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ABSTRACT 

The performance of a high-level waste (HLW) 
repository in a variably saavBlcd geologic medium can be 
highly influenced by the infiltration process. which in turn 
is affected by the climatic conditions. likely to prevail at the 
site in the fume. This papcr presents a first-orda reliability 
analysis of a hypothetical HLW subtaranean repository 
located in a layered, and variably satuated medium The 
flow rate expressed in terms of specific discharge (SD) 
passing a specific point in space is selected as the 
pexfomancc measurc to be estimated A new one- 
dimensional analpcal model designed IO solve &e quasi- 
lintar form of Richard's equation for a multi- layd 
geologic medium is used IO compute the performance 
measure, including its first orda sensitivities with respect 
to selected paratneten. The model accounts for the spatially 
dependent initial distribution of pressure, and handles time 
dependent boundary conditions rcpresenuii by exponential 
and simple harmoaic functions. A first-omla reliability 
method (FORM) is used to estimate the probability of 
exceuiiog (or not exceeding) the specified performance 
measure. In addition. an estimate of the sensitivity of the 
stochastic solution IO a select number of random variables 
is also reported. climatic data produced by an expert 
judgement elicitation urcrcise is uscd to estimatc the model 
boundary conditions at the surface. The reponed example 
illustrates a possible approach for estimating the infiltration 
in a two-layemi geologic medium. resulting from 
anticipated changes in climatic conditions. 

INTRODUCTION 

The NRC is developing methods to determine 
compliance with its regulation for the disposal of nuclear 
HLW (10 CFR Part 60) by the U.S. Department of Energy 
(DOE). Recent results fkom the U.S. Nuclear Regulatory 
Commission (NRC) Iterative Performance Assessment 

(IPA), Phase 2, indicate that repositoly performance in 
partiaiIy saturated mcdia is highly sensitive to ratn of 
idihahon. This papa presents preliminary investigation 
m e h d s  that may be useful for cstlmaung infiltration from 
climatic dara. 

As an extension to P A ,  Phase 2. the NRC also 
conduaed an exercise in expat elicitation on future climate 
in the vicinity of the proposed Yucca Mountain repository. 
Results of this elicitation are being presented at this 
meuing.' The subjective data so obtained inciuder future 
precipitation and ternperam estimarcs and their associnted 
probabilities. This data will be used to demonstrate the 
mahod described in this paper. 

In addition to climatic conditions, infiltration rafts 

depcnd upon the site topography and subsurface hydrological 
conditions. The bedded tuff site at Yucca Mountain 
incorporates several complex saucturai/ tectonic fcatuns hat 
will influence the infiltration rate. As a first step towads 
studying the sensitivity of the performance measure (SD) to 
s e v d  key system parameters related to climate a d  
geohydrology over a period of 10,OOO years. a simpl ised 
conccphlal model was adopted. The flow domain located in 
the vadose zone. is simulated by an idealized semi-infinite 
vertical column of a gmlogic d u m ,  which included two 
parallel layers of rocks. For such a case. an analytic 
solution2 for the nonsteady flow of groundwata has been 
d.erived Coupled with time-varylug expressioas of 
precipitation and evapotranspiration, the analytical solution 
for the quasi-linearized flow equation in an unsatuatcd 
medium is then used. to estimate the infilmtion rate In spite 
of mcdeling limitations of anaiytic solutions, their high 
degree of precision and computational efficiency make them 
suitable for exploring some of the critical uncertainties 
inherent in the infdiration process. 



