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ABSTRACT

This project concentrated on mapping the piezometric levels following rain-on-
snow events. This report begins with a review of available methods for computing
infiltration and groundwater changes (the hydrology model), for computing slope
stability (stability model), and for estimating failure probability. The results obtained
will be usd to produce landdide hazad meps

The lumped-parameter modd of Redd and Wu (1991) was used for the hydrology
model. A senditivity analysis was made, and it was found that the important input
variables were rainfall, soil thickness, soil porosity, and soil permeability; the
piezometric levd was found to be insengtive to dope dimensons Effects of vaidions
in topography, uncartanties aout ol properies and gedlogic aomdies and ranfal
and snow depth were evauated.

A plot of piezometric levd vearsus retun period wes condructed for the average
gte condition, represtative of the focus township. Maps of piezomeric levd for a 10-
year period were constructed for Glenoma and Mineral quadrangles. A preliminary

landdide hezad mgp wes ocondructed for Glenoma quadrangle
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CHAPTER 1
INTRODUCTION
1.1 Problem Statement

The trandent show zone is an aea whee landdides ocour frequently as a result of
ranonsnow  events, when rain plus snowmelt infilrate into the ol on hillsde dopes
(Berris and Har, 1987, Coffin and Har, 1992). Show accumulaion prior to such an
evert and snowmelt duing such evet ae bdieved to be influenced by logging on the
slopes. Accordingly, the hazard of landslides in the transient snow zone should be
considered in the management of forested watersheds. The overall objective of this
project is to asess and map landdide hezad and to provide information for use by
land managers and foresters who plan and conduct timber harvest and related

operations.

The physical components of a landslide hazard assessment system are shown in
Fig 1.1a. The atmospheric conditions that accompany a “rain-on-snow” event induce
mdting of the showpack and the ran plus snowmelt condituite a source for infiltration
into the sil. A pat of the waer that infiltrates the w0il is retaned in the unsaturated
zone the remander reaches the sturated zone as rechage and causss a rie in the
piezometric level, h,, Wae in the sturaled zone drans downdope by gravity, ad
this dranege causes a drop in hy. Hencg the change in the piezomeric levd is the
recharge minus the dranege A rie in the piezometric levd reduces the dhear drength
of the ol and increasss the segpage force on the soil; the net reult is a reduction in the
factor of safety with respect to dope falure Thee three components will be cdled rain-

on-snow, hydrology, and slope stability, respectively. It follows that development of
the technology for predicting dl three components is required for a prediction of
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landdide hezard, which is ddined as the probebility of dope falure In this report we
describe the gopropriate modds for components B and C, and the use of the modds to
predict landslide hazard.

The relationship of this work with respect to Timber/Fish/Wildlife Agreement’s
(TFW) overall goa of landdide hazard mapping is shown in Table 1.1. The rainfall
model (Brunengo, 1989), the statistical snow depth model based on weather records
(Brunengo, 1989), ad the snowmelt modd conditute component A. The output of this
model is available water at the surface, the source for infiltration into the soil. The

hydroogy modd tekes the water and cdculaes the rae a which it will infiltrate into
the dope, and the conssquent changes in the piezomdric levd.

12 Objective and Scope

The opective of this ressarch is to devdop the mehodology for predicting and
mapping the groundwaler repone and landdide hezard of hillsde dopes in the lower
and midde devaions of mountans in Washington. The results are intended to be usd
by land managers and foresters for evaluation of slope stability under forested and
clear-cut conditions. The method is rational, with components that account for
precipitation, showmdt, infiltration, dranege, and dablity. The mehod is goplied fird
to a township in Lewis Co., (hereafter referred to as focus township) which is the
location of the landslide inventory being conducted by M. J. Brunengo and J.D.
Dregovich. Two types of groundwater response wee computed: the sendtivity of the
pesk piezometric levd to cachment characteridics and the pesk piezomeric levd for a
gven & of cacment chaadeidics An exanple the landdide hazad map computed
from the piezomeric levds is gven. Landdide hazasd maps may be used in levd 1 of
Washington's waeshed andyds process and the resllts of levd 2 waeshed andyss
may be usd for upddaing landdide hazard maps




Table 1.1

Relation between component models, supporting data, and input-output.

Model

Data

output

A. Ram-on-snow
Snow depth Brunengo)
Snowmelt (Corps. of

Weather records
Snowmelt experiments
(Hary)

Rain plus snowmelt

Engrs, USGS
B. Hydrology Measured piezometric level | Piezometric level map
C. Slope stability Field landdide survey Landdlide hazard map

(Brunengo & Dragovich)




1.3 Literature Review

The problems in components B, hydrology, and C, slope stability, require the
solution of equations describing groundwater flow and shear failure in soil,
respectively. Solutions of these problems are available in various forms, and a brief
review of the important features of the solutions and their relevance to the proposed

work is given below.

The governing differential equation for flow in unsaturated soil is Richards’
equation (Richards, 1931). If the soil is saturated, the equation simplifies to Laplace’s
equation.  The most sophisticated solution of infiltration and drainage in a slope is the
finite difference formulation of Richards’ equation by Freeze (1971). It solves for the
flow in both the unsaturated and saturated zones, with permeability and storage

expressed as functions of soil suction.

Most simplified solutions compute the flows in the unsaturated and saturated
zones separately. The flow in the unsaturated zone is primarily in the vertical direction,
and a simplification is to compute this as one-dimensional flow (Fig. 1.1b). The
equation of Green and Ampt (1911) assumes plug flow with velocity equal to the
saturated permeability and is the simplest one-dimensional solution. Numerical
integration of the one-dimensional form of Richards’ equation is the most sophisticated
form. An intermediate solution is the method of Reddi and Wu {1991), in which the
unsaturated zone is separated into three zones: a surface zone where flow is controlled
by soil moisture, a middle zone where flow is controlled by gravity, and a bottom zone
where flow is controlled by capillarity (Eagleson, 1978). Several methods are also
available for solving the drainage in the saturated zone. The most sophisticated is to
solve the three-dimensional flow by finite difference method. Simplified solutions have

been proposed by Beven (1981) and Sloan and Moore {1984). Various combinations of



methods have been used to solve the deterministic problem, in which the source and
soil properties are assumed to be known with no uncertainties. Comparatively simple
solutions for flow in hillside slopes using combinations of these methods have been
obtained by Lumb (1975), Beven (1981), Wu and Swanston{1980), and Reddi and Wu
(1991).

For the purpose of hazard prediction and mapping, a probabilistic solution is
required because the sources (or input for models) are stochastic. In addition,
estimates of soil properties and slope geometries involve uncertainties. Probabilistic
solutions also can have a range of sophistication. A rational choice of methods should
consider not only the accuracy of the results, but also the quality of the available data.
The simplest is the first-order second-moment (FOSM) method, in which the mean and
variance of the output are determined from the means and variances of the input
variables; the forms of the probability distributions must be assumed (Ang and Tang,
1980). Because of its simplicity, FOSM methods are widely used for large systems.
FOSM solutions of flow in slopes have been given by Hachich and Vanmarcke (1983),
Sitar et al. (1987), Reddi and Wu (1991). The lack of accuracy may be balanced by
calibration against observed data. Use of Bayesian updating (Ang and Tang, 1980)
makes it possible to calibrate the model parameters with observed data. This has been
done for hydrologic systems by Wilson et al. (1978), Hachich and Vanmarcke (1983),
and Reddi and Wu (1991). The most sophisticated probabilistic solution is the derived
distribution, in which the probability distribution function is derived mathematically
(Ang and Tang, 1980). Because of the complicated relations in the components, derived
distributions are not attainable for a large system such as the one under consideration.
One alternative is Monte Carlo simulation. For large systems, Monte Carlo simulation

may be impractical because of the large volume of computations. However, the Monte



Carlo method may be applied to individual components and used to derive

approximate distribution functions.

In the dope dability problem, falure is conddered to occur when the dhear dress
due to the goplied loads equas the shear drength of the soil. Determinidic solutions of
dope daility have been avaldde for some time These range from the Imple solution
for the infinite slope (e.g., Taylor, 1948) to three-dimensional solutions (Baligh and
Azzouz, 1975). Probabilisic solutions for dtebility have mosly been obtaned by FOSM
method (Corndl, 1971; Tang e d., 1976, Wu et d. , 1986), and derived didributions are
usdly not dtandde except for Imple geomdries such as the infinite dope Dexpite
the goproximate nature of the FOSM method, it is a vary usgful tool which can be used
to assess the rdaive safey or hazad of different gte conditions and condructions. In
many stability problems, this is sufficient for management decisions. This is
paticulaly rdevait because in many dablity problems we ae concaned with events
that occur infrequently, such as 20yer dorms. Data for such events are scace because
of the naure of thexe evets It folows tha we do not know very much about the tals
of the probability distributions, even when probability distribution functions are fitted
to the data. The approximate nature of probability estimates can be improved by
cdibration of the predicted hazard with fiedd obsarvations and past experience such &
those being obtained by Brunengo and Dragovich in a related project. Bayesian
updating provides a formal procedure for this step. Calibration and updating of

probability estimates has been used for management and decision-making in design

and condruction operations such as planing of trangportation routes (Eingtein, 1988)
and offshore condruction (Wu et al., 1986).




