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APPENDIX A—DERIVATION OF THE
INFINITE SLOPE EQUATION WITH SEEPAGE
PARALLEL TO THE SLOPE

Uplift Force on Base

U = Yyhp = YwDuw cos? a

b
U= ¢ = Yy Dyb cosa
cos o

Other Forces
Wr = b(QO + YmDm + 7sa,tDw)

N = Wy cosa = beosal(qo + YmDm + Ysat Dw)

N =N-U
= bcosa(gy + YmDm + Ysat Pw) — YwDwbcosa
= bcosalgy + YmDm + (Tsat ~ Tw)Dw)

T = Wepsina = bsin a('qo + YmDm + ')’sa,tDw)

(Side forces are assumed to be equal and opposite, and therefore cancel out.)

Stresses
;N
b/ cosa

= cos® ago + YmDm + (Ysat — Yw) D]

T

= b/ cosa

= cos asin a(go + YmDm + YsatDw)

Shear Strength

S =0C,+ C; + cr'tand)’
= C, + C’; + cos? algo + YmDm + (Ysat — Yw)Dw] tan ¢

Factor of Safety

FS = ,S_’. — CT + C»IS + COSZ a[‘IO + 77an + ,(753;(; - 7w)Dw] tan ¢,
T cos asina(go + YmDm + YsatDw)

Substituting D — Dy, for Dy, and rearranging gives:

— Cr + C; + [QO +YmD + (7sat — Yw — 7m)Dw] cos? atan d’,

FS _
(90 + ¥mD + (Ysat — Ym)Dw] cosasina
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Figure A.1—Infinite slope model force diagram.
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APPENDIX B—ROOT STRENGTH: A
DETAILED LITERATURE REVIEW

Root strength has been measured or estimated in four ways: tensile strength
measurements of individual roots, direct shear tests on soil-root masses, pull
tests on large root systems or whole trees, and by back-analysis of existing fail-
ures. Fach of these methods is described in more detail below.

Tensile Strength of Individual Roots and Their Use in Root
Strength Models

Tensile strength of individual roots is measured by holding roots of various
sizes in some type of clamp device and pulling until failure. Such measurements
have found that the resisting tensile force increases with the diameter of the
root, but the tensile strength per unit area of root decreases as the diameter of
the root increases. These tensile strength values are used either directly or in a
theoretical model.

When used directly, the root strength per unit area of soil, which is needed
for stability analysis, is estimated from the tensile strength of individual roots
and the numbers of roots. This typically is done by two mathematically similar
methods. In the first method, the number of roots in various size classes within
a soil sample are counted. The total root strength per unit soil area, tg, is then
computed by dividing the soil sample area into the sum of the products of the
average resisting force of the roots and the number of roots for each size class.
This can be expressed mathematically as:

N p..
tR — EZ:J]AETLZ (B_]_)

where tp is the average tensile strength of roots per unit area of soil (psf), F;

is the average resisting tensile force of roots in the th size class (1b), n; is the
nu12nber of roots in the sth size class, and A is the area of soil in the sample count
(ft%).

Root strength measurements of this type have been made for Oregon coastal
Douglas-fir by Burroughs and Thomas (1977), for hemlock and Sitka spruce by
Wau and others (1979), for sugar maple by Reistenberg and Sovonick-Dunford
(1983), and for 5-year-old yellow pine seedlings by Waldron and Dakessian (1981).

Greenway (1987) discusses a second (but mathematically equivalent) method
for computing tp based on work by Waldron (1977), Wu and others (1979),
and Gray and Leiser (1982). In this method, tp is estimated by multiplying the
weighted average tensile strength per average area of root for roots of all size
classes (T'p) by the root area ratio (Ap/A), which is the fraction of the soil area
occupied by roots. Mathematically, this is expressed as:

tp = TR(—‘%> (B.2)

where T'g is the weighted average tensile strength per average root cross-sectional
area, Ap is the total cross-sectional area of all of the roots counted, and A is the
area of soil in the sample count.

