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Abstract Uncertainty of NRC proposed performance
assessment for the corrosion depth of storage canister of
nuclear spent fuel in time history is preformed using the
differential analysis. The method is demonstrated to
evaluate uncertainty propagation of a system with
incomplete and insufficient data in the preliminary phase
of assessment. The result shows that mean corrosion
depth presents a non-linear regression while variance
demonstrates a first-order linear increase through 1,000-
year time history. By incorporating correlation into pit-
ting factor, uniform corrosion factor, oxygen concen-
tration and chlorine concentration, it is found that the
covariance of pitting factor and chlorine concentration
has the most significant contribution in the variance of
total loss. Incorporating assumed covariance into the
system, the analytical form of uncertainty and impor-
tance for the corrosion depth evaluation can be well
demonstrated from the input parameters.

Keywords Uncertainty analysis Æ Importance
assessment Æ Nuclear waste Æ Canister Æ Groundwater

1 Introduction

Preliminary study of problems of waste package degra-
dation is initiated for nuclear waste final disposal in
Taiwan. NRC’s criteria (1983) for waste package lifetime
of 300–1,000 and 1,000-year prewaste emplacement
groundwater travel time are proposed at current status.
Uncertainty analysis plays an important role in estab-
lishing reliability and reasonable assurance of waste
package performance in the licensing process in the

future. For the unexpected time scale of waste disposal,
uncertainty evaluation must be conducted to measure
performance and safety of waste package.Waste package
performance has been studied by first-order reliability
method (Sutcliffe 1984; Song and Lee 1989). A first-order
second moment reliability method applied to the sto-
chastic analysis of radioactive waste package perfor-
mance is useful for cases where statistical information is
incomplete and insufficient. The method can be used to
solve subsurface environmental problems where only
first- and second-order statistical moments and marginal
probability distributions are available (Song and Lee
1989). A method of uncertainty analysis is illustrated by
analyzing the corrosion of canisters in a nuclear waste
package (Sutcliffe 1984). In his research, uncertainty is
demonstrated by the probability distribution in the form
of histogram. It results that the method is with less cal-
culation than a Monte Carlo approach. For the pre-
liminary phase of nuclear waste disposal, field data are
incomplete and insufficient in many cases. Mean and
variance of the field data are substantially well measured
than aprecise probability distribution. Themean value, or
expected value, is a center value for a specified parameter.
Variance is a measure of deviation from its mean value.
Variance can be taken to identify uncertainty ofmodels or
parameters (Shih 2001). This paper promote the study of
Shih et al. (2002) to analytically measure uncertainty and
importance of parameters in calculation for the corrosion
depth of nuclear spent fuel canister by using the differ-
ential analysis. Only mean value and variance of the sys-
tem output are considered to evaluate parameter
uncertainty and importance of the problem. Differential
analysis has been also discussed and used in the other
fields (NRC 1989; Shih 2001).

2 Differential analysis

It assumes that the mean value and variance constitute
the statistical model of the system. The mean, variance
and covariance can be respectively expressed as
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where j „ k, m is the sample size.
The differential analysis uses the Taylor series to

approximate the system model under consideration
(NRC 1989). It assumes that the model under consid-
eration can be represented by a function of the form

y ¼ f ðp1; p2; . . . ; pnÞ ¼ yðpÞ: ð4Þ

The base values and ranges are selected for the input
variables pj, j=1, 2,..., n. The base values can be pre-
sented by the vector

p0 ¼ ½p10; p20; . . . ; pn0� ð5Þ

Using the multidimensional Taylor series expansion, the
first-order approximation to y is

yðpÞ ffi yðp0Þ þ
Xn

j¼1
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ðpj � pj0Þ: ð6Þ

In essence, uncertainty analysis is to evaluate variance
propagation of input parameters to system response.
Respectively, mean and variance of the corrosion depth
y can be estimated by
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Mean is considered as a center value for a group of
parameters while variance is a measure of deviation
from its center. In the nature, parameter variance can
propagate to system output according to the relation-

ship of Eq. 8. The resultant variance of output response
is dependent on the variance and covariance of the
system inputs.

2.1 Analysis of uncertainty

For spent nuclear fuel storage canister, the loss of con-
tainment time is equal to the breach time of canister plus
the time for leaching and transport of a specified amount
of activity past the waste package boundaries. For
simplicity in illustration, we use the following conser-
vative assumptions: (1) the release initiation time is
equal to the failure or breach time of canisters; (2) the
corrosion in water is occurring from the time of
emplacement; (3) the emplacement is above the water
table so that the maximum temperature is 100�C; and (4)
the water flow rate is so slow that it has no influence on
the corrosion rate. Furthermore, it is assumed that only
uniform corrosion and pitting take place as degradation
mechanisms (Sutcliffe 1984).