CHARTER I
METHODS

2.1 General Principles

In order to produce hydrologicfrequency maps and landdide-hazad maps for a
range of dte conditions and scdes we nead to evduae avalable techniques for solving
flow and dope dablity problems with respect to ther suitability for the dte conditions
and scales encountered in this project. Past experience indicates that, in general,
goproximate methods are most  slitdble for evduding average conditions over a large
aea on gmdl-scde mgps More precise methods can be used to dudy the departures
from the average over smdler zones within a lage aea Maps of diffaent sdes ae
useful for a variety of purposes. Small-scale maps over large areas may be used by
land use planas as prdiminay information to identify aess wheae landdide hazards
should be consdeed. Dealed mgpes a laga sdes will deat plannes and manegers
to take specific actions, which may include field investigation prior to logging or
condruction, specid desgn, or control. A range in mgp sdes to meat the needs of
land menagers is conddered in this project.

2.2 The Hydrology Component

The lumped kinemdic dorage modd of Reddi and Wu (1991) (Appendix A), predicts
the piezometric level at specific points in a watershed. It has performed well when
compared with piezometric levels measured by Pierson (1977) in the Perkins Creek

basn in Oregon. This modd uses the average propeties in a waershed, represented
gther as a plane or a bowl (Fg. 2.1), and cdculaes the piezometric reponse h, a the

exit point. How through unsturated and saturated zones are computed separady and




Figure 21 Sope paanges




then combined. It regresents a rdaivdy smple modd that does not require excessve
computer time, can solve probebilisic problems, and peform  updaing.

The gpproach adopted was to use the lumped kinemdic dorage modd of Reddi
and Wu (1991) and Less (1986) finite difference solution to compute the groundwater
repone. In the fird phese we usad Redd and Wu's modd to cdculae the senstivity
of the groundwater response to the dte condiions Readts of the sengtivity andyss
alowed us to limit our attention to the input parameters that have the highest

sensitivities.

In the second phase, we calculated groundwater response for two conditions.
Reddi’s procedure was used to cdculae the groundwater response of a dope under
average dte conditions (Fg. 21): average vdues of dope «, 0l thickness (H), and <ol
properties {C= storage coefficient and Ky = permeability) (see Sec. 2.3.1). These
characteristics were obtained from topographic maps and estimated from information
given in soil survey reports and represanted the bedt edimates avalable, in the dosence
of a dite investigation. These calculations may be considered as a preliminary
invedtigation, and the resllts save as an indicaor of the piezometric levd in a given
slope. Because the lumped parameter solution assumed a simplified groundwater
profile, a better estimate of the groundwater levels at points within individual
cachments were obtained by the 2-dmendond finite difference <olution (Lee, 1986).
This was used to identify the zones of high piezometric level within individual

catchments.

The third phase is an investigation of the effect of spatial variations in site

conditions on the groundwater response. Spatial variations in bedrock slope, soil
thickness, and soil properties were introduced into a 2-dimensional finite difference

andyds (Les 1986). The messures of godid vaidions wee edimaed from avalable

10




data from other sites, plus observations in the region under study. The effects were

added to the average dae

In the fourth phesg, the effect of gedlogic anomdies on groundwaer response was
investigated by the finite difference method. This required input specific to the site
under consideration. The specific site conditions were derived from observations of
geology, dope and ol chaadteidics made by Brunengo and Dragovich in the course
of the landdide invetory. The vdues of hy, cdculaed in phesss 3 and 4 were usad to
edimae random depatures from the average

The fdlowing formulation of landdide hezad is used to presat the results The
falure probability is defined as

P, = P(h, > h) 2.1)

where hy, = haght of groundwaer levd (FHg. 2.1), he = aiticd groundwater levd
required to produce a dope falure The effet of uncatanties is represanted as a modd
error, denoted by Nj for the ith source (Tang et d., 1976). Each N;j is a random vaidde
with mean E(Nj), which represents our best judgment, and a coefficient of variation,
Q(Nj), which represents our uncertainty ebout Nj . Then

P, = P(Nh, > h) (2.2)
where N = JIN;.
2.3 Site Conditions
2.3.1 Average Site Conditions.

The average dte conditions were determined from USGS topogrgphic mgpes ad

county soil survey report (Soil Conservation Service, 1987). The soil series and/or
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asodidions tha ae found on dopes in the focus twp. ae Pheeney-Jonas, and Stahl-
Reichd. The soil depth is 20 to 60 in (0.5-1.5m) and the saurated permedbility (Kg) is
0.6 t0 20 in/hr (1.5-5.0 em/hr). The aveage 0l depth is taken as Im. The geometric
mean of the permeability, 2.8 cm/hr, is used in the caculations. The range in
permeability is the same for al of the soils in this area. The average condition is
conddered to be gopliceble to the entire aea The area can be subdivided according to

the detailed soils map, and each subdivision assigned different soil depth and soil

properties, & a later stage (sec. 3.5).
2.3.2 Spatial Variations

Sotid vaidions denote the naturd vaiaions in ol propeties from one point to
another and may be shown as random departures from the mean value, E (.). The
megnitude of the depatures can be expressad as a variance, Var(.), and a corrddion
digance, § (Vanmarcke, 1983). Vaiances and corrddion disances of naurd soils have
been reviewed by Wu (1989) and Freeze (1980). Observations by Brunengo (pers.
comm., 1991) in the focus twp. indicate that varidions of K within + 0.5 E(K) can occur
within digance of 37 m. However, vaidions of an oda of megnitude are conddered
unlikdy within a digance of 70m. Spaid vaidions in bedrock dope and soil thickness
ae illudraed in Hg. 22 Obsavaions in the focus twp. indicate that irregulaities in
the bedrock profile ae not likdy to exceed tha shown in Hg. 22 (Brunengo, pes
comm., 1991).

2.3.3 Geologic Anomalies

Gedlogic anomdies indude dl gedogic festures in the region that depat from the
average state. These were identified by Brunengo (pers. comm. 1991) based on
observations in the focus twp. The principal anomalies are: a weathered zone in the

bedrock, joints in the bedrock, pevious indudons in the soil layer, and spaid trends in

12
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il propaties. These fedures ae not described in ol reports and geologic maps and
are not induded in the avaage gte conditions The fdlowing paragrgphs summanize
Brunengo’'s field observations that are pertinent to the infiltration and drainage

problem.

As with many rock types in the Cascades, the volcanic rooks in the central
Cescades have a weathered layer, up to ~2.5m in thick, composed of coarse-graned
patides (up to bouldes of 03 m in damge within a finer marix). The weaheed
layer is less commonly observed in sandstones in the central and North Cascades.
Within the bedrock, joints and bedding planes provide avenues of seepage. A
simplified model of seepage through joints is illustrated in Fig. 2.3. The controlling
parameter is the length of interconnected joints. The maximum dimension of
interconnected joints is shown in Fig. 2.3. Seepage through joints can also lead to
different groundwater profiles on two ddes of a ridge (Fg. 24): the groundwae leve
a ais higher then tha a b, because of segpage through joints from one dde to the

other.

Pervious indudons in the soil layer serve as zones of high segpage vdodty. In the
focus twp. the most important type of pervious inclusion is a widespread layer of
pumicg, 5-30cm thick and composed of patides of 1-2 om. in damage. A hypothetica
profile and cross-section is shown in Fig. 2.5. A pumice layer may be broken or
interupted, as shown in Hg. 2.5a. However, the width of the bresk in the Y direction is
expected to be less than 2 m and therdfore its influence on the flow is ignored. Lenses of
ssnd and gavd have d0 been dbsaved in the soil layer; thar length or width is les
than 05 m. Tubular voids left by decay of roots ae dso present, is usdly les than 5
cm diameter and less than 1m long. Sand and gravel lenses and tubular voids are

conddared to be randomly didributed in the soll layer and to increese its average
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Volcame tock Sandstone

Figure 2.3 Seepage through joints

Figure 2.4 Groundwater profile on two sides of a ridge.
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(a) () Section I-1

Figure 2.5 Pervious inclusions in the soil layer (a) profile (b) section 1-1
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pamedbility. Because of thar rdaivdy gmdl dimendons thar effect on  groundweter

levels is ignored.

