); outflow boundary
length (b); and hillslope angle θ. Thus, four parameters may need to be
assigned to apply this model:

ρs, the soil bulk density

φ, the angle of internal friction

T, the soil transmissivity

q, the effective precipitation

This becomes a parameter-free model by solving for q/T given user
defined values for ρs and φ that remain fixed across the landscape. A
fundamental assumption of this model is that areas calculated to have
the lowest q/T values (least amount of precipitation required for
instability) should represent the least stable land that has the greatest
potential for shallow landsliding.

Dietrich et al. (in review) provide thorough reviews of the SHALSTAB
theory, along with the results of regional validation studies. They also
include guidelines for the determination of values for soil bulk density
and internal angle of friction:

In the temperate rainforests of Coastal Oregon, e.g., wet soil bulk
density is about 1,600 t/m3 and the friction angle could be as low
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as the mid 30’s, whereas in parts of the California coast, the wet
bulk density is about 2,000 t/m3 and the friction angle is in the
40’s (Reneau et al, 1984).

Where field data is absent, Dietrich et al. recommend that a value of
2,000 t/m3 be used for wet soil bulk density and, if cohesion is not
considered, they suggest a value of 45 degrees be fixed as the internal
angle of friction. This approach is recommended for two reasons: it
increases the threshold slope to compensate for the lack of a cohesion
term and, by keeping these values constant, the model no longer
needs to be parameterized, and different landscapes can be compared.

Modified versions of the SHALSTAB theory exist and warrant mention.
A version of SHALSTAB that includes a term for effective cohesion by
assuming uniform soil depth is now being called SHALSTAB.C (used
by Montgomery et al. 1998a,b). A more sophisticated version that
integrates a model for predictng soil depth, allows transmissivity to
vary vertically and includes a cohesion term is being called
SHALSTAB.V (Dietrich, et al. 1995).

SINMAP, a slope stability mapping program available as an extension
to ArcView (Pack et al. 1998,) is also based on the SHALSTAB theory
and is discussed elsewhere in more detail.

Units of indicator
SHALSTAB expresses q/T as 1/meters. Because q/T is always a small
number, the logarithm of its value is used in plots and in the literature.
Likewise, the current implementation of SHALSTAB (for unix systems)
results in an output ASCII grid file with values of log(q/T).

Applications of SHALSTAB require that a judgment be made in
determining thresholds for relative slope stability classes based on
values of log(q/t).  Dietrich et al (in review) suggest the following
approach:

• Obtain the best possible topographic base;

• Use field observations and aerial photographs to create a map of
landslide scars and accurately locate these scars on the
topographic data base;

• Use output from shalstab to determine a log(q/t) value for each
scar; and

• Use the number of landslides associated with different log(q/t)
values to guide in the decision as to what threshold values to
assign.

Scales
Regional and watershed-scale applications of SHALSTAB have been
useful in identifying watersheds combine a high potential for shallow
landsliding and high-value aquatic resources. Such information
provides a rationale for establishing priority.

Related indicators
SHALSTAB is the theoretical basis of related indicator SINMAP.
Notable differences include;
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• SINMAP uses a modified version of the SHALSTAB equation that
assumes a uniform soil depth and includes a cohesion term;

• SINMAP lets q/T (in the form T/q), effective cohesion, and friction
angle be adjustable variables, solving for a “Factor of Safety” or
Relative Stability Index;

• SINMAP accounts for the uncertainty of input parameters by giving
the user the option of identifying an upper and lower range of values
for each of the variables. It then calculates probability of failure and
assigns a relative stability index to each cell (by assuming the
values are normally distributed between these ranges and that the
distribution functions are independent);

The calculation procedures used by SINMAP to determine specific
catchment area (a/b) and hillslope angle θ differ distinctly from
SHALSTAB.

Utility
Where applicable, this indicator can be useful in predicting mass
failure associated with roads and to screen road systems for those
road sections most likely to fail.

Acquisition
An implementation of the SHALSTAB model is currently in beta testing
for the Unix platform. A user-friendly version of SHALSTAB for the
Windows platform is expected to be released soon and will be made
widely available via the Internet.