In this paper, presentation of analysis method is stressed 
over application to any speclfic site. We shall report: (i) 
equations govermng the vertical movement of water in a 
variably s a m t e d  geologic medium. including the procedure 
incumbent to their linearization. (ii) selected model for 
estimating evapotranspiration and handling the ciimatic 
data (Le.. temperature. cloud cover and other aunospheric 
parameters) generated by the exprt elicitation exercise, (iii) 
the uncertainty and sensitivity methods. and finally, (iv) a 
test case of infilmtion in a variably saturated layered rock 
system. to demonstrate the salient features of the proposed 
approach- 

GOVERNING EQUATIONS 

The vertical flux (q) component for water in porous 
media under laminar and isothermal flow conditions is 
given by Darcy's law as follows 

where 

K =  
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hydraultc conductivity (K, K,) 
satllrated hydraulic conductivity &TI) 
the relative hydraulic conductivity 
prtssurc head @lpg) (L) 
fluid pressure (ML-'T*) 
fluid density W'') 
acalcmtion of gravity (LT') 
elevation from datum (i.e.. earth surface) taken 
positive downwards (L) 

The governing equauon describing transient-state 
groundwater flow in a vertical column of parrially saturated 
parous rock,,in the absence of sources or smks. as reported 
by Richards' is given by 

whae 9 is the volumcmc moisture content (L3L-3), and t is 
the time. Note that Eq. (2) is highly nonlinear. but will be 
linearized for this study. 

Adopting the nonhysteretic functional model of the 
hydraulic conductivity c w e  as proposed by Gardner' 
written as 

(3) 

where h, and a 1L-l) in Eq. (3) correspond to the bubbling 
pressure head, and a constant dependent upon the pore 
structure of the rock manix. respectively. Furthennort. 
dehning a matfix flux potential & (I-?') as 

E+. (1) and (2) arc then transformed5 to 

!I=--& * + a+ 

(4) 

where k = ma. whereas Wa cornsponds to the moisture 
diffisivity D = K ( w d e )  &'TI) assumed to be constant in 
this study. Note that Eq. (6) is still nonlinear. and 
consequently some average value for the diffasivity is 
nquired The diffusivity funcuon is represented by the 
empiricai nohysteretic form6 

wbert D, (LZT') a ~ d  p, (L~L") are specifid constam 
obtained by curve fining the above cquarion to expaimmtal 
data D versus 0. The weighted average diffusivity m&17 
and writtcn as 

is then used to get a constant value for use in Eq. (6), where 
the integration is performed over the range of moisture 
contents of in tens t  The diffusivity values used in the 
investigated problem will be given in a subsequent Section 
of this paper. It may be easily shown that 

and integrating the above relation within its appropriate 
limits. would then yield the functional model of the moisture 
content given by 



1 
D e = -(+-+,)+e,, h s h o  

+ qolsin(o,t + a,), z = 0 0 = 0, , h>h,, 

where subscripts r and s refer to the residual and saturated 
value of the pressure head. 

Initial and Boundary Conditions 

The initial condition written in terms of the pressure 
head is assumed to be a linear function of the vertical 
coordinate z. For the ith layer. we have 

w h a t  Zi is the depth of the interface between consecutive 
layers m a s ~ n d  born datum. and ui and h,,, (L)  arc 
layer dependent constants. Note that for the last layer say 
n, a, must be negative in order to comply with the 
boundary conditions given by Fq. (16). 

The comsponding initial condition expressed in terms 
of the numix flux potential is given by 

hdho) 

- 
q,, = value of the flux ( L r 9  

= c w e  fit initialization constant (LT') 
9% 

= c w e  fit accelerator constant (LT') 
"ll 

a, = c w  fit slope indicator CI-*) 
qd = the amplitude of variation nr', 
ol 
'5 

Oi = phascangle 
Tj = t i m i a t e r v a l O  

= bequency of oscillations (i.e., 2 d z )  (TI) 
= tim period of a complete cycle of variation 0 

Subscript i refers to precipitation (i=l) and evaporation 
(i=2). Subscript j refers to a panicular time intava) of the 
10,OOO yr period of intercst Note that by our convention. 
precipitation-associated values arc raken positively 
downwards and evapotranspiration negatively. 