The obsaved goatid trend in soil thickness is that it is grester a the foot of dopes
than & the ridges The trend isthat H = 0 - 0.6 m a ridges and increasesto 1.3 - 26 m a
foot of dopes Thee is dso a trend of increesng proportion of boulders and grave with
depth in the soils that ovaly vocanic rock. The percentage increases from about 15%
near the surface, to 65% near the bottom. This phenomenon is conddered to reflect the
weathered zone in the volcanic rock, and is trested accordingly.

17




CHAPTER I
RESULTS

3.1 Sendtivity Anayss

Examination of the governing equations of the lumped parameter model
(Appendix A) indicete thet the chenge in the water level (h) — h2)/H (Eqs. A8 and A.9),
depends on the rdaive raes of infiltration and drainage, expressed as a rdio k= %’
which is the rdio of the infilraion during time t to the voume of water tha can be
gored in the soil; and & (EQ. A.7), which is a dmendonless drainege rae, equd to the
ratio of the rate of drainage in the saturated zone to the volume of water in the
stursted zone The rdio x/A is the raio of infiltration to dranage and is equivaent
to the parameter (TM/Q) in O'Loughlin (1986). If the velodty of dranege, v, is smdl, or
A is smal, Eq. A.11 shows that(h) ~ h3)/H depends only on k. If we are interested in
the maximum riee in the water levd for a gven dom, then iAt can be used to represent
the ranfdl, R, of the goom. Eq. A.11 ds0 shows that the time At required to reech a
gven (hf, - hg)/H is proportiond to HO, /2i. This is why, & a gven ste with given H
and 6,, the vaue of At and i required to trigger a falure can be corrdaed (Wieczorek,

1987; Wilson, 1989).

The avaage mdeid propeties ae summaized in Table 31 In addition to the
properties H and Kg described in Sec. 2.3.1, the drainable and saturated volumetric
water contents, 8, and 6, and the paameters B and y, that describe the unsaturated
permeability were estimated from Clapp and Hornberger (1978), Black {1979), and
Schroeder (1983). For the vdues given in Table 31, v and A ae smdl ad Eq. (All)
may be used. The contrdling parameter is x (or iAt = R, H, ad 6,). To evdude the
sdtivity of hg/H to the different parameters pesk h,/H were computed for a range
of vaues for a given paander, while dl other parameters were kept a thar meen
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Table 31

Parameters used in computations of infiltration and drainage

soil Range Mean Variance of Sensitivity
Parameter Mean
Kg (cm/hr) 0.5-15(cm/hr) | 2.8 (cm/hr) 529(cm?/hr?) | 00263 (hr/cm)
H 0.5-15(m} 1.0(m) 0816 m2 -0.436 m-!
B, 029 - 0.35 0.32 0.00034 -0.818
8, 04 ~0.5 0.45 0.0005 -1.6
B 40«50 4.38 0.75 -0.05
v, 5.0-30.0 (cm) 17.5(cm) 52 (cm?) -0.006 (cm1)
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vaues (Table 31). The pesk hg/H is aiticd to initigion of landdides for brevity, dl
subsequent references to hy/H imply the pesk vaue Vaues of h,/H computed for a
plane dope ae shown in Fg. 31 The vaidies ae R (FHg. 3.1a), H (Fg. 3.1b), and 8,
(Fg. 3.2a). In eddition, ho/H. dso depends on Ks, because the raio R/Kg controls the
flow through the unsaturated zone, as expressed in Eq.(A.1). Fg. 3.2b shows the efect
of Ks. Variables whose influence on ho/H are comparatively small include slope
length, L (Fig. 3.3a), and the parameters B and v,, which describe the unsaturated
permesbility (Fig. 3.3b and o).

The resllts of this sandtivity dudy dlows us to idetify the vaiadles that do not
have a strong influence on hy/H. For the site conditions under consideration, % IS
sndtiveto R, H, 9, and K but not to L, B, and y,. Hence, mean vaues of L, B, ad y,
ae usd in subsequent cdculations of hg/H. The dope of each of the curves in Fgs 31
to 33 is the sandtivity or the rate of change of hy/H with respect to the indgpendent

h

o2
random vaigdle R, H, . . The sengtivity can dso be expressed as 5—%, where Xi is the
random vaidde This sngtivity dudy dlows us to identify the vaidiles that do not

h
D—o
have a drong influence on hy/H. The vaues of —é-ﬂ- ae used in Sec. 3.6 to cdeulae the

vaiance of hy/H, which is a messure of uncertanty about ho/H. It should be noted
that R represents not only rainfall but rain-plus-snowmelt in case of a rain-on-snow
evat. In addition, R ds depends on dorm ssquence These fadtors are congdered in
the evaudion of the vaiance of hy/H (Sec. 3.6).
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Figure 31  Effect of (a) precipitation, R, (b) soil depth, H, on hg/H. Mean values
of all other parameters were used.
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3.2 Variation within a Catchment.

The 2-dimensional finite difference program (Lee, 1986) was used to study the
effects of topography within a cachment. The groundwaer levds were cdculaed for
cachments of different length-to-width ratios Table 32 gives the vaiddes tha were
studied. An example is given in Fig. 3.4. The results show that, for the variables
dudied, the maximum vdue of hy/H, which occurs in the vdley floor of a cachment,
is close to the value of hy/H calculated by Reddi’s lumped parameter model. The
resilts ae smilar to those cdculaed by O'Loughlin's (1986) method. Vaues of hy/H
within differet pats of a cachment, shown in FHg. 35 may be etimaed by usng the
predicted ho/H from Reddi’s lumped modd, multiplied by a corettion fadtor as given
in Table 3.3.

3.3 Spatial Variations

Random spatial variations introduce errors in the predicted hy,/H. As
summarized in Sec. 232, only genad obsavaions of gdid vaidions in Kg ad H
available. These are in genera agreement with measurements of permeability and
depth mede in the Kennd Cresk watershed by Swanston (pers. comm., 1985; see Reddi
and Wu, 1991). Hence we use the daa from Kennd Cresk to evdude the effect of
goid vaiaions The Kennd Crek waershed on Chichegof Idand, Alaska is shown
in FHg. 36. The messured vdues of Kg and H ad the X, Y coordinaes of the sampling
points ae shown in Table 34. Thee vdues ae usd to illudrae the effect of gaid
vaidions on ho/H. The vdues of Kg and H a unobsaved points were etimaed by
kriging (see Les 1986) and ae shown in Hg 37. The 2-dimensond finite difference
andyds of Lee (1986) was used to cdculate the waer levd hy/H for a plane dope the
results are shown in Fig. 3.8. The departures from the h,,/H caculated with the
average vaues were used to cdaulae the variance of h,,/H due to goaid vaiaions
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Table 3.2

Effect of Topographic Parameters on Groundwater

Slope length, L (m} Width, B (m) B ) ho/H
100 20 30° 0.42
40 043
60 0.44
80 0.46
100 0.46
100 20 90° 0.39
40 0.40

60 0.404

80 0.408

100 0.413

400 80 90° 0.398
160 0.401

240 0.405

320 0.409

400 0.422
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Table 3.3

Correction factors for hy/H
Convergent | Convergent | Planeslope, | Plane slope,
slope, slope, no pumice pumice
no pumice pumice
Zone 1 _
N, 0.5 0.3 0.5 1.0
Zone 2 _
2 1/15 4/15 2/15 4/15
v, 0.8 08 1.0 1.0
T 1.0 12 1.0 3,0
Zone 3 _
e 1/15 1/15 1/15 1/15
V, 0.6 0.6 1.0 1.0
Ns Saturated Saturated Saturated Saturated

NOTE: For exch zone (see Fig 3.5), the dimensons ae given by pub and vL and hy/H =
1 ho/H, where ho/H is calculated by the lumped parameter mode!.
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Table 3.4

Soil Properties for Kennel Creek Watershed (Swanston, pers. comm. 1985)

variable No. of | ralue X{m). |Y(m.) | 5 (m.) | nean var
data
points
Permeabilit) 9 705 754 11.20 1.5 964 1.254
m/day 657 | 10.27 15,53 n/day | m/day2

657 | 10.27 15.53
3.740 1.04 24.15
290 10.48 33.93
1.272 1.26 43.70
408 9.89 54.05
194 7.54 55.78
165 1.34 60.95
246 4.19 64.40

Specific 9 18 754 1120 | 15 178 0042
Yield 17 10.27 15.53

32 1.04 24.15

14 10.48 33.93

20 1.26 43.70

16 9.89 54.05
12 7.54 55.78
10 1.34 60.95
22 419 64.40

soil depth m | 10 71 -0.84 575 | 1.0 0.528 m| 1.0144
61 1.68 7.48 m2

40 2.10 13.22
33 -0.63 14.38
44 2.51 20.82
b5l 0.00 21.28
53 1.89 32.20
61 10.00 40.25
48 2.60 40.42
.66 0.84 .| 54.63
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Figure 3.9  Model for flow through a fracture or joint, b = width of joint, B = width of
slope.
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the variance is 8x10-4¢, The vaiance represents the uncatainty about the raio hy/H
due to spdid vaiaions It is a messure of locd depatures from the vdue of hy/H,
predicted using average properties, and is one of the compenents of uncertainties
conddered in Sec. 36. As pointed out ealier, the goatid vaidion in the focus township
are of similar magnitude. Hence, the calculated variance of hy,/H is assumed to be

goplicable to focus township.