Accuracy and precision
The accuracy and precision of SHALSTAB is a function of the data
used as input. Dietrich et al (in review) present the results of model
runs using different resolutions, giving an indication of the benefit to
investing in high-resolution topographic data:

In order to capture more than 70 percent of the landslides, for
30-m grid data, a threshold of –2.5 appears to be needed, for 10m
data (from digitized 7.5’ quadrangles) a threshold of –2.8 may be
adequate, and for still higher resolution data this threshold may
be pushed to -3.1.

The accuracy of the landslide mapping is important in guiding the
choice of high-hazard threshold q/T values

Durability
The modeled output, given the same input data and model
parameters, will not change. Refinement of input data and model
parameters to match observed failures can allow increasing accuracy
in prediction.

Monitoring value
Screening roads for those most likely to fail, or for stratified sampling
may be useful in the design and implementation of monitoring.
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Limitations
The model requires good quality, high-resolution topographic data as
input; it is a shallow landslide model and, as such, does not indicate
areas of deep-seated instability such as earth flows and rotational
slumps; Log(q/t) values are to be interpreted as an indicator of relative
stability and are best seen as a ‘red flag’ highlighting the need for care
and geotechnical expertise when active management of an area is
being planned.

Typical availability
Many areas do not yet have high quality digital topographic
information, limiting the accuracy and utility. This condition is
expected to improve over the next few years.

Where applicable
Watersheds with a tendency for shallow mass failure.

Examples
Dietrich et al. (in review) present a validation study of the SHALSTAB
model for northern California, including a discussion of its application
in forest management.

Development needs
A grid-based implementation of SHALSTAB is currently in beta testing
for the Unix platform. A Windows version is currently being developed
and should be available in the near future.
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Example of Indicator Use
from the

Ocala National Forest

The Ocala NF used existing information from the landtype association
coverage to determine which areas of the forest are likely to be
sensitive to soil compaction from vehicle traffic.

Analysis area description
The Ocala National Forest consists of two ranger districts, the Lake
George and the Seminole, totaling 383,000 acres. The Forest has
approximately 220,000 acres of sand pine/scrub oak, the world’s
largest concentration, growing on deep, prehistoric sand dunes. Within
the sand pine ecosystem are park-like stands of longleaf pine with
scattered clear springs and small ponds. Surrounding the sand pines
are lower elevation flatwoods consisting of slash pine, hardwoods, and
subtropical vegetation (Landtype Associations Map, figure 2-44).

Current conditions
Soils on the Ocala NF can be generalized as excessively drained, sandy
soils on nearly level to moderately rolling hills. The soils are low in
organic matter with low natural fertility. Soils near lakes, rivers, and
prairies are more fertile and higher in organic matter. Little potential
exists for soil compaction or erosion in the excessively drained sandy
soils, but some areas near lakes, rivers, and wet prairies are of
concern.

Most of the forest is characterized by three plant communities: sand
pine scrub, longleaf pine/wiregrass, and pine flatwoods. The sand pine
scrub is composed of sand pine and several evergreen oak species that
have adapted to periodic catastrophic fires on about a 50-year interval.
The longleaf pine/wiregrass community is composed of longleaf pine,
wiregrass, turkey oak, and a great diversity of forbs and grasses. The
natural fire frequency appears to be 2-5 years. Pine flatwoods are
characterized by flat topography, low pH soils, and organic hardpans.
Species commonly found are slash pine with a thick understory of
gallberry and palmetto. These areas have a natural fire interval of 3-10
years.
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Figure 2-44. Landtype association map for the Ocala National Forest.
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Example of Indicator Use
from the

Boise National Forest

The Boise NF used road density in Riparian Habitat Conservation
Areas (RHCA’s), along with high priority bull trout subpopulations to
focus on the watersheds that would benefit the most from restoration.

Stage 3: Delineation of Bull Trout focal and adjunct habitat and high RHCA
road densities

Field inventory data were used to further delineate occupied focal
habitat and unoccupied adjunct habitat on the forest. In both
habitats, the forest evaluated watershed road densities, delineating
those areas with a road density greater than 1.7 miles/square mile.
Because this priority was developed at a mid-scale, we recognized
these prioritized areas would need to be ratified with more site-specific
analysis.