T'p is computed by:

Y. Tinga;
Tp = &———~ B.3
R= S5 (B.3)
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Figure B.1—Fiber reinforcement model (after Gray and Ohashi 1983).

where T} is the average tensile strength per root cross-sectional area for the 7th
size class, a; is the root cross-sectional area for the ¢th size class, and n; is the
number of roots in the ¢th size class. :

Greenway (1987) has compiled T'g values for various species, which must then
be multiplied by the Ag/A ratio at a given site to obtain ¢ty values for use in
LISA. Ap/A values ranging from 0.0004 (Burroughs and Thomas 1977) to 0.0093
(Gray and Megahan 1981) to 0.017 (Gray and Ohashi 1983) have been reported.
Ap/A values are so variable because they depend upon species, climate, and,
most important, the depth at which the measurements are made. Therefore,
it is difficult to estimate realistic Ag/A values from the literature; LISA users
would need to make field measurements of Ag/A, which is impractical for a
Level I or Level II analysis.

Waldron and Dakessian (1981) found with simulation studies using their model
(described below) that even when roots were tightly held with no slippage, roots
failed progressively during shear displacement. In other words, not all roots
mobilize their maximum tensile resistance at the same time during slope fail-
ure. This limited the amount of root strength developed to about 56 percent
of that calculated by assuming that all roots would mobilize maximum shear
strength at the same time. Burroughs (1984) comments that tg calculated by
either equation B.1 or B.2 should be reduced by perhaps 25 percent for the same
reason. :

Waldron (1977), Wu and others (1979), Waldron and Dakessian (1981), and
Gray and Leiser (1982) modify the tensile strengths of roots (¢g) using mathe-
matical models, to estimate the root resistance for use in stability analysis (Cy).
These models are all similar in that they resolve the tensile force that develops
in the roots during shear (T) into a tangential component (T) that directly
resists shear and a normal component (75 ) that increases the confining stress
on the shear plane, thereby increasing the frictional component of soil shear
strength. Figure B.1 illustrates the basic model. The simplest of these mathe-
matical models is: :

Cy, = tp[sin 0 + cos 0 tan ¢) (B.4)

where C; is the shear strength increase from root reinforcement, tp is the tensile
strength of roots as computed by equation B.1 or B.2, ¢ is the angle of internal
friction of the soil, and 6 is the angle of shear distortion.

This model assumes that roots are initially oriented perpendicular to the fail-
ure plane. It is recognized that in nature, roots are likely oriented randomly
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with respect to the failure plane, leading Gray and Leiser (1982) to propose a
model in which the initial orientation angle is also a variable. However, Gray
and Ohashi (1983) found with direct shear tests on fiber reinforced soils, that
fibers oriented at 90° to the shear plane provided about the same increase in
shear strength as randomly oriented fibers. They concluded that the assump-
tion of perpendicular orientation satisfactorily approximates the shear strength
increase along a surface crossed by randomly oriented roots.

Equation B.4 results in C; being 0 to 30 percent greater than tp, depending
on the friction angle and angle of shear distortion. Because the angle of shear
distortion usually is not known, Wu and others (1979) recommended that for
soils with a friction angle between 30 and 40°, a value for Cr 20 percent greater
than tp would be reasonable. Gray and Megahan (1981) recommend that C;
be 12 percent greater than tg; Gray and Leiser (1982) recommended that C,
be 15 percent greater. However, Reistenberg and Sovonick-Dunford (1983) and
Waldron and Dakessian (1981) observed that the angle of shear distortion of
roots was nearly 90° in slope failures, and therefore no increase in Cr above ip
would be predicted by the model.