3.4 Flow Through Fractures and Pervious Inclusions.

To edimae the dfect of flow through fractures the 2-dimensond finite difference
solution of Lee (1986) was modified. A flow path was added to represent the flow
through a fracture, as shown in Fig. 3.9. The equations for flow are described in
Appendix B. The tranamisshility of the fracture or joint can be edimaed by sved
mehods Vadues of equivdent pemedbility for fractured rock reported by Huitt (1956)
and Hoek and Bray (1981) range between 10-2¢m/sec for joints filled with clay, to
102em/sec for heavily fractured rock. The equivalent permesbility can also be
expressed as (Louis, 1969)

3

__8e
T 12nb

(3.1)

where g = gravitaiond accderdtion, e = opening of the fracture b = joint soadng, and
M = kinemdic viscogty. For a spacing of 1 fracturemeter and e between 0.1 and 1 mm,
the calculated Ky ranges from 104 - 10-1cm/sec. The lower limit of these values is
goproximady equa to Ks while the upper limit is severd ordas of megnitude larger.
Without actual measurement of the transmissibility, we evaluated the effects with

vauesof K¢/Kg of 0.1, 1, 10, and 100.
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The cdculaed resits for a fracture of WB =0.1 ae shown in Fg. 310, ¥ =7
denates the canteline of the fracture The change in hy/H a the exit, as a function of
time, is shown in Hg. 311 For dl cases the waer levd a the exit point is gregter than O
after the end of storm, which corresponds to the delayed response described by
Johnson and  Star (1989). Cdculaions with K¢/Ks > 100 ae not meeningful because
flow through the fracture exceeds the supply a the entrance point.

Cdculdions were made to evduae the sengtivity of the water levd a the exit to
the joint dimendons g b, and ¢ (Fg. 39). The realts in Fg. 312 show tha hy/H is
sensitive only to b/B, Without detailed field data on the continuity of the joints, we
assumed tha probability is 1 tha a continuous joint exids and the didributions of /B
ad K¢/Ks ae @ gven in Teble 35 The flow through joints chenges hy/H and this
change is represented as a modd eror N, 0 that N h,,/H is the chage in hyw/H. The
modd error N has a mean of O because it incressss hy, /H @ the exit but reduces it a
the entrance point. The vaiance of the modd earor is according to FOSM,

2 2
oN oN
Va N = Va (K¢/Kg) | ————— | +Var(b/B)
Ky/Ks [a(K,/K,)] [a(b/B)) (32)
The vaiances ae gven in Table 34 and the sandtivities or deivaives ae equd to the
dope in Fg. 312 Thee were used to obtan Va (N) = .039. This is the uncatanty
about N, and about hy/H, due to the uncertanties about Kf/Ks and b/B

The efect of flow through porous indudons is trested by repladng a section of the
soil with a permeability that represents the porous inclusion. The equivalent
pamesbility of a twolayeed sygem, Hg. 313 is

_KH, +K,(H-H,)

K, >
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Table3.5

Distribution of parameters for jointed rock

variable distribution range mean variance sensitivity
K,/K, log nomal | .1-100 3.0 23.26 0.0334
a/L uniform 1-.67 0.333 0.037 -0.0564
b/L log normal | .01-.9 0.1 561 x 1073 1.508
C/ L uniform q-.67 0.333 0.037 -0.06
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where K; = pemedbility of the induson, and Hi = degpth of indudon. In the present
cax, the pumice layer is the porous induson, and K; may be dose to that of gravd, or
as lage as 36 x 104 ocmhr. Based on obsavdions (Sec. 2.3.3), the pumice layer is
considered to be continuous over the entire slope. Then Kp is used for Kg in the
drainage submodel wheever the pumice layer is conddered to exist. It is assumed that
the pumice layer has an exit & the foot of the dope ad drans fredy. Hence its net
dfect is to inceee the downhill flov and dranage in the sturated zone This reduces
the value of hy/H estimated with the lumped parameter model by about 20%. No
uncatanties ae asdgned to this factor.

3.5 Prediction and Mapping of Piezometric Levels.

Prediction of piezomeric levds can be made a seved levds with vaious degress
of refinement. In this report, we presant two prediction levds tha can be usd lae for
landdide hezad mgoping. The fird predicion is for diffeent gorm intengties and for
soil properties that represent the average condition (Sec. 2.3.1 and Table 3.1)
throughout a lage aea, such as the focus township. This is the smplet goproach. The
precipitation for a given return period and mean snow depth were taken from the
wedther ddidics compiled by Brunengo (1989), and a smplified snowmelt modd (U.S.
Army Corps of Enginears 1956) was used to cdculaie the snowmelt on a deared dope
Weather data for dev.2500 ft. and Dec 18 wee used in the cdouldions because the
elevation is about the middle of the transient snow zone and Dec 18 is about the
midpoint of the winter storm season. A plane slope was assumed. The results of
cdculaions with Reddi's modd ae shown in FHg 314 as a plot of ho/H vesus the
reun period of the dorm. It can be used as a fird goproximation of the piezometric
levd for input into a Sability andyds such as LISA (Hammond & d. 1991), which in
turn, can be used to produce an goproximate landdide hazard map. The plot is
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Figure 3.14 Mean piezometric levd for sorms of various retun periods deared
slope, devation = 2500 ft., and weather data for December 18.
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representetive of the average dte condition for the focus township and accounts for the
uncertainty about the magnitude of the storm, but do not account for the various

uncertainties discussed in the prededing  sections

A more detailed prediction can be made for the specific conditions at different
locaions within a broader region. The dealed cdculaions condder cachment shepe
(B, b, L), variaion of hy/H within a catchment (Sec. 3.2), and use soil properties for the
soedific locations. The results can be used to plot a mgp of the piezomeric levd. The
folowing deps weae employed to make such a mao:

() The digtd devaion modd (DEM, from the US Geologicd Survey) was read
into the geographic information system (GIS) and used to determine the physical
characteristics of catchments (Benosky, 1992). Micro Image’'s Map and Image
Processng Sytem (MIPS) and the Spatid Manipulaing Language (SML) were used to
identify the catchment boundaries and extract the catchment or watershed features,
which are: perimeter, width, and flow path. This procedure is an outgrowth of the
modd developed by Jenson and Dominique (1988) and Maks e d. (1984). Spedific
sftware used in this proect was written by Benosky (1992). The minimum Sze of a
cachment was specified as 500 pixds (0.45km32). Clealy, the svdler the minimum size
the more ddaled the mgp. In this cass, we congder 500 pixds to be a reasonable
compromie betwean levd of deal and voume of computaion. Further refinement is
probably not justifiable considering the limitations in the available data on site
conditions data FHg 315 and 316 show the boundaries of the individud catchments in

Glenoma quadrangle.