The forest then further developed this refinement by looking at those
watersheds with a high road density and identifying those that also
had a relatively high road density near streams. We assumed that
roads near streams represented the greatest potential for direct effects
to bull trout habitat. Watersheds with a road density of 0.7 miles/
square mile within RHCA’s were identified (see figure 2-33).
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Example of Indicator Use
from the

Tongass National Forest

The Tongass NF used a Sediment Risk Index (SRI) to identify
watersheds that are at higher risk for sedimentation.

Geomorphic risk assessment
The geomorphic risk assessment evaluates multiple, hydrologically
independent watersheds. It is a large-scale screening process based on
percentage disturbance, mass-movement potential, drainage efficiency
and other watershed characteristics (Geier 1997). Individual
watersheds are the basic units of analysis. Two risk indices are
developed for each watershed to evaluate characteristics related to
sediment supply and transport, and to determine the extent of storage
(depositional) streams. Watersheds with high transport potential have
steeper slopes, more unstable soils, and higher stream densities than
streams with low transport potential. Watersheds with a high storage
potential have higher densities of low-gradient depositional streams for
medium- and long-term sediment storage than watersheds with low
storage potential.

Transport and storage indices are combined into the Sediment Risk
Index (SRI) under the assumption that watersheds with high
combinations of storage potential and transport potential represent
the highest concern for management activities. Watersheds with a high
SRI usually have steep, unstable valley walls that drain into well-
developed, low-gradient valley bottom channels.

At least two important assumptions are implicit in the Sediment Risk
Index. First, the SRI assumes that watersheds with the higher
combinations of storage potential and transport potential are of higher
management concern because material transported from steep,
unstable areas (high TPI) can remain in low-gradient valley-bottom
streams (high SRI), resulting in pool filling and other undesirable
channel adjustments. A corollary assumption is that all transport
streams in the watershed drain into the depositional streams. The SRI
index does not analyze sediment routing through the stream network
and may give spurious results in certain circumstances. For example,
the SRI may overestimate sediment risk in a watershed with a wetland
complex on a plateau that drains down a mountainside into saltwater;
then many of the transport streams exist downstream of depositional
areas and are incapable of transporting material to them.

The SRI can be used to identify at-risk watersheds based on
geomorphic characteristics and land use (figure 2-45). Watersheds that
did not meet the minimum 0.5 square mile criterion for analysis were
assigned a value of 0. Watersheds that yielded a zero SRI value were
assigned a 1. The remaining watersheds were ranked on a scale from 2
to 5 based on their quartile distribution. A watershed rank of 5
denotes that the sediment risk index value for a watershed falls within
the top 25th percentile (highest geomorphic risk).
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Figure 2-45. Geomorphic risk assessment for watersheds on northern Prince of
Wales island, Tongass National Forest.
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Example of Indicator Use
from the

Mark Twain National Forest

The Mark Twain NF used proximity to stream channels to identify
roads that were likely to contribute sediment to streams. Roads on
steep hillslopes were delineated by using a timber-stand coverage that
was attributed with slope percentage.

Roads in close proximity to waterbodies
To identify roads most at risk for causing sedimentation, the team
used GIS to highlight roads within 100 feet of waterbodies in each of
the 4 11-digit watersheds identified previously. This analysis shows
that the roads within 100 feet of stream channels are county roads.
For example, in the West Fork of the Black watershed, approximately 3
Forest Service system roads, 2 ATV trails, and 10 Forest Service non-
system roads are within 100 feet of a spring or stream. The total
length for these roads and trails is about 8 miles. In contrast, 11
different county roads are within the 100 foot zone, with total mileage
of about 24 miles. These old county roads have probably been used for
generations. Field observations showed that all roads in the 100-foot
zone, regardless of jurisdiction, appeared to be adding sediment to the
stream. The course material appeared to settle out within a short
distance of the stream crossing or after the road left the stream
channel. How far the fine sediment traveled before being deposited is
not known.

One of the major problems with roads in the riparian zone is the lack
of woody vegetation, large or small, along the stream channel. Because
of the frequency of flooding in these areas, the roads often have to be
relocated or reconstructed, either because they have been washed out
by floodwaters or the course of the stream channel has changed
enough to threaten the road. Although relocating all roads out of the
stream bottoms would be most desirable, it is often not feasible or
practical. The county roads have often been in the same location and
used for generations, and that provide the only access to many
residences. Major relocation of these roads would require the
acquisition of new rights-of-ways and new access routes for the
residences.