With the water table assumed to be very doep. the 
lower end boundary condition is given by 

(16) abm ( " J  1 
az 

(12) 

+ am4J-A =o -- -- 

With the flux described by Eq. (5). at the interface of The boundary condition at the surface subject to a time- 
dependent flux Q,(O.C) is given by two consecutive rock layers we have 

The selected model for the boundary condition at the eanh 
surface representing a reasonable approximation to the 
precipitation and evaporation process within a 10,OOO years 
interval, includes thra typical flux components: a mean 
value based on current estimates, a timedependent one 
describing the perturbations from the mean, and an 
oscillatory one describing the seasonal fluctuations. This is 
writtal as 

where U( -) is the Heaviside funcnon. and q is given by 
is the time dependent net prevailing flux at the earth's 
surface, and 

Sf1 

whae n corresponds to the number of rock layers. 

The analytical solutions to Eqs. (5)  and (6) subject to 
their initial and boundary conditions, including the continuity 
requirement relation at the interface between successive 
layers were obtained through a Laplace transformation 
technique' where the superposition theorem was used to 
cope adequately with the timedependent boundary 
conditions given by Eq. (14). The closed-form solution for 
a single rock layer was extended to a multi-layered system 
(Le.. n layers) through the successive application of the 
convolution theorem. requiring a multiple evaluation of (n- 1) 
integrals performed through a Gauss-Legendre inttgratlon 
scheme. 



CLlMATIC CONSIDERATIONS Evapotranspiration 

Performance of HLW geologic repositones has to be 
assessed for a regulatory penod of 10.000 years (40 CFR 
Part 191). Because of h s  exuemelv long penod. a 
combinauon of data from site charactenzauon. expenmental 
methods. stud~es of natural analogs, and mathemallcal 
models will be used in performance assessments (PAS). 
,Mathemaucal models are expected to be the pnmarv tools 
for estlmatlng the long-term future pertormance of the 

mterprctatlon and supplementaaon before it can be 
mcorporatcd mto these mathemand models. Expert 
judgment ellciaon is a potenual source of h s  data 
mtcrpretaaon and supplementauon. 

EpOSltov. SOmC data garhercd for h S  plUJeCt W l u  -Urn 

The NRC sponsored an expen judgment elicitation 
exercise focused on future climate in the vicinity of Yucca 
Mountain Nevada (YMNV). Detailed description of this 
elicitation is presented in a published report.' Five 
climatologists predicted the future climate at YM. 

F'reupitation 

The individual experts' predictions wert aggregated for 
t e m p e m .  precipitation. and cloud cover changes over 
1O.OOO after present (AP) with the results shown in Figure 
la. b, and c. These c w e s  represent the median values of a 
set of probability distributions which were elicited for the 
100.300.1,000.3,000,5,000,7.500. and 10.O00 yr future 
time epochs. The median value mend curves shown in 
Fig= 1 w m  broken up into segmeats which could be 
characterized by a set of linked piecewise models which 
adhere closely to the marhtmatical form shown in equation 
(15). Using srandad regression techniques, these curves and 
associated probability distributions for temperature and 
precipitation were parameteriztdlle data for precipitation 
is shown in Table 1A. The correlation coefficient of 
determination (2) was greater than 0.99 for all piecewise 
segments shown in Table 1A. Seasonal data (average 
variation over a year) is also included for pxecipitation and 
temperature. These c w e s  represent changes (the median of 
distributions of 100 year moving averages) to the current 
conditions in the vicinity of YM (14 "C average tempcmtue 
and 150 mm average annual precipitation). The aggrcgdon 
of the data curves (median values of the distributions of the 
time epochs) were averaged using equal weighting to 
produce the curves shown in Figure la. b, and c. Up to 10 
yr AP, the current conditions are pred~cted to continue. 
Variauons from present conditions are plotted for the period 
following the next decade in Figure I .  