(2) The soil survey data provided by Washington Department of Natural
Resources were read into the GIS using Arc/Info format. For each catchment, the

avaage ol propety was the aedl average of the propaties of the soils in the
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Fgure 315 Catchment boundaries, Glenoma quadrangle, Washington.
Blank areas are valey floors.
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catchment. The pumice layer was assumed to be present when “pumice’ was
mentioned in the soil profile. Then the permeability was caculated with Eq 3.3. We
note thet field observations (Sec. 24) and Brunengo (pers. comm,, 1991) indicate thet the
pumice is widesreed in the area However, we have bassd the cdculdions on the soil
reports for consgency in the procedure The rexults of fidd obsarvations can logicaly
be incorporated in the updding process, as outlined in Wu and Mery (1992). For the
same resson, these maps do not indude the effects of flow through rock joints

(3) The larges storm within a peiod of 10 years (design life) was assumed to fdll
on a deaxed dope The mean and vaiance of the dorm precipitaion were cdculaed
(Appendix D) and the U. S Army’s (1956) snowmelt modd was used to compute the
mdt. As before weather data for dev. 2500 ft. and Dec 18 wee used in the cdculdions
The vdue of ho/H was cdculaed for each cachment by Redd’s modd. The vdues of
hw/H at different points within a catchment were calculated through the use of the
correction factors in Table 3.3. The computed piezometric levels for cleared slopes
were plotted as maps for Glenoma and Mingd quadrangles as given in Hg 317 ad
3.18

(4) The ranplussrow mdt on foreted dopes was edimaed empiricaly, because
data on temperature and wind speed under forest canopy are not available and the
snowmelt modd can not be used. Based on the obsavaions Coffin and Har (1992)
that rain-plus-snowmelt on clear-cut slopes may be 20-50 % higher than that on
foreted dopes, we used a ranplussnowmdt equa to 0.8 times that cdculaed in pat
(). The remaining procedures were the same as described in (3). The computed
piezometric levels for foreted dopes ae ds0 shown in FHgs 317 and 318 We note tha
these are computed for average conditions. In the FOSM approach the piezometric

levds are the expected maximum vdues in a 10 year period.
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Figure 3.17a Piezometric levd mgp for Glenoma quadrangle, deared dopes
Cachment boundries are shown in Hg. 3.15.
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Figure 3.17b Pezomdric levd map for Glenoma quadrangle, foreded Sopes
Catchment boundries ae shown in Hg. 3.15.
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FHgure 3.18a Fezomeric levd map for Mingd Quadrangle deared dopes
Cachment boundries ae shown in Hg. 3.16.
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Houre 318b Feometric levd map for Mingd quadrangle, forested dopes
Cachment boundries are shown in Fg. 3.16.
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3.6 Uncertainties about Piezometric Levels

The uncertainties about the predicted piezometric levels are the result of
uncertainties about rainfall and snowmelt, soil properties, and slope geometry. The
uncertainties about rainfall are caused by the uncertainty about the maximum
precipitation and the antecedent moisture in the soil, which in turn depends on the
number of gorms and the intevd beween dorms This problem and the probability of
a gven random fdling on a paticuar sow depth, is adyzed in Appendix C. The
resits ae the meen ad vaiance of the maximum awnud ranfdl plus snowmdt.

Within a lage region or waeshed, uncetanties dbout the average dte conditions
aie because of inaufficent daa or observations ussd to compile the soils report. The
range in soil propaties (Table 3.1) represants the uncetanties It was assumed that the
distribution was uniform and this distribution was used to calculate the variance.
FHoures 3.1- 33 show the senstivity to the soil parameers, which are liged in Table 3.1
The computed sengtivities of h,/H to the input vaidbles and the vaiances of the input
were used in the FOSM formulation to cdculate the vaiance of hy/H
2 2

2 2

h, h, h, h,
B 2H | V)| B | Var(s)e] 2 | Varty)+| 2L | vafe
Var(-ﬁ—)— 3K ar(K) + 5B ar(B)+ EYl ar(y)+ 38, ar(8, )
\2 2
a_h?oL o2 a2 ol
+ \% Var (H)+| =t
26, ar (8,)+] 5| Ver (H)+| 5 30, |COV (K. 8
J
( hovaho
- H| _H
H=2H Cov(8,,0
30, | 30, |0V 0 (34)
\ VAN
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In this study positive correlation is assumed between drainable porosity, 6, and
permeability, K, and also between saturated water content, 8, and porosity, 8,. The
computed variance of ho/H due to uncatainty about the mean ol propaties is given
in Table 36.

In addition, the vdues of hy/H within a cachmet contain uncetanties due to
godid vaidion of sol and rock properties (Sec. 3.3), such a flow through fractures
(Sec. 34). The vaiances of ho/H ae gven in Tadie 36 as said vaidion of <ol
properties and rock fractures, respectively. The topographic maps and DEM were
assumed to be correct and the uncertanty about the dope geometry was assumed to be
zeo. The vdue of hy/H dso depends on the dorm characterisics the precipitation
and snowmelt asodaed with the larges dorm, the number of forms per seeson, ad
the antecedent moisture content 6,, which depends on the number of storms and the
time interval between storms. The effects of these uncertainties on hy/H were
cdoulated (Appendix C). All the uncatanties ae summaized in Teble 36. The totd
vaiance is a messure of the uncetanty about hy/H, or its probable deviation from the
mean hy/H, cdoulaed with the average conditions The vaiance is used in Sec 3.7 to
calculate the probability of hw/H exceeding hwc/H, which is the critica value that
would initiste a landdide

3.7 Probability of Failure

For landdide hazad mapping, we nesd the probability that the criticd piezometric
level, h,,, may be excesded. The uncetanties in Table 36 were used to cdculate the
coeffident of variaion of hy/H and the probebility P‘[hW /H 2 hy, /I-1]. We propose to
produce landdide hazard meps a three different scdes or levds as shown in Table 3.7
(Wu and Mery, 1992). The macro-mgp would show the hazard for an area of
goproximatdy 10 km x 10 km, such as Glenoma quadrangle It would identify dl aress

52




Table 3.6

Uncertainties about input to the hydrologic model

Source of Uncertainty Variance of he/H

mnumber of storms per season 0.0279
duration and amount of infiltration 0.0493
iinterval between storms 0.0000
wuncertainty about mean 0.0337
«Spatial variation 0.0008
fractures in rock 0.0388

Total 0.1505
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Table 37

Proposed mapping scales

Level Site Conditions Area Resolution
(km?2) (m2)
1. Macro-map average 100 104 - 106
2. Refined macro-map | spatial variation 100 104 - 106
10 1000

3. Micro-map

Spatial variation
geologic anomalies
catchment shape
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with a falure probebility, Py, exceeding a specified threshold velue Pfo, in @ sorm with
a given retum period To, or a desgn life Tr. The velues of Py and TL are to be defined
by knowledgesble stentigs or managas As an illudrdion we mede a trid cdculdion
for a IOyear period or lifetime with the meen of the laget sorm (Appendix D) fdling
on mean sow depth for December and average gte condition. The uncertainties are
those dbout the average ol propaties (Table 31) and the form characteridics (Table
36). The reslts ae shown in Hg 319, in which the shaded portions represent aress
with an anud falure probebility P¢ > 01 This is admittedy a very gpproximate map
because of the simplified input. More refined macro-maps can be made, and
incorporation of the landdide inventory into the hazad map has been propossd by Wu
and Mery (1992).
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Figure 3.19 Preliminary landslide hazard map (a) Glenoma quadrangle.
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CHAPTER IV
SUMMARY

The results obtained to date show that comparatively simple calculations using
Redd’'s lumped paranger modd can be used to predict changes in piezometric leved
due to infiltration of rain or rain-plus-snowmelt. A senssitivity analysis showed that,
for the gte conditions in the focus township, the piesometric levd (hy/H) is sendtive to
ranfdl (R) and soil depth (H), less sendtive to draindble porosty (84) and satureted
permeshility (Ks), and not sendtive to dope length (L) and unsaturated permesbility (B
ad wyg). The important physcd paametes R, H, and 83 can be combined into one
dmendonless paameter k = R/H@g, which is the ratio of ranfdl (equa to infiltration

in this case) to the pore volume

Methods have been developed to account for variations in groundwater water
level within a catchment due to catchment shape, flow through fractures in bedrock,
and flow through porous inclusions. Catchment shape, has an important influence on
the piezomeric levd. A convaging dope tha represents a cachment, concentrates the
flow in the vdley floor and increesss the piezomeric levd (hy, /H) in the vdley floor.
In mog cases, hy/H in the vdley floor of a cachment is equd to hy/H a the exit paint
of the dope Spaid vaidions in pemeddlity may inceese the locd piezometric levd
(hw/H) to twice the value for uniform permeability. The presence of a pumice layer
reduces the piezometric level to 2/3 of that when there is no pumice layer. Flow
through fractures in bedrock may rase the piezometric levd h,,/H a the exit point of
the flow pah to twice the vdue of h,,/H when thee is no flow through fractures It
should be noted that the catchment shagpe and presence of pumice layer ae assumed to
be known from topogrgohic maps and soils report, regpectivdy. These ae treged as
Oeterminidic  inputs used to cdaulae the meen piezomdric levds On the other hand
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sodid vaiaions and flow through fractures are probabilisic because thar presnce is
not known with certainty. They contribute to the uncertainty about predicted
piezometric levels and their effect is included in the variance of the predicted

piezometric level.