Wu and others (1979) and Gray and Leiser (1982) used tp computed as in
equation B.1 or B.2, thereby assuming full mobilization of the tensile strength
of roots. Other authors, particularly Waldron and Dakessian (1981) and Gray
and Ohashi (1983) recognized that roots may slip or pull out before they break
in tension. The pull-out resistance of roots is dependent on the soil type. It may
be quite high for gravelly soils, where roots take tortuous paths around coarse
fragments, but quite low for saturated clay soils. Waldron and Dakessian (1981)
estimated root strength might be reduced by as much as 75 percent in satu-
rated clay loam due to root pull out. This was estimated from a root strength
of 5 kPa measured in direct shear compared to 18.5 kPa estimated using equa-
tion B.4 in which pull-out resistance is not considered. Gray and Ohashi (1983)
therefore modified the model to account for pull-out resistance. Now:

w=("2)on (8.5)

where tg is the mobilized tensile strength of roots per unit area of soil, and op is
the tensile stress developed in the root at the shear plane. og can be estimated

~ from the following expression (which assumes a linear tensile stress distribution

along the root length):

op = (%?) %[z(sece SENE (B.6)

in which Ep is the longitudinal stiffness modulus of the root, 7 is the skin fric-

- tion stress (or pull-out resistance) along the root, Dp is the diameter of the

root, and z is the thickness of the shear zone. Note that tp in this model is no
longer the tensile strength of the roots as measured in equations B.1 or B.2, but
depends upon the stiffness modulus of the root and the root pull-out resistance,
as well as upon Dy and z.

Gray and Ohashi (1983) found that pull-out resistance depends not only upon
soil type, but upon overburden pressure and fiber length. In their direct shear
tests on fiber-reinforced sands, there was a threshold confining stress below which
fibers slipped or were pulled out, resulting in little shear strength increase by
the fibers. However, it should be noted that the fibers used did not have the
interlocking behavior roots might possess in granular soils, so it is not known
whether a threshold stress might control root strength in nature.
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Direct Shear Tests on Soll-Root Masses

Direct shear tests on soil-root masses have been performed in several ways.
Waldron and Dakessian (1981) and Waldron and others (1983) performed lab-
oratory direct shear tests on large columns of soil containing yellow pine roots.
Endo and Tsuruta (1969a) carved out pedestals of soils beneath alder seedlings
and sheared them along their base. Ziemer (1981a, 1981b) and Wu and oth-
ers (1979, 1988a, 1988¢) performed ¢n situ direct shear tests on soil blocks iso-
lated on the front, back, and bottom, and sheared along two opposing sides.
Tsukamoto and Minematsu (1987) isolated the perimeter of small Sugi trees and
sheared them along their bases. All of these tests show that the shear strength
of the soil-root mass increases with the weight (or number) of the roots present
in the soil mass. (This is consistent with equations B.1, B.2 and B.5.) When the
shear strength of soil specimens with roots is compared to the shear strength
of soil without roots, the roots appear to provide cohesion but not an increase
in the friction angle of the soil (O’Loughlin and Ziemer 1982). (That is, the in-
crease in strength is not dependent on normal or confining stress.)

Direct shear tests may better account for pull-out resistance and for the fact
that maximum tensile strength is not mobilized by all of the roots simultane-
ously, but there are still problems with measuring root reinforcement in this
way; specifically, at high strains, the soil block tends to be torn apart by the
roots. Also, with Ziemer’s device, roots can pass completely through the soil
block, which may not correctly model the failure mode of the soil-root mass in
nature. However, results of direct shear tests generally have been comparable to
root strength per soil unit area computed from individual root tensile strength
tests, except in the cases described above in which the pull-out resistance of the
roots was very low (such as Waldron and Dakessian 1981 and Gray and Ohashi

1983).

Pull Tests on Large Root Systems and Whole Trees

This method may be the most reliable for measuring the effective tensile strength
and pull-out resistance of root systems, because it simulates more closely what
occurs during slope failure. Tests of this type have been attempted by Abe and
Iwamoto (1985) and Tsukamoto and Kusakabe (1984). Endo and Tsuruta (1969b)
performed tensile strength tests on blocks of soil and roots by attempting to
pull the soil-toot blocks apart. Tensile strength values measured were close to
the shear strength values reported for the two methods described above.