Evaporation modeled un&r isothermal conditions 
neglects the influence of the vertical flux in the soil due to 
thermal gradients, and would 'eld a rough approximation to 
a very compiicated process?-' Furthmom, ixcause ofthe 
limitations of our ma ly t~a l  model to haodlc nonlinear 
boundary conditions, resulting from the dependence of the 
evaporative flux on the pressure head. an alternative solution 
was sought It was first assumed that a light vegetative cover 
existed at the surface of the site undu investigation. and a 
viable formula for prahcting the evapotranspiratim (is., the 
combined process of evaporation and transpiration) rate was 
sekctd. Among the large number of existing fornulac for 
estimating potential evapouampkauon rate based on a 
combination of mctcorol~gi~ data the one reposed by 
penmaall was adopted h, p r i d y  because it combiow 
adequately both surface energy balance and aerodynamic 
thcory, to predict a relationship betwan evapoaanspintion 
Et and mcttorologic data. not to mation that this formula 
has been applied with a great deal of success. The basic 
equations are given by 

(19b) AH + Y E ,  

A + Y  
Eo = 

where 
E,, = evaporation rate from a water surface 
f = a reduction factor depending on the month of the 

Y W  
A = slope of saturation vapor pressure curve at surface 

tempexamre T, (mm. H@C) 
y = psychromemc constant (mm. H#C) 
H = the net w o n  (H = R, - R,) (cai/cm2/day). with 

R, and R, comspooding to the incormng short- 
wave and outgoing long-wave solar radiation flues 
at the surface, wntten as 

N 

R,=a<(0.56-0.092,&)(1 - 0 .9m)  ('l) 

where 
R, = Angot value of maximum possible radiation 
r = albedo of surface 
f l  = duration of bright sunshine per day/possible 

duration 
rn = fraction of sky covered by clouds (1-m= nM) 



a < = black body radiation at mean surface temperature 

cs = Stephan Boltunan's constant 
ed 

T, (cdcmz/ciay) 

Hg) 
= saturation vapor pressure at mean dew point (mm. 

Finally. rhe acrodpamic component of evaporation 
assuming the soil surface to be at air temperature. is given 
by 

Eo=0.35(c,-ed)( I +U2/100) (22) 

where 
e, = saairation vapor pressw at mean air temperature 

(a Hg) (cd = e$,) 

La 
U2 = man wind velocity at 2m above ground 

= relative humidity of air 

(milesfday) 

with the site located at a latitude of 36.4' in the 
Northern hemisphere. the monthly values for R, were 
obtained by linear interpolation using data reported by 
Shaw.'* The values assigned to f in Eq. (19a) conwpond 
to: 0.6 from November to February, 0.4 from May to 
August. and 0.7 for the remaining four months. converging 
to an overall mean of 0.57. Note chat the ud hoc 50 percent 
reduction imposed on f for the summer months (Le., May 
to August), reduced by 18.5 percent the on@ value of 
0.7 proposed by Penman'' for humid ngions (i.e.. southeast 
England). This however, seems quite in line with his 
suggestions, that smaller values of f may be more 
appropriate for semi-arid regions. n e  percentage reflection 
or Albedo r. which is dependent on the name of the 
surface. the angle of the sun, and the solar elevation was 
assigned a value of 0.36 from May to October. and 0.27 for 
the remaining monrhs.I3 

Based on remarks raised by Philip14 and Staple" the 
eanh surface temperature T, was substituted for the air 
temperature T, in the origrnal formula. and estimated after 
a linear relation proposed by Staple,I5 written as 

T, = 1.1 ra +ON (23) 

whch has also been used to estimate the slope A of the 
e$:T, function. The e :T, function is represented by the 
empirical relationship f% 

e, = 7.5exp 52 . 576 - [ 6 7 y i  - 
1 

- 5.02Sh(Ta)] 

w h a e  the units of e, and T, are in mm. Hg and O K  

respectively. 