Two types of predictions were made for piezometric levels. The average site
condition was ussd to produce a chat tha shows the piezomdric levd in a plane dope
a a function of the reun period (Fg. 3.14). It can be used as a fird goproximation of
the piezometric levd for input into a dablity andyss such as LISA (Hammond et d.
1991), which in turn, can be used to produce an approximate landslide hazard map.
The plot is representative of the average site condition for the focus township and
accounts for the uncertainty about the magnitude of the gorm, but does not account for
the vaious uncetanties discussed in the preceding sections Maps of  piezometric-leve
were made for pats of Glenoma and Mingd quadrangles (Fg. 317 ad 318) by udng
local site conditions and accounting for individual catchments, which were delineated
by MIPS opeaing on daa in the GIS The maps provide more detal then the plot in
Hg 314 ad idetify the vaiaions in piezomeric levd within a quadrange and within
individual catchments. It shows where piezometric levels are likely to be highest.
Those maps could be used as input into a stability analysis to produce a detailed
landslide hazard map. In the meantime the piezometric levels, expressed as a ratio

hw/H, can be used & a rough guide on the likdihood of landdides

In preparation for landslide hazard mapping, we have evaluated the uncertainty
about the predicted piezometric levds We have evduaed the probebility digributions
of precipitation, and the probebiliies of materid propeties which indude those of the
soil, rock fracture, and porous inclusions. These will be used as input to the slope
dablity modd to edimae probabilites of dope falue We have dso made prdiminary
cdculdions of the falure probability and show a prdiminay landdide hezad megp of
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Glenoma Quadrangle as illudrion (Hg. 319). This mag was condructed with average
site conditions and the 10-year storm (Fig. 3.14). Such a map can be used for
priminay planning. Detaled landdide hezad mgps can be produced udng the maps
of piezometric levels (Fig. 317 and 3.18). These will be done in the as Pat 2 of landdide
hazard mapping.
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APPENDIX A
THE LUMPED PARAMETER MODEL

The lumped parameter model of Reddi and Wu (1991) considers infiltration
through the unsaturated zone (Fig. A.1a), and the drainage by gravity flow in the
sauraed zone (Fig. A.2b). The govening equdions for irfiltration ae

v;=0. 5K(9)[E£‘ﬁ:l-+ 1] +[Ei§-_—“!j+ IJ (A.D)
j j+l

v, =(i-a.E,) (A2)

q=v,-A0373 (A.3)

V...V, = vdodty & the top and bottom of the j th layer (Fig. A.1), i = ranfdl

=T
inendty, Ee = equilibium evepolranspiretion, o = evgpotrangpiretion coeffident, K =
permeability coefficient, 8= volumetric moisture content, 6,= drainable volumetric

water content, y= potetid, q = infilraion into the saurded zone The unsaurated

permeability is
g \2B+3
K(G):K{——J (A4)
6,
and
o\
v(e)=y, (;,—J (A5)

where 6, = volumetric water content a sturation; y, and B ae soil properties
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Figure A. Kinematic storage model, (a) saturated zone, {(b) unsaturated zone
(Reddi and Wu, 1991).
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The drainage rate is
v=K, sina (A6)
where Kg = saturated permesbility. The groundwater levd a time t = 1 is

4l ho(L8; —vAt) 2L iAt
0

(A7)
LBd + vAt LBd -VAt
From this,
1-A 2 iAt
h—h° = A8
* %14+ A 0,(1-A) (A8)
where
vAt
A= (A.9)
L8,

For purposes of dability andyses the raio ho/H is dgnificant. From Eg. (A.8), we
obtain

1-A
A .
1+) . 2iAt (A.10)
H 0, H(1-2)

From thii, we see that if v issmall, or & is small, which means that the drainage rate is
insignificant. Then

1 o :
hy—he  2iAt (A1)
H H6,

Then the change in ho is directly proportiond to the precipitation iAt.
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Appendix B
FLOW THROUGH FRACTURES IN BEDROCK

A 2-dimensiona finite difference analysis was used to investigate the effects on
the groundwater levd caused by flow through fractures in bedrock. FHg. B.1 illudrates
the idealized problem. The following assumptions were adopted: (1) There is one
continuous path through fractures in the bedrock. This means that the flow through
fractures can be represented by a single hydraulic connection with an equivalent
permeability. (2) The only potential for the flow in the hydraulic connection is the
piezometric head in the 0l layer. (3) The fracture is saturated with water and the flow
obeys Darcy’s law. (4) The geometry of the irregular flow path is represented by a
drcular ac. This hes litle effect on the accuracy of cdculdion dnce the head difference
does not depend on the shape of the arc and the arc length is close to that of the
iregular path. (5) The digance between the entrance and exit points (1 ad 2 in Hg.
3.9) of the path is assumed to be at the one-third points of the plane slope; this
assumption is in accordance with the gSte charecteristics reported by  Brunengo  (pers.
comm., 1991). A more detailed study can be done by varying the locations of the
fractures, distances between the entrance and exit, as well as the coefficients of

permeability.

The 2-dmedond finite difference modd of Lee (1986), was modified to solve the
problem. Following Lee's derivation, the governing equation for flow in isotropic

porous media & node 1 is

Ca;tw =Q,cosa~Q, +-%[Kshw{Cos a[ahw + oH, aHs)_l_ tan'YH

dy dy ay

ad oh. 9H oH
+—|K.h w e L0 : (B.1)
ax|: . W{(SOS [x( I + I I )+ sma}il
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Figue Bl Geomeric parameers of two-dimensond modd (Les 1986), () dope
geomdry, (b) dimensons of element
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At node 2, the govening eguaion is

ca;tw =Q,cos0+Q; +-§-[Kshw{cos o{ah“’ + oH, _ aHs]+ tan'yH

ay dy dy 9y
d hy,  OH, aHs) : } B9
W[Kshw{cos a( et T )t sin ] (B.2)

where C = gpedific yidd, Qr = recharge to the saurated zone, and Qf Is gven by Eq
B.3. Geometric vaiables used in Egs Bl, and 82 ae explaned in FHg Bl. For flow

through fractures,

Q_f=Igbeft (B.3)

[ X (hy - hyz)cosa

) (mas)/2 e

where x = the difference in eevetion between point 1 and 2 (Fg. 3.9), by = width of
fracture, ag = distance between entrance and exit points, Kf = permeability of the
frecture, Qf = flow through the fracture t = time, h,, h,, = piezometric heed & nodes 1
and 2, respectivdy, and |, = hydrallic gradient. The differential equations (B.I) and

(B2 ae slvad by the finite difference method for given dimensons of the dope ad
fracture to give the vaues of hy, which were used to condruct Fig. 310 and 3.11.
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Appendix C
EFFECTS OF STORM CHARACTERISTICS

Cl Storm Precipitation

We consider the data on long continuous stormscompiled by Brunengo (1989).
The amount of rainfdl per dorm is modded by the EV-1 didribution, (Gumbel, 1958):

P(X<x) = exp (—exp(-y) ) (C.1)
y = a (x-U) (C.2)

where u = locdion factor and a = a scde factor. The mean and sandard deviaion of the

distribution are:

m =u+-‘;: (C.3)
o= % (C-4)
a

where ¢ = Euler’s condant, goproximatdy equd to 0.577. The parameters u and l/a can
be etimaed as a function of the meen X and dandad devidion Sx:

é =S, % =788, (C.5)
n=%x-§, e¥X =x_045 S, (C.6)
T

The ranfdl for a given exceedance probability, P, or return peiod, t,, is cdculaed
uing Egs C7 and C.8, rexpectivey:

Rp=u- l|:ln ln(L)] (C.7)
a I-P
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1 t,
Rp=u- ;I:In ln( - IJ:I (C.8

The vdues of u and l/a for long continuous gorms are 402 and 1.78, respectivey,
which are the averages of the values given in Table 3.3 of Brunengo (1989). The
coresponding meen U is 504 inches and the Sandad devigion ¢ is 228 in. Thee
values were used in the study of the sensitivity of hw against soil and topographic
parameters. The probability of occurrence, P, of this 5.04 inch storm is 0.4,

corresponding to a recurrence intevd of 25 year.

FHogue C.la dhows the efect of predpitaion on maximum hg/H. The sengtivity
of maximum hoH to ranfdl, R, is equd to 758x10-2 inl.

C.2 Storm Duration

The distribution of storm duration is approximated as log-normal. The mean
vaue for long continuous gorms a dl gaions is 669 hr, and the dandard devidion is
35.97 hr Brunengo, (1989). Fig. C.1b shows the plot of storm duration against
precipitation for 168 recorded dorms The duraion is corrdaed with the amount of
precipitation by Eq. CO.