Back-Analysis of Existing Failures

By estimating or measuring prefailure values for all other parameters needed
in a stability analysis, root strength values can be back-calculated using infor-
mation on existing failures. The assumption is that the factor of safety equals 1
at failure. This method does give approximate values, but unless the values for
the other variables can he estimated confidently, this becomes a mathematical
number exercise for which there are several possible combinations of values that
give a factor of safety of 1. Back-calculated-values reported in the literature
were not used in estimating distributions for use in LISA. However, they do sup-
port that tx values calculated with equation B.1 or B.2 are realistic even with
all of the uncertainty about progressive root failure and pull-out resistance. For
example, Reistenberg and Sovonick-Dunford (1983) counted the number of roots
found on both the scarp and slip surface of an existing failure and computed
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root strength using equation B.1. They computed a greater root strength per
unit soil area in the scarp than on the slip surface because there were a greater
number of roots in the scarp. When the appropriate root strength values were
used in a method-of-slices stability analysis, they were able to calculate a factor
of safety close to 1 for the prefailure conditions, indicating the values used for
root strength were realistic, even though pull-out resistance and progressive root
failure were not considered.
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APPENDIX C—RATIONALE FOR SELECTING
ROOT STRENGTH PDF’S

To estimate probability distributions for each root morphology type, we used
the data tabulated in table 5.2, along with the following observations and as-
sumptions to select PDFs for root strength.

¢ We assumed that the measured values of root strength reported in the litera-
ture and summarized in table 5.2 and figure 5.6 apply to soil-root morphology
types B and C, where roots intersect the entire failure plane. As mentioned
in appendix B, many of the root strengths reported were computed from ten-
sile strength tests on individual roots and from root numbers, which proba-
bly overestimate root strength because not all roots would be loaded to fail-
ure simultaneously during a slope failure, and because of root slippage and
pull out. However, none of the methods of measuring root strength described
includes soil buttressing and arching. Gray and Megahan (1981) present a
formula for calculating buttressing and arching resistance. However, they do
not present any typical values nor indicate how the values should be used in
a stability analysis. We have assumed that buttressing and arching would
be significant enough in types B and C to offset any overestimating of root
strength that would result from individual root tensile strength measure-
ments. There also may be some increase in strength due to increased stress
on the failure plane as calculated by equation B.4.

Because the infinite slope equation assumes that root strength acts along
the entire failure surface, the measured values of root strength must be re-
duced to some apparent values for types A and D where root strength acts
only along the failure perimeter. To estimate reasonable values for apparent
root strength, a comparison was made between the root strength values that
give the same factor of safety for the infinite slope equation and for a three-
dimensional block model (Burroughs 1984). The three-dimensional block
model considers root strength to act only in the top 2 feet of soil, thereby in-
creasing shear resistance along the block sides and tensile resistance along the
block headwall. Roots are assumed not to penetrate the stable substrate, so
there is no increase in shear resistance along the block base even when the
soil is less than 2 feet thick. This is consistent with the type A and D condi-
tions.

The first step in the comparison was to find block lengths and widths that
produced factors of safety equal to those calculated by the infinite slope equa-
tion for several combinations of slope and soil depth, and with root strength
equal to zero. Length-to-width ratios of 1.1:1 or 1.2:1 at 45 percent slope,
to 1.5:1 at 75 percent slope satisfied this step. Next, the factors of safety for ;
each block were calculated using the three-dimensional model with root strength
values of 50 to 400 psf. The-apparent root strength values required to give
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Figure C.1—Ratios of apparent root strength needed for the infinite
slope model to root strength used in the three-dimensional block
model to give the same F'S.

the same factors of safety using the infinite slope equation then were back-
calculated. ’

The results are shown in figure C.1. Two trends are observed. First, the
apparent root strength decreases as the block width increases. For block widths
of 100 feet, apparent root strength values are about 5 percent of the values
used in the block model. This is consistent with what would be expected in
relatively shallow soil conditions; as the size of the failure mass increases, the
side and headwall resisting forces, and therefore root strength, have propor-
tionately less influence on the stability of the soil mass.