The total miles of road by jurisdiction and the miles of roads within
100 feet of water bodies for each of the four watersheds is shown in
the following tables.
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Table 2-10.  Huzzah watershed

Road Miles Percent Miles w/in 100 Percent of Total
Jurisdiction of Total feet of Water Miles w/in 100 feet

Bodies of Water Bodies

County 182 28 24 38

Forest Service -
System 74 11 1 2

Missouri Dept. of
Conservation 1 0

Forest Service -
Non-system 112 17 4 7

Private 203 30 27 43

State 83 13 6 10

Total 655 100 64 100

Table 2-11.  Courtois watershed

Road Miles Percent Miles w/in 100 Percent of Total
Jurisdiction of Total feet of Water Miles w/in 100 feet

Bodies of Water Bodies

County 118 18 17 28

Forest Service -
System 118 18 5 8

Missouri Dept. of
Conservation 3 1 0 0

Forest Service -
Non-system 195 30 11 18

Private 147 23 22 36

State 58 9 5 9

Total 638 100 60 100
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Table 2-12.  Middle Fork of the Black watershed

Road Miles Percent Miles w/in 100 Percent of Total
Jurisdiction of Total feet of Water Miles w/in 100 feet

Bodies of Water Bodies

County 85 21 29 49

Forest Service -
System 53 13 1 1

Missouri Dept. of
Conservation 0 0 0 0

Forest Service -
Non-system 124 30 6 10

Private 86 21 19 32

State 60 14 5 8

Total 409 100 59 100

Table 2-13.  West Fork of the Black watershed

Road Miles Percent Miles w/in 100 Percent of Total
Jurisdiction of Total feet of Water Miles w/in 100 feet

Bodies of Water Bodies

County 131 34 24 48

Forest Service -
System 73 19 1 1

Missouri Dept. of
Conservation 0 0 0 0

Forest Service -
Non-system 71 18 7 15

Private 78 20 15 31

State 37 9 2 4

Total 390 100 49 100
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Roads on steep slopes
The average slope information in the CDS data base was used to
identify roads on steep slopes. A GIS query was run to identify roads
that intersected stands that CDS identified as having an average slope
greater than 30 percent,. This query showed 69 miles of roads, half of
which were Forest Service non-system roads.

Table 2-14.  Roads in stands with average slope greater than 30 percent

Road Jurisdiction Miles Percent

County 13 19

Forest Service - System 20 29

Forest Service - Non-system 34 49

Private 1 1

State 1 1

Total 69 100

The query identified all roads that touched the stand, even if only on
the edge. Therefore, roads which run along ridges with steep slopes on
either side were identified, even though they do not actually cross the
steeper terrain. To refine the analysis, GIS maps were generated
showing those stands with an average slope of less than 10 percent,
those between 10 percent and 30 percent, and those with an average
slope of more than 30 percent. Then both those roads that were on the
ridgetops, and those that actually crossed the stand and were more
likely to be on the steep slopes could be identified. This distinction
resulted in a much smaller number of roads, although the number
and miles has not yet been quantified. These roads were then
highlighted for field checking.
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Example of Indicator Use
from the

Black Hills National Forest

The Black Hills NF considered road density from both classified and
unclassified roads which changes the density significantly.

The legacy of this history is a forest that is well roaded. Less than 1
percent of the forest can be considered “roadless.” A total of 5,204
miles of Forest Development Roads provide access to private lands, for
resource uses, and for roaded recreational opportunities. The public is
accustomed to using these roads for accessing most of the forest.

Because of the predominantely gentle terrain, off-road vehicle use is
popular, and 82 percent of the forest is open to off-road motorized
travel at least part of the year. “Wheel tracks” are sometimes formed by
Forest users traveling cross-country. Some of these “wheel tracks”
meet the definition of a road because highway vehicles can pass over
them. It has been estimated that there are 3,430 miles of these
unclassified, wheel-track roads in the Forest.

A Revised Forest Plan for the Black Hills National Forest was
completed in 1996. Much of what is being proposed in the roads
analysis was done in conjunction with the forest plan revision. Public
access and the types of available recreational opportunities were
issues that were addressed. As part of the extensive environmental
analysis for this planning effort, the effects of roads and travel were
described.  These effects include environmental concerns about the
road system, including wildlife habitat considerations, soil and water
effects, and non-motorized recreation opportunities.