The timdependent values of T,, and m for the period 
of interest were based on the ones reponed in Figures Ib 

and IC. The monthly average values of T,. La, and U2 
reponed in SCP." which led us to detaminc the monthly 
panubations effects of evapotranspiration, werc assumed 
time invariant. 

UNCERTANW ANALYSIS 

The reliability approach for estimating probabilities 
associated to groundwater flow and solute amsport appears 
to have amactive computational fcat~re~'~*'~ cornpad to 
other staodard methods such as Latin Hypercube or Monte 
Carlo simulation. particularly for low probability evems. In 
addition, the reliability mcrhod allows an easy evaluation of 
the probabilistic sensitivities of the performance measwe to 
changes in the individual parameters of interest. 

With the performance function defined as Z=g(X) 
whcn X is a vector of n random variables. by c o o d o n  
the event of interest is said to occur when g ( X )  5 0, daroting 
the failure event. The hyper-surface defintd by g(X)=O. 
known as the limit state surface denotes the bormlary 
between the " d e "  and "failure" regions (see Figure 2a). If 
as in the present case one is seeking the probability, that for 
example the specific discharge will excud a selected target 
value qo at a particular paint in space and time, the 
performance function will then be formulated as g(x)=q,q. 
The probability of failure is given by 

w b a c  (2) is the joint pdf of X. The joint pdfs of X arc 
seldom known. whereas the numerical integration of the 
resulting multifold integral would be quite cumbasom. 
Because of t h e  difficulties the FORM would provide an 
altanativc means for obtaining an approximate evaluation of 
the above integlal. 

In the reliability approach the random variables X with 
mean M [pi] are transformed to standard normai uncorrclated 
variables through a linear transformation written as 

wherr D diag[oi] is a diagonal matrix of the standard 
deviations, and L is the lower triangular matrix obtained 
from the decomposition of the correlation matrix R [p,I; in, 
=LLT. using the inverse transformation x = M + DLY, 



the expression for the limit surface (see F i g w  Ib) is given 
by 

g ( t ) = g ( M  + D L Y ) % G ( j )  

The calculation of the reliability index reponcd later in 
this secnon. r e q d  the determination of the nearest point 
on the limit state surface to the origin in the standard space. 
The reiiabiiity index". p (i.e., the distance to the failure 
surface). is given by 

J' = p 0' 

where y* is the solution for y at the design point and a* 
(see Figure 2b) comsponds to the gradient of the vector at 
that very samc point. dircacd towards the unsafe region. 

In this paper. the marginal PDF and first and second 
statistical moments arc assigned to each uncutain variable. 
which have eitha n o d  or lognormal marginal 
distributions. Note that in the latter case, the linear 
uansformauon given in Eq (26) no longer applies. since 
the transformation is nonlinear. and is given in tams of the 
joint distributionn of X. 

At each step of the iterative algorithm used to 
deterrmne the design point y*. the values of the first two 
moments for the non-normal variables an constantly 
updated As before. the uncertain correlated variables ( X )  
are transformed into a set of uncomlated standard normal 
variates y = r,z. w k  Z is a vector of cornlatexi 

standard normal variates obtained by Z, = 4-l F ( x i )  , 
and To is the Iowa triangular matrix obtained from the 
decomposition of the correlation matrix of the Z variables. 
@ (.) is the standard n o d  integral. the superscript -1  
denotes the invcrse function, where F , ( x , )  is the 
cumulative distribution function (CDF) of the xi's. A set of 
relations between the correlation coefficients for the 
standard n o d  Z variables and the cornlation coefficients 
for the X variables. were established through an integral 
relation given by Der Kiurcghian and Liu,= who provided 
tables for selected marginal distribution pairs. 