The second trend is that for a given block width, the apparent root strength
decreases as the soil depth increases. For instance, the apparent root strength
values for a 20-foot-wide block are 28 percent (0.28) of the values used in the
block model when the soil is 2 feet deep, and 18 percent (0.18) when the soil
is 10 feet deep.

These trends were used to develop distributions for soil-root morphology
types A and D from the distributions developed for types B and C.
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e The criteria used to select distributions for each root morphology type are:

1. We assumed the mode of the probability distribution describing type B
to be about 100 psf, which is equal to the mode of the histogram in fig-
ure 5.6. For the type C distribution, we assumed a mode of about 150 psf
to account for greater tree buttressing and root penetration along the base
of the failure plane. We assumed modes of 40 psf for type A and 20 psf for
type D based on the three-dimensional modeling of failures less than about
20 feet in width as described above.

%
N
o
%
%
:
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<
:

9. We assumed that all distributions should have large standard deviations
to account for the great variability and uncertainty in reported values.

3. We selected lognormal probability distributions to reflect the tendency for
right skew in the data (as shown in fig. 5.6), thereby giving a low (but non-
zero) probability of simulating relatively high values.

Based on these criteria, the suggested distributions for root strength in
dense timber stands are shown in figure 5.8. Height differences in the plots
are due to the fact that the area under each plot must equal 1.0. Impor-
tant things to note are the range in values, the mode, and the shape of the

distributions.

The rationale for selecting PDF’s for minimum root strength following clearcut
timber harvest is discussed in section 5.3.4.3.
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APPENDIX D—USING INFILTRATION EVENT
RETURN PERIODS WITH PROBABILITIES OF
FAILURE FROM LISA

As is stated in section 1.4, the probability of failure estimated using LISA is a
conditional probability of failure that is valid only if the infiltration event, with
the resulting groundwater (D,,/D) distribution used in the analysis, occurs.
Time can be incorporated into the probability of failure estimate by weighting
the conditional probability of failure with the probability of the groundwater
distribution occurring during a specified time interval. This method considers
the return periods of the rainfall or snowmelt infiltration events. Because re-
turn periods commonly are used in many professional fields and are understood
by land managers, their use may improve understanding of LISA results. This
method also improves an assessment of the likelihood of a major landslide event
occurring during the 3 to 10 years of minimum root strength following timber
harvest (see section 5.3.4.3). The method will show that as the length of time
considered increases, the probability that a major infiltration event occurs in-
creases and, therefore, the expected probability of failure increases. The ex-
pected probability of failure can be thought of as the average likelihood of fail-
ures (or the average land area in failure) over many N-year trial periods.

Unfortunately, neither precipitation (or snowmelt) data nor groundwater re-
sponse data typically are available to do a detailed time-history analysis. There-
fore, the method suggested here must still be based on subjective estimates of
groundwater response in average or major infiltration events, and as such is
only a tool to help illustrate how event return periods might be handled. This
method makes two assumptions—that the infiltration events are independent,
and that the probabilities remain constant from year to year. The steps of the
method are outlined below.

1. Make subjective estimates for the distribution of peak groundwater (D, /D)
levels in Tesponse to a minor infiltration event, an average event, and a ma-
jor event. (Although three events are illustrated here, the method does not
require three events.)

2. Use LISA to estimate the conditional probability of failure (P[FS\event )
for each of the three infiltration events ¢ — make three LISA runs changing
only the groundwater distributions to obtain the corresponding probabilities
of failure.

3. Assume a return period (RP;) for each event, and for each event compute the
probability that at least one event with that return period (or greater) will
occur during the next N years (P[event 4]). This probability can be computed
using the equation

1 N

P wtil=1—[1~ . D1

[event 7] ( R,Pi> (D.1)

4. Compute the probabilities that the maximum event during an N-year period
will be smaller than the average event, equal to or greater than the average
event but less than the major event, and equal to or greater than the major
event (P[max i]) by taking the difference between pairs of probabilities com-
puted in step 3. These probabilities should sum to 1.