R =00729 D (C9)

where D is the duration in hours and R is the rainfall in inches. The correlation
coefficient for Eq. C.9 is 0.748. If we apply this relation to the selected average
precipitation of 504 in, the duration is 6858 hr. The efect of dorm duraion on ho/H is
shown in Fg. C2 for R = 504 in. The senstivity of ho/H is found to be 58 x 104 hrl

68




max. ho/H

10}

08FfF
o8
Q.4
aor plane slope

slope kagth « 100G m
o.ol-
0 6 10 1% 20

(a) precipitstion {inch} |
—— glope angle =5 cegy —1— elope angle =80 deg  —¥— elopa engle = 46 dxg

25 T
= Stampede Pass <+ Palmer 3ESE ™ Lester 3
= Greenwater X Mud MinDam A CedarLake
20
fg“ =
c o | %
£ 154 =
8
% » :_ = % -+
g 4 B
a 10 = 2 . 3 A 2
m A
Q ®
d
0 50 100 150 200 250

(b) storm Duration (hr)
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69




max {ho/H)

|
1.0
08}
o8l
0.4 /_ i —% —i
0.2 r
! Plane slope
0.9 , . J .
0 32 64 06 128

duration D (hr.)

FigureC.2  Effect of storm duration, D, on groundwater leve hy/H for R = 5.04 in..
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C.3 Modd of Snowmelt

Duwing ranonsow evaits snow mdts because of the combingion of rdaivdy
wam temperatures and moderate winds that accompany the dorm. Although mog  of
the infiltration is due to ranfdl, this mdt reoresents a dgnificant additiond  source of
wae. The totd amount of irfiltration is the sum of predpitation and showmelt.

The man energy source for snowmelt is exchange by convection and condensation
a the arsiow inteface Longwave radidtion is dso mgor source of snowmedt. Heat
conduction from the ground and heat contributed by the precipitation increase
snowmelt. Wiberg (1990) used the United States Army Corps of Engineers (1956)
snowmelt modd to dudy the charadterisics of snowmelt in the centrd Cascades of
Waghington. The totd amount of potetid snowmelt is

M; = M + M; + M, = (0.029 + 0.0084 kU) (T, - 32) D + 0007 (T, - 32) R (C.10)

whee Mt = totd amount of potentid showmdt, Mc = snowmelt due to convection -
condensation and longwave radidion, Ms = snowmelt due to short-wave radiation ad
ground heat, MR = snowmelt due to ranfdl, k = exposure condant (equd to 1.0 in
clearcut aess), D = the duraion in days U is wind vdodty, T, = ar temperaiure, and R
= ranfdl. The paangters U, T, D, and R ae dl conddered as random varidbles and as
a rexlt, the snowmelt is ds0 a random vaiable The avarage vdues usd in this sudy
aek=1D=25d,U=134mh, T,=3561°F, addR=5In.

The computed didribution of potentid snowmelt is shown in FHg. C.3a. However,
the actual melt is constrained by the available snow-water-equivalent on the ground.
To account for that, two cases are possble In the fird case the snow-waer equivaent,
S is greder then the potentid snowmelt (MT <S). In this cae, the water avaladle for
infilration will be equd to the potenid showmdt In the second casg the

71




x{x)

1.0

0.6

0.6

0.4

0.2

0.0l L e R E e o N s e L R

0 2 4 -] 8 10 12

(. snowmelt & snow-water eq.in)
—— snow-water aqulv. —F snowmelt
fx{x)

10F
0.8

- ! 1

4 8 a 10 12
{b} potential snowmelt (in.)
—— potentid snowmelt
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(b) potentid snowmdlt.
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Ton-waer equivdent is less than the potentid snowmelt (Mt <S), and the adtud mdt
in this case equals the snow-water equivalent. Both snow-water equivalent and

potential snowmelt are random variables, and consequently so is the snowmelt. The
digribution of snowmelt fyq (m) is

fulm)= | fMp = m,S)dS+ | f(Mg,$=m)dMy (C.11)
S=m M;=m
The result of the integration is shown in Fig. C.3b; the mean vaue of available

water for infiltration is 1.358 in, and the vaiance is 0.867 in2
C4 Total Amount of Infiltration

The wae avalable for irfiltration cdculaed with the snowmelt modd is added to
the precipitation to derive the distribution of total water for infiltration. The two

posshle events are ranonshow (S > 0), ad ranonground (S = 0). The probability
densty function of totd infiltration | for dl possble ran evets is

fid=fR=i1S=0P[S=0]+fM+R=i1S>0P[S>01 (C.12)

The didribution of predpitaion is given in section Cl and is shown in Fg C.4a.
The didribution of totld wae for irfiltration (Eg. C.12) is computed numeicdly and
the resllts are shown in Hg. C.4b The mean vdue of | is 65 in, ad the vaiance is 85

in2.

The vaiance of hy/H can be computed from the vaiance of irfiltration, |, ad

durdion, D, as

ho ’ ho ’ hO hO
by | H | varcyo| SH | var(p) | I H | covt,D) (C.13)
V”('E)"T a0+ 35| VaP)+ 5 || 5o | '
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b hs

here—land —H
where di dD
paangter modd as described in Sec. 31 the sengdtivities were evduated in sections Cl,

and C.2, and found to be 7.58x10-2 in-! and 5.8x104 hrl.

ae the sengtivities of hy/H to | and D. By usng the lumped

The variance of | and D ae 85 in? and 1296 hr2, respectivdy. The covaiance of |
and D is 0.748. The vaiance of hy/H because of gorm characteridics and snowmelt is

00493. In fadt, mos of the vaiddlity of groundwae resuted from vaiddlity of the
avaldde amount of infiltration.




C.5 Effect of Seguence of Sorms

Campbdl (1975) reported that the amount of preceding ranfdl is a limiting factor
for debris flow initiation, he correlated antecedent rainfall of 10 inch with landslide
occurrence in southern California. Wieczorek (1987) has shown that the threshold
rainfall required to trigger debris flows in California is a function of the preceding
ranfal. This preceding ranfdl increeses the moidure content in the il mantle and is
a mgor fector in the prediction of hy. Both the coeffident of pemedblity K, and the
suction, y, are functions of moisture content. The effect of antecedent moisture was

evduaed by andyzing the results of a sequence of orms

C5.1 Storm Sequence

Brunengo (1989) generated a sequence of long, continuous storms assuming
independence between the dates of the sequence Fird, the dorm date was generated
from normal distribution, which is the observed probability distribution function of
gorm dae The gengaion of dorms for a seeson dopped when the last computed dete
was ealier than the previous one The season was conddered to have only one mgor
gorm if the second generded date was ealier than the fird one Usng Monte Carlo
smuldion, the program was de to generae up to seven storms pea seeson. Fg. C.5a

shows the probability frequency funcion for number of forms per season.

The mean value of storm occurrence is two storms per season. The method of
derived didribution (Ang and Tang, 1975) is used to invedigae the charadteridics of
the intervd baween dorms For the case of a season with two sorms, X ad Y = the
daes of fird and second sorms respectivdy. The probability dengty function (pdf) of
each storm is norma with mean = 120.4 days and standard deviation = 43.82 days
(Brunengo, 1989). The jont didribution function for multivariade normd didribution of
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two independent random variables with the same mean i and the same standard
devidion ¢ is :

-1

¢ o (KW Hx-uP) (C.14)

-1
fx,v(x,Y) = Py

The random vaidile Z, the time intervd beween two sorms, is defined as
Z=Y-X, Y>X (C.15)

The probability didribution fundtion of Z is

K=o Yzy+x

Fz = H Frx(xy)dxdy = \] \] fx,y(x:Y)dXdy (C.16)
R

X=0 Y=x

Fig. C.5b shows the probability density function from Eq. C.16. The mean of the
period between two gorms is 295 days and the Sandard deviation is 21.3 days

For a season with three storms, the previous procedure is used to derive the
distribution of the period between the last two storms. A new random variable V is
defined as the date of the third dorm. The random vaidde W is the period between the
seoond and the third dorms The pdf of V is normd, with the same mean and dandad
deviation as X and Y. The joint distribution function for the multivariate normal
distribution for three independent random variables with the same mean p and the

same standard deviation ¢ is

fx.\.'.v (x,y, v) = -1 e %((X‘F)z +HY-p)? +(V—}l}=) (C.17)

V2? no?
The random vaiade W, the peiod beween the lad two gorms is defined as
w=v-Y, V>Y>X (C.18)

The probebility digribution function of W is
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X=wo Yoo V=W+Y

F, = m Ffxyv(xy.v)dx dydv= _[ I J Fxyv(xy,v)dxdydv (C.19)
R

X=0 Y=x V=y

Fg. C.5b shows the probability dendty function from Eg. C.19. The meen of the period
between the lagt two dorms is 22.96 days with a dandard deviation of 16.35 days

Cb5.2 Vaiaion of Groundwater Due to the Sequence of Storms

The vaidion of hy, due to the sequence of dorms condds of two pats The firg
source of vaiaion is the number of form per seson: the dorm under condderation
can be the only d¢orm in a sason, one gorm in a season with two dorms ec. The
mean antecedent moisture condition varies according to the number of storms per
season and 0 does hy. The second pat is the efect of the vaiaion of the time intervd
between gorms. The variances of Z and W will &fedt the intid moigure condtions and
consequently the hy. In the next two sections the two sources of varidion will be
discussed ad the vaidion in hy will be evduaed. The vaiddlity as a rexult of the
time intevd bawen doms will be assumed to be indgpendent of the vaiadlity due
to number of storms per season, athough it is recognized that the time interval

between dorms is corrdaed to the number of forms

Cb5.21 Effect of Number of Storms per Season

Computations with the Reddi model were made for seasons with 1 = 4 long,
continuous storms. For the computation of the mean vdues of h, the meen vdues of

the input parameters for eech caegory of sorm number should be used.