[ +  J 

For a nonflat limit surfam. the search for the Hasofer- 
Lindzo reliability index fi requires an iterative procedure. 
The algorithm used here is based on Rackwitz and 
Fie~sler.'~ which yields a sequence of points v, ,  y?.... yn in 
the standard space according to the rule 

where 

is the w e n t  vector. which expressed in terms of the 
gradient vector in the original space, is given by 

and the vector of dirtction cosines is given by 

Once convergence to y* and a* to the preset criteria is 
achieved, the reliability index is hen computed from 

P = 11'1 (32) 

and subsequently the design point y* is then*traasformd 
back to its counterpart in the original space t , in order to 
reflect its physical significance. A first order approximation 
to Eq. (25) is given by 

P[8(4 so1 =M - P)  (33) 

Note that the approximation in the above equati~a is 
first order exact when a marginal PDF for each X uIlccrtain 
variable is available. Moreover under cenain circumstances 
e.g., highly nonlinear problems, second order 
approximations" are requud Further discussions on this 
issue are beyond the scope of this paper. 

Nothing has bezn mentioned so far. about the initial 
guessed values for y in the iteration process. nor the 
selection of target values for the performance measure. 
Initial guesses for y would correspond either to zero or the 
mean value t. as long as the target value of the paformance 
mtasw remaios close to its mean. In this context. a first 
estimate of the target value corresponding to SOM selected 
CDF values, may be obtained €tom the m O S M  (man 
value first order second moment) alg~ri fhm.~ whme the 
w e n t  vector is evaluated at the mean point. About nine 
evaluations of the performance measure may adequattly 
capture the approximate CDF profde. The values of the x 
variables computed at these points on the CDF might 
provide useful initial guesses for the transformed variablc~ 
y in critical regions of the CDF. 
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Sensitivity Measures 

Probabilistic sensitivity measures which provide 
information re@g anticipated changes that might be 
expected given changes in some of the statistical 
information are a vital complemnt to the uncertainty 
analysis. These are obtained at no extra computational 
effort. since the components entering their evaluation arc 
the ones required by the preceding uncertainty analysis. 

A sensitivity measure in the space of the original 
random variables proposed by Der Kiuregiuaa and Lh1.2~ 
which estimates the sensitivities of the reliability index p to 
standard variations in the uncertain parameters ( X )  is given 
by 

Physically the probabilistic sensitivity measures will. in 
addition KO the &taministically derived sensitivities, rely 
upon the marginal distributions, the magniurdt of the 
standard deviation. correlation aad nature of the surface 
G(Y)=O near the design pointy*. 

In this instimce the components of the gradlent vector. 
VG(y), corresponding to the deterministic sensitivities have 
been calculated by a backward difference finitedifference 
scheme. 

RESLJLTS 

The potmtial evaporation for the succeeding 1O.ooO 
yr were computed using Penman's equation. The mean 
annual value obtained was I 4 4  mm potential 
evapotranspiration. The average variation over 10,OOO yr is 
plotted in Figure Id. Breaking this cume into the same 
intervals as previously done with precipitation. temperatut~. 
and cloud cover, ami statistically r e p s i n g  each piecewise 
segment to the model form of equation (15). produced the 
results shown in Table 1B. Again, the 2 values were in 
excess of 0.99 for each of the six segmnts. 

The test case reported hac addresses onedimensional 
m i e n (  intiltmion of water io a two-layered geologic 
medium w h a e  the first layer has a finite thickness L,, and 
the second extends to infinity. The first layer is assumed to 
be more permeable than the second, yielding a coarse-fioe 
(CF) sauctural straufication. The triggering effect of the 
infiltration process is restricted to predicted changes in 
climatic conditions. with no considemuon of the sudace 
runoff process. The porous rock layers are assumed to 
exhibit residual initial prtssurts at the onset of infiltration, 
described by a linear function of space in the case of the 

first layer and by a constant in the second Time dependent 
fluxes (i.e., precipitation and evapotranspiration) described 
by & (14), which arc W y  to prevail at the eaah surface 
over the next 1O.OOO ycars. represent the surface boudary 
conditions. The input data related to the climatic and 
hydrogeologic parameters are given io Table 1 and Table 2. 