5. Calculate the weighted probability of failure (P[FS N max 4]) by multiplying
the conditional probability of failure estimated using LISA by the probability
that the corresponding event will be the maximum event in N years; that is,

P[FS Nmax i} = P[FS\event 9] x P[max i]
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6. Compute the expected probability of failure for the specified time period by
summing the weighted probabilities of failures.

An example will illustrate the method. Groundwater distributions for the
minor, average, and major events have been evaluated, and conditional prob-
abilities of failure of 0.002, 0.034, and 0.582 have been estimated with LISA.
The return periods for the average and major events are assumed to be 2 years
and 20 years, respectively; the minor event is assumed to be any event with less
than a 2-year return. The exceedance probabilities for a 10-year period are de-
sired because of concern about a 10-year postharvest period of minimum root
strength.

Equation D.1 is used to compute the probabilities of at least one 2-year (or
greater) event and of one 20-year (or greater) event occurring during a 10-year
period:

Plevent > 2 years]=1-— (1 - 5) = 0.999

10 .
1
Plevent > 20 years] =1 — (1 - iﬁ) = 0.401

The probability of at least one minor event occurring during the 10 years is 1.
The probability that the maximum event during that period will be minor,
average and major is given below.

Maximum Calculation
event
minor Plmax < 2 years|] =1 — 0.999 = 0.001
average P[2 years < max < 20 years] = 0.999 — 0.401 = 0.598
major P[max > 20 years] = 0.401
Total = 1.000

The weighted and expected probabilities of failure are shown in table D.1.
Table D.2 summarizes the computations including 1-year and 25-year periods
for comparison. Note that the probability of the maximum event being a ma-
jor event increases as the length of time considered increases. Therefore, as the
time increases, the groundwater distribution corresponding to a major infiltra-
tion event is more likely to occur, as is the probability of failure resulting from
that groundwater distribution, causing the expected probability of failure to in-
crease. This increase in expected probability of failure with longer analysis peri-
ods was also found by Miller (1988).

Table D.1—Computations of weighted and expécted probability of fail-
ure for N = 10 years

P[FS\event i]x P[max i]= P[FS N max 1]

P{FS <1] Plmax 1] Weighted

Event from LISA P[FS < 1]
Minor (event < 2 years) 0.002 0.001 0.000002
Average (2 years < event < 20 years) .034 598 .0203
Major (event > 20 years) .582 401 .2334
Expected probability of failure = 254
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INDEX

3DLISA, 32

A

analysis
center of gravity—infinite slope (¢.G.1.5.) method, 30, 51
deterministic, 7-8, 11
probabilistic, 7-9
sensitivity, 10, 32-36, 47, 80, 83
three-dimensional, 32
two-dimensional, 32

angle of shear distortion, 119

apparent cohesion (Capp), 68, 78-80

apparent soil depth, 53

arching resistence, 122

artesian pressure, 44

B

back analysis, 47, 55, 59, 68, 76, 80, 83, 121-122
beta distribution, 23-25, 39, 49

bivariate normal distribution, 28-29, 39, 40-41, 80
bulk density (Ds), 69

C

capillary pressure, see capillary suction
capillary suction, 44, 68, 78-81
CDF (cumulative distribution function), 14-15
definition of, 15
central tendency, 11, 16-17
classes, recommended number for histogram, 26
unequal width, 26-28
clay, shear strength, 69-77
normally consolidated, 69-74
overconsolidated, 7477
coefficient of determination (1-2), 20, 81
coefficient of friction (p), 64
coefficient of variation (Cy;c,), 19, 22, 45, 49, 63-64
definition of, 19
cohesion
apparent, 68, 78-80
apparent, due to capillary suction, clays, 78-80
apparent, due to capillary suction, sands and gravels, 68
intercept, 68
true, 63, 76, 80
compass, Brunton, 51
conditional PDF, definition of, 18
conditional probability of failure, 9, 44
constant value, 39
misuse of, 49
correlation
between variables, 39-44
coefficient (r), 20, 29, 40, 80-81
ceofficient, definition of, 19
linear, 19, 28
spurious, 19
covariance, definition of, 17
cumulative distribution function, definition of, 15
current in situ stress, 76
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D