The revised forest plan established objectives to maintain the well
established, historic motorized-use pattern in the Forest, which would
facilitate timber management and motorized recreation uses. At the
same time, roads and wheel-tracks causing severe resource damage
would be obliterated. About 70 percent of the forest would remain in
the suitable timber base, but guidance was established to minimize
the miles of new roads by using existing roads wherever possible.
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Existing road system
Table 2-15 displays the miles of roads in the project area. The area
can be considered as “roaded.” At this point, it is anticipated that
minimal new road construction will be needed for future activities in
the Roubaix area, although a final decision would be made as part of a
project NEPA process.

Table 2-15.  Existing road system

Classification Mileage Road Density
(Miles on NFS lands/32.6

Square miles of NFS lands)

U.S. Highway 385  5.0 miles

Lawrence County maintained
roads 20.2 miles

Forest Service collector roads  4.8 miles

Forest Service local roads 78.0 miles

TOTAL Classified roads 108.0 miles 3.3 miles/sq. mi

Unclassified (Non-system)
roads 42.7 miles

TOTAL All roads 150.7 miles 4.6 miles/sq. mi
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Example of Indicator Use
from the

Willamette National Forest

The Willamette National Forest used polygon information from soils
and geology mapping to identify areas with potentially higher mass
wasting risk.

AQ2 - How does the road system affect mass soil movements that
affect aquatic or riparian ecosystems? (question posed in draft roads
analysis document)

Map 3: Unstable Soils and Quaternary Landslides was developed to
show areas of concern for mass soil movements. Soil mapping units
(SRI) designated as unstable and units designated as potentially
unstable were mapped, in an attempt to show areas that could become
involved in surficial landslides, debris flows, and debris torrents.
Quaternary landslides were mapped as areas of mass movement that
could be impacted by roads and could produce greater quantities of
fine sediment. This map was originally designed to be an overlay for
other layers but because of mapping and viewing considerations it
became very problematic. It would be appropriate to use as a
combination of road density with the particular unstable area
classifications. The hazard would then increase with higher road
densities within each category. Because of time limitations, we did not
attempt to define areas.
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Potentially Unstable Soils on
Slopes Greater or Equal to 70%

Quaternary Landslides

Unstable Soils

Watershed Boundary

                       ATTENTION

The Forest Service makes no expressed or implied warranty

of these data nor of the appropriateness for any user’s

purposes. The Forest Service reserves the right to correct,
update, modify, or replace the geospatial information on

which this map is based without notification.

For more information, contact Willamette National Forest GIS

shop (541)465−6923.

Figure 2-46. Willamette National Forest soils and geology polygons related to
mass wasting risk.
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Example of Indicator Use
from the

Klamath National Forest

The Klamath NF used a coverage of landslides that occurred in 1997 to
determine the density of landslides in different polygon types from
their existing geomorphology coverage.

Landslides
Average flood-related density (number per square mile) identified on
air photos was 0.59, on undisturbed land, it was 0.27. The highest
densities occurred in three geomorphic terranes, active landslides
(5.63); unconsolidated inner gorge (1.35); and landslide deposits
(0.72).
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Figure 2-47. Locations of active landslides plotted on geomorphic terranes for the
Lake Mt. Area, Klamath National Forest.

210
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Example of Indicator Use
from the

Klamath National Forest

The Klamath NF used a coverage of mapped landslides to determine
which slope classes had the highest density of landslides.

Slope gradient and landslides
Average flood-related landslide density (number per square mile)
identified on air photos was 0.59, on undisturbed land, it was 0.27.
Landslide density was highest in two slope classes, 40-65 percent
(0.86), and >65 percent (0.77). This compares to area average of 0.59.
These patterns are displayed on figure 2-29. The concentration of
landslides at 40-65 percent slope, and to a lesser degree at >65
percent is likely because most landslides inventoried were shallow
debris slides, which typically occur on steeper slopes. Also, areas
steeper than 65 percent may be underlain by stronger rock. Field
observations suggest that the DEM tends to flatten slopes, and may
understate the gradient by 10 percent or more. A closer look at slope
revealed that the highest density was at 50-55 percent gradient (0.96).
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Figure 2-48. Locations of active landslides plotted on slope class coverage for the
Lake Mt. Area, Klamath National Forest.