In addition to the long, continuous orms, whose characteridics are described in
Cl, C2, ad C51, we should condder gndl ran evetts tha ae not dassfied as long,

continuous storms. Table C.I, (Brunengo 1989), shows the number of days with

precipitetion greter  then  pecific  values. It is dear that during the rain seaon
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Table C.I

Precipitation data, Brunengo (1989)

Annual September Number days of predipitation

Station Mean - Mav > 017 >0.50" >1.0”
Stampede

Pass 92.57 84.32 148 65 29

Palmer 94.09 83.62 158 70 26

Cedar Lake 102.41 91.74 155 76 32
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Appendix D
DISTRIBUTION OF EXTREME STORMS

Brunengo (1989) used the extremevdue didribution to describe the didribution of
precipitation in the form of recurrence interval or exceedance probability (Eq. C.1).
However, the largest storm to occur in a given period is a random variable with
statistics related to the distribution of the initial variant (extreme value distribution).
Lea X be the amount of precipitation with the extreme vdue didribution given by Eq.
Cl and let Yp, be:

Y, =max(X,, X, ..., X, )} (D.1)

wheeXz.... Xp ae random samples The cumulaive didribution of X, dven by Ang
and Tang (1984) is

R, (y) =P(Y,<y)=(F.(») (D.2)

The coresponding probebility dendty funcion for Yn is

LTV RIAY ®3)
This meens that the functionF, (y) , fy (y) will shift to the right with incressing n. The
digribution of Y, is genedly dfficut to ddtan in andyticd form.  The usefulness of
extreme value statistics is greatly enhanced by the theory of asymptotic extremal
distribution. The analytical derivation of the appropriate extremal distribution, given
the digribuion of the initid vaiant, is fadlitaed by Crame’s (1946) method. Define
the trandormed random vaidble

¢, = n({l-F(y, ) =8() (D4)
then
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Figure C.6  (a) Frequency function of days with a given range in precipitation, (b}
simulated small rain events, (¢} ho/H, 6, , 6, for a sequence of storms
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Figure C.7  (a) Initial moisture conditions for different number of storms, (b)

frequency of hg/H for different number of storms
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C.5.2.2 Effect of the Time Interval Between Storms

In the above calculations mean values of ©, and hyj, for a given number of long,

continuous storms per season, were used to calculate P(hg/H). It should be noted that
even for a given number of storms per season, 8,, hoi are random variables, depending
on the time interval between storms. The interval between the storms affects hoi. To
account for this, the FOSM procedure was used to calculate the variance of ho/H as a

function of the variance of Z, W, etc. The time interval Z affects the initial moisture,

which in turn affects ho/I-h

28, Y’

Var(Bi)=(-é—zi) Var() (C.20)
oh, }

Var(hd)=(-é-;—;‘-) Var(Z) (C.21)

The derivative of 8, and hgj with respect to Z was derived from the relation between
moisture parameters and time after the end of the first storm. For simplicity, only long,
continuous storms were considered (Fig. C.8a). The procedure was repeated for

different numbers of storms per season (Fig. C.9). Var(Z) was evaluated from Eq. C.16,

then

( h V

n)_| OH (C.22)

Var(i] =13 ) Var(9,) :

\, J
( h \

h)_| 25 (C.23)
\ /

The derivatives of ho/H with respect to ©, and h; were computed from the sensitivity

of ho/H to the initial moisture conditions (Fig C.10).
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Figure C.8  Groundwater for I-storm season and Z-storm season. Moisture content
and ho/H vs. time for (a) I-storm, and (b) 2-storms
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The variance of ho/H due to the variation of the time interval between storms was
found to be 2 x 10. This is very smal compared to the variance due to number of
storms per season (.0279). It should be noted that 6, and h, are correlated as it appears
from Fig. C.8, and C.9. The number of storms and the time interval between storms are
also correlated. The effect of the correlation may be ignored, because of the small

variance due to variation of the time interval between storms.
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storm seasons (&) average {8),, and (b) (—%0)

88




Appendix D
DISTRIBUTION OF EXTREME STORMS

Brunengo (1989) used the extreme-value distribution to describe the distribution of
precipitation in the form of recurrence interval or exceedance probability (Eq. C.1).
However, the largest storm to occur in a given period is a random variable with
statistics related to the distribution of the initial variant (extreme value distribution).

Let X be the amount of precipitation with the extreme value distribution given by Eq.
C.l and let Yy, be:

Y, = max(X,, X, ..., X, )} (D.1)

where Xy . ... Xp are random samples. The cumulative distribution of X, given by Ang

and Tang (1984) is:
F, (y)=P(Y,<y)=(E0) (D.2)

The corresponding probability density function for Yy is:

dFy (y) }
R LK (D3)
This means that the functionF, (y), fy (y) will shift to the right with increasing n. The

distribution of Y, is generally difficult to obtain in analytical form. The usefulness of
extreme value dtatistics is greatly enhanced by the theory of asymptotic extremal
distribution. The analytical derivation of the appropriate extremal distribution, given
the distribution of the initial variant, is facilitated by Cramer’s (1946) method. Define

the transformed random variable
¢, = n(1-F(y,)=8(y) (D4)
then
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an(g)=1-(1—§) D5

As n— e we have

E (Q)=1-¢7 (D.6)
and the corresponding asymptotic probability density function is

f Q=e" (D.7)
Inverting Eq. D.4 for Y, we have

Y, = F;‘(1 - 5-) (D.8)
n

Hence the cumulative distribution function Y, can be obtained from that of ¢ as:
F = exp(-g(y)) (D.9)
where g(y) is the right-hand side of Eqg. D.4. The probability density function of Yy is
_ogly)

fy, = —--é—;"exr?(—g(y)) (D.10)

Applying this method to the distribution of the amount of precipitation given by Eq.
C.1,

g(y) = n[1-exp {-exp (-a (yn -u)}] (D.11)
Then
F, = exp [-n {1-exp (-exp (-a (Yn -u))}] (D.12)

and
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fy =anexp [-n {l-exp (-exp (-a {yn - )]
Random spatial variations introduce errors in the predicted hw/H.

The plots of the pdfs and cdfs of Yy, are shown in Fig. D.I and D.2 for different
values of n. A computer program using numerical integration was developed to
compute the mean and the variance of asymptotic distributions shown in Fig. D.2. The
results of integrations are listed in Table D.| for different values of n. It is clear that the
variance does not change very much while the expected value of precipitation increases

as n increases.
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Table D

Means and variances of amount of precipitation

n (years) Mean Variance
5 7.72 in 6.94 in2
10 9.11 in 5.68 in2
20 104 in 5.46 in2
50 1208 in 5.35 in2

100 1333 in 5.32 in*

500 16.20 in 531 in*
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ab = dimensions

B = unsaturated flow parameter

C = storage coefficient

E(.) = expected value = mean

F = commutative distribution

function

f = probability density function

H = soil thickness

Hg = soil thicknesses for the
2-D model

h, = critical depth of groundwater

ho = depth of groundwater at exit

hw = depth of groundwater at
a point

i = infiltration rate (L/T)

| = total amount of infiltration
= snowmelt + rain

I; = hydraulic gradient

K = coefficient of permeability

Ks = coefficient of permeability
at saturation.

L = slope length

M =snowmelt

MT = potential snowmelt
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APPENDIX F °

NOTATIONS

N = model error

P(.)= probability

p = probability mass function

Qs = recharge through fracture

Q; = rainfall recharge

R = rainfal (L)

S = snow-water equivaent (L)

T, = ar temperature

to = return period

t = time

a = dope angle

Oe = evapotranspiration coefficient

f = catchment closing angle

0 = volumetric water content

04 = drainable volumetric water
content

05 = saturated volumetric water
content

¥ = transverse slope angle

n = kinematic viscosity

Y = suction

Y = suction at saturation

Q () = coefficient of variation.

o = standard deviation.