Figure 3a reports a comparison of the spatial variations of 
the pressure head due to the seasonai and annual fluctuations 
of the climatic paramtas. obtained at four observation times 
comsponding to 100,1OOO, 5,000 and 10.000 years afta 
present (AP). In this paper, seasonal fluctuations of the 
climatic parameters correspond to the combination of the 
iirst and last terms on the right hand side of Eq. (15). The 
annual fluctuations comspond to the entirc Eq. (15). Results 
indicate that the diffirrnce in the rate of advance of the 
wetting front due to these two climatic variation modes is 
minimal, however the gradient of these profiles exhibits 
more stability in the case of the seasonal variations. Note 
that at 100 years. the wetting front has just progrcssai 
beyond the interface of the two layers. whereas migraaon 
depths comsponding to 351x1. 112m and 20Om from the 
surface are ~gistcrcd for the remaining thrre ob#rVuion 
times. The progression rate of the wetting ftunt is a 
nonlinear function of time. initially high but progressively 
slowing down past the lo3 years mark strongly influend 
by the m p a h g  properties of the fine layer. 

Figm 3b illustrates the spatial vaciations of t& spcclfic 
discharge (Le, Darcy velocity) for the four obsmatioa times. 
Of inmest arc the profiles at 5,000 and 10,OOO yua. which 
magnify the gradient perturbations. These arc a d k c t  
consequence of the large climatic changes predicted for the 
period of interest 

Figures 4a and 4b illustrate the temporal variations of the 
sptclfic discharge (SD) due to the two climauc vanafion 
modes. recorded at two observation points, w h m  the first is 
locared at the inteaface of the two rock layers and the second 
in the h e  layer, comsponding to depths of lorn and 254 
respectively. Results show that the perturbation effects due 
to seasonal variation of the surface fluxes seem to vanish 
with increasing time. yielding a smooth profile whae the 
value of the flux becomes asymptotic to one comspodhg 
to 6 x dyear.  The perturbation of the fluxes in the case 
of the annual variation, recorded at time intervals lhrte and 
five (see Table 1A) stems most promnent UI the case of the 
first observation point 

Figures 5a and 5b illushzlte the temporal variation of the 
detaministic sensitivity of flux to trend parametas kli and 
h., for the range of time intervals j, associated to 
prk5pitation and evapotranspiration as reported in Table 1A 
and 1B. Results indicate that the flux is sensitive to values 



resmcted to intervals four. five and six in both cases. The 
most important rate parameters were the ones associated 
with interval four in both cases. This can be atmbuted to 
the increasmg precipitation rate beyond 1.000 years AP. 

With SD selected as the performance measure at an 
observation point located at lorn from the surface, the 
reponed reliability methods arc then applied. to estimate the 
uncertainty and sensitivity for exceeding some specified 
targets. In rhis instance, the uncertain parameters are 
assumed to be statistically independent in which case the 
correlation matrix R is rcduced to a unit diagonal matrix. 
The saturated hydraulic conductivity is assumed to have a 
marginal pdf of lopnormal form. whenas the remaining 
parameters arc assigned a n o d  pdf. A coefficient of 
variation (CV = alp) of 0.2 is assigned to all parameters 
with the exception of the climatic trend ra~es, which have 
distinct coefficients of variation as given 111 Tables 1A and 
1B. Note that the p u p  of trend parameters A, and A,,, 
which did not show any significant impact on &e 
performance measure in the reponed deterministic 
sensitivity analysis, were not considered here The total 
number of random variables examined for probabilistic 
analysis in this instance was 45. 