data files, 48
debris avalanche, 30
debris flow, 30
definitions, 14-20
dependence, linear, 19
stochastic, 17
deterministic analysis, 7-8; 11
digital elevation models (DEM's), 51
direct shear test for root strength, 118
distribution
beta, 23-25, 39, 49
bivariate normal, 28-29, 76-77
conditional, 18
frequency density, 27
Gaussian (normal), 20-22, 39, 49
histogram, 25-28, 39, 49
input, 10
lognormal, 22-23, 39, 49
marginal, 17, 28-29
normal, 20-22, 39, 49
relative-frequency histogram, 25-28, 39, 49
selection of, see distribution type, selection of
triangular, 20, 39, 49
uniform, 20, 39, 49
distribution type, selection of
friction angle, 59-81
ground slope, 51
groundwater-soil depth ratio, 82-86
moisture content, 81-82
root strength, 54-61
soil depth, 51-53
soil shear strength, 59-81
soil unit weight, 59-81
tree surcharge, 53-54
DLISA, 47, 82, 83
dry unit weight (vq), 62, 67, 69, 77

E

effective stress analysis, 68, 69, 76

environmental assessment reports (EAR's), 7

estimating input values, see distribution type, selection of
event, definition of, 14

expectation (E[X]), 11, 16

expected monetary value (EMV), 10

F

flow, subsurface, 82-83
flowlines, 83
frequency density distribution, 27
friction angle

apparent (#5), 76

peak (¢y), 68, 69, 74, 76




residual (¢}.), 68, 77-78 of normal distribution, 21-22
selecting distribution, 61-81 linear

ultimate (@), 68, 7778 correlation, 19, 28

value estimation, normally consolidated clay, 69-74 dependence, 19

value estimation, overconsolidated clay, 74-77 regression, 62, 80

value estimation, sands and gravels, 67-69 lognormal distribution, 22-23, 39, 49

longitudinal stiffness modulus, 120

G M

Gaussian distribution, see normal distribution

Geographic Information System (GIS), 51 map .U"it. 'defi'nitic')n of, 48

Geologic Resources and Conditions (GRC), 47, 49, 87 marg!nal d'St”bUt-lonl 17, 28-29

ground slope : marginal probability density function, definition of, 17
estimating values, 51 material data file, 48
selecting distribution, 51 matric suction, see capillary suction

sensitivity of infinite slope equation to, 32 mean, 1.1-_1_6- 17, 18-19
groundwater, 9 save definition of, 16

data file, 48 factor of safety, 8, 11
height, 44 of a population, 19
of a statistical sample, 18-19
groundwater—soil depth ratio measurement uncertainty, 7, 9
estimating values, 82-86 median, 11, 16, 17
selecting distribution, 82-86 definition of, 16

sensitivity of infinite slope equation to, 32 mobilized tensile root strength, 121
mode, 11, 16, 17

values, 44

H definition of, 16
Mohr-Coulomb failure envelope, 39, 41, 68, 69, 76
hazard, 7, 8, 10 moisture content
assessment, 10 estimating values, 81-82
definition of, 8 sensitivity of infinite slope equation to, 32, 82
histogram distribution, 25-28, 39, 49 Monte Carlo simulation, 8-9, 30, 32