As an illustration, we use a formula for corrosion
depth proposed by NRC (1983) in the sample calcula-
tion,

y ¼ kpkhe
a=T ½O�b½Cl�ctm ð9Þ

where y is the corrosion depth (mm); kp is the pitting
factor; kh is the uniform corrosion factor (mm/yearm);
T is the absolute temperature (K); [O] is the oxygen
concentration in groundwater (lg/g); [Cl] is the chlo-
rine concentration in groundwater (lg/g); t is the
exposure time (year); m, a, b, and c are dimensionless
empirical parameters; and e is the exponential func-
tion.

Corrosion depth (y) is the system output with inde-
pendent variable t by incorporating uncertainty into kh,
kp, [O], [Cl], and m. T, a, b, and c are constants in cal-
culation.

From Eqs. 7 and 9, the mean of corrosion depth is
derived as

EðyÞ ¼ EðkpÞEðkhÞea=T Eð½O�ÞbEð½Cl�Þctm ð10Þ

Using Eq. 8, the variance of corrosion depth can be

derived as (Shih et al. 2002)
where

a ¼ EðkhÞea=T Eð½O�ÞbEð½Cl�ÞctEðmÞ ð12Þ

VarðyÞ ¼ a2VarðkpÞ þ b2VarðkhÞ þ c2Varð½O�Þ þ g2Varð½Cl�Þ þ n2VarðmÞ
þ 2abCovðkp; khÞ þ 2acCovðkp; ½O�Þ þ 2agCovðkp; ½Cl�Þ
þ 2anCovðkp;mÞ þ 2bcCovðkh; ½O�Þ þ 2bgCovðkh; ½Cl�Þ þ 2bnCovðkh;mÞ
þ 2cgCovð½O�; ½Cl�Þ þ 2cnCovð½O�;mÞ þ 2gnCovð½Cl�;mÞ

ð11Þ

292



b ¼ EðkpÞea=T Eð½O�ÞbEð½Cl�ÞctEðmÞ ð13Þ

c ¼ bEðkpÞEðkhÞea=T Eð½O�Þb�1Eð½Cl�ÞctEðmÞ ð14Þ
g ¼ cEðkpÞEðkhÞea=T Eð½O�ÞbEð½Cl�Þc�1tEðmÞ ð15Þ
n ¼ EðkpÞEðkhÞea=T Eð½O�ÞbEð½Cl�ÞctEðmÞ lnðtÞ ð16Þ

in which ln refers to the natural logarithm.
For the uncorrelated case, i.e.kp,kh, [O], [Cl], andm are

not correlated, the variance of corrosion depth becomes

VarðyÞ ¼ a2VarðkpÞ þ b2VarðkhÞ þ c2Varð½O�Þ
þ g2Varð½Cl�Þ þ n2VarðmÞ:

ð17Þ

System uncertainty can be analytically evaluated using
Eqs. 11 and 17 for correlated and uncorrelated cases,
respectively.

2.2 Analysis of parameter importance

It defines importance as the contribution of normalized
variance ðuÞ in total uncertainty output for each param-
eter in input. Normalized contribution of uncertainty u
for the correlated case related to Eq. 11 can be derived as

uðkpÞ ¼ ea2VarðkpÞ
uðkhÞ ¼ eb2VarðkhÞ

uð½O�Þ ¼ ec2Varð½O�Þ
uð½Cl�Þ ¼ eg2Varð½Cl�Þ

uðmÞ ¼ en2VarðmÞ
uðkp; khÞ ¼ 2eabCovðkp; khÞ

uðkp; ½O�Þ ¼ 2eacCovðkp; ½O�Þ
uðkp; ½Cl�Þ ¼ 2eagCovðkp; ½Cl�Þ

uðkp;mÞ ¼ 2eanCovðkp;mÞ
uðkh; ½O�Þ ¼ 2ebcCovðkh; ½O�Þ
uðkh; ½O�Þ ¼ 2ebgCovðkh; ½Cl�Þ
uðkh;mÞ ¼ 2ebnCovðkh;mÞ

uð½O�; ½Cl�Þ ¼ 2ecgCovð½O�; ½Cl�Þ
uð½O�;mÞ ¼ 2ecnCovð½O�;mÞ
uð½Cl�;mÞ ¼ 2egnCovð½Cl�;mÞ

ð18Þ

For the uncorrelated case, normalized contributions of
uncertainty in Eq. 17 are presented as

uðkpÞ ¼ ea2VarðkpÞ
uðkhÞ ¼ eb2VarðkhÞ

uð½O�Þ ¼ ec2Varð½O�Þ
uð½Cl�Þ ¼ eg2Varð½Cl�Þ

uðmÞ ¼ en2VarðmÞ

ð19Þ