Figure 6a shows the probability hat SD would exceed 
selected CDF target values of q,, at time corresponding to 
10,OOO years. The first approximation for nine CDF values 
was based on the MVFOSM. and an improvement of the 
former solution was achieved through the FORM approach. 
where oniy five target values of 90 corresponding to 
b(Bh(vRlsH), with phcvKlyr taken as 4, -3, 0. 3 and 4 
were selected for the purpose. Note that on average four 
iterations per target value were required by the FORM to 
meet our convergence criterion. set to comspond to a 1% 
relative change in the value of p- observed in two 
successive iteranons. 

Figure 6b shows the probabilistic sensitivity measures y [see 
Eq. (34)] for the fmt six most important random variables 

points (0.000281 and 0.9998) corresponding to the tail 
reg~ons (i.e.. % = -1.30 x lo-* m/yr and q,, = 1.68 x 
dyr ) .  This importance was based on 

= 0) where q,, = 1.87 x lo-’ dyr, results of which are plotted m 
Figure 6b. The nsults indicate that an exclusive reliance on 
the latter may lead the investigator to erroneous 
conclusions. 

Kq, GI69 4x9 qbI,9 4q6* qb,,  cOquwl at IWo selecwl CDF 

SliMMARY 

This paper illustrated a methodology for addressing 
infiltration in a one-dimensional layered variably saturated 

geologic medium in response to climatic forcing. Reported 
were: ( i )  the marhemaucal statement of the intiltration 
problem. including the approach used to solve the n0niiaea.r 
govermng equation. (ii) a model for estimating 
evapotranspiration. (iii) a first order reliability method for 
performing the uncenainty and sensitivity analyses, and (iv) 
a test case of infiitration which accounud for realistic 
climadc and hydrogeologic data with attributes rcprescntative 
of the proposed HLW repository site at Yucca Mountain. 

In addition to providing the CDF of the selected 
performance measure, the fim order nliabdity method has 
proved to be a valuable asset for yielding the probabilistic 
sensitivities. The later w e n  then used to estimate the 
relative importance of the selected random parametas, a 
very useful requirement in performance assessments. 

Although preliminary. these investigations have shown that 
the annual variations resulting from a exput ju-t 
elicitation. have potenriallv significant impact on flux 
perturbation. but produce minor impact on the overall 
movement of the wetting front. 

Because of the sparsity of evapotranspiration related data. 
lysimeter studies may be needed at the site of the proposed 
repository, in order to gain more insight in the actual pnxrss 
of evapotranspiration. 
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Table 1. Input Climate Parameters 

j Years, AP 
a1 , qbIl (dmonth) hlJ (dmonth) 

1 10-100 6.55 E-04 - 1.32E-03 4.68E-03 

2 100-300 -2.64 E-04 2.27E-03 -7.58E-04 

3 300- 1 .OM -5.25 E-OS - 1.22E-04 - 1.75E-04 

4 1 ,ws.o00 3.53 E-03 -4.14E-03 -8.33E-06 

5 5,000-7.500 - 1.45 E-04 4.36E-04 250E-05 

6 7500-10.000 5.33 E-03 -8.23803 -1.m-05 

Q'PI j 

0.13 

0.14 

0.15 

0.15 

0.16 

0.14 

3 

4 

5 

6 

Note: qj/bj = Coefficient of Variation for iij, wherc oij and yj are the mean and standard deviation for paramtcr 
i in period j; iIj = 1.25 x IOs dmonth Vj;  and G2j = 1.2 x dmonth  V j  

Table 2. Input pvnmeters (hydrogeobgy) 

300-1.000 -2. I08E-04 3.075E-04 3.8008-04 0.09 

1,000-5.000 9.275E-04 - I  .209E-03 5.7088-06 0.07 

5.000-7.500 9.27SE-04 - I  .209E-03 5.7088-06 0.08 

7.500- 10,OOO 9.27%-04 - I  .209E-03 5.708E-06 0.09 

I 

2 

4 . 1  2.598-04 20.18 0.36 4.38-03 1.814E-03 

-0.1 4.49E-03 18.5 0.25 5.OE-02 1.022E-03 
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