hydrostatic suction, 80

N

I negative values from normal distribution, 22

inclinometer. 51 normal distribution, 20-22, 39, 49

inequality data, 53 0
infinite slope model, 8, 30-38
assumptions of, 30-32 outcome, 14
sensitivity to input values 32-38 overburden pressure, 120
input value estimation, see distribution type, selection of
interdependence of input variables 32-36 P
internal angle of friction, see friction angle .
parallel seepage assumption, 30
J PDF (probability density function), 14
definition of, 15
Janbu's simplified method of analysis, 30 mean, mode, and median of, 16-17
joint probability density function, 28 performance function, 8
definition of, 17 piezometer, 83
planning
L forest, 7
land management, 10
Land System Inventory (LSI), 47, 49 transportation, 7
landslide planning-level decisionmaking, 47
hazard, 7, 8 plasticity index, 69, 78
inventory, 9-10 polygon
Level [ stability analysis, definition of, 47 definition of, 47
Level Il analysis, 7, 10, 62, 87, 89-94 delineation of, 47, 89-94
Level HI analysis, 10, 62, 94 preconsolidated stress, 76
limit equilibrium equations, 7 probabilistic analysis, 7-9
limitations of LISA, 11 probability concepts, 14-29
limits probability density function (PDF), 14
of lognormal distribution, 23 definition of, 15
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mean, mode, and median of, 16-17
probability distribution, 20-29
definition of, 15
probability of failure, 9-12
definition of, 9
meaning of, 9-10
reproducibility of, 44-45
use of, 10
pull test, 118, 121
pull-out resistence, 121

R

random number seed, 10, 80
random variable, 14, 21-22, 26
definition of, 14
range, definition of, 17
regression, linear, 62, 80
relationships, important, 20
relative density (D,), 59, 64-65, 67, 68
relative-frequency histogram, 25-28, 39, 49
reproducibility of probability of failure, 44-45
residual friction angle (4;.), 68, 77-78
resource allocation, 7
return period, 125
risk analysis, 7, 8, 10
risk, definition of, 8
road location, 48
root morphology, 56-58
root strength
estimating values, 30
models, 118-120
selecting distribution, 54-61, 122-124
sensitivity of infinite slope equation to, 32
rotational slope failure, 30

S

sample, definition of, 18
- sample vs specimen, 18-19
SARA (Stability Analysis for Road Access) program, 48, 94
scatter plot, 39
seismic refraction, 53
sensitivity analysis, 10, 32-38, 47, 80, 83
sensitivity of model to input variables, 32-38
shear resistance, 79-80
shear strength, see soil shear strength
site data file, 48
skin friction stress, 120
soft data, 53
soil buttress, 124
soil
hydraulic conductivity, 51, 84
layers, multiple, 30
mantle, 30
penetrometer, 51
. soil depth
estimating values, 51-53
selecting distribution, 51-53
sensitivity of infinite slope equation to, 32-33
Soil Resource Inventory (SRI), 47, 49, 91
soil shear strength, 30, 40, 59-81
estimating values, clays, 30, 69-77
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estimating values, sands, 30, 67-69
residual, of sands and clays, 68, 77-78
selecting distribution, clays, 69~77
selecting distribution, sands, 67-69
sensitivity of infinite slope equation to, 32
soil-root
classification, 56-58
morphology types, 56-58
spatial variability, 7, 9
specific gravity (G,), 67, 69
specimen, 14
definition of, 18
vs sample, 18-19
spurious correlation, 19
Stability Analysis for Road Access (SARA), 48, 95
standard deviation
definition of, 17
estimation for normal distribution, 21
of a population, 19
of a statistical sample, 18-19
standpipe piezometer, 83
stochastic dependence, 17
stratified random sampling, 51, 53
stress, current jn situ, 76
preconsolidated, 76
stress-strain curves, 77
subsurface flow, 82-83

T

tensile strength measurements of roots, 118-120
three-dimensional analysis, 31-32
three-dimensional block model, 31-32
through flow, 83
timber harvest, effect on groundwater levels, 84-86
effect on root strength, 58-61
time, accounting for in analysis, 125-127
tree surcharge
estimating values, 53-54
selecting distribution, 53-54
sensitivity of infinite slope equation to, 32
triangular distribution, 20, 39, 49
triaxial compression test, 62, 78, 80
triggering mechanism, 82
true cohesion, 68, 76, 80
two-dimensional analysis, 31-32

U

ultimate friction angle (¢, ), 68, 7778
uncertainty of estimation, 7
uniform distribution, 20, 39, 49
unit weight, 59-81
estimating values, clay, 77
estimating values, sand and gravel, 69
sensitivity of infinite slope model to, 32

Vv

variability, 17-20
spatial, 7, 9
variance, 17
definition of, 17
void ratio, 65, 67, 74, 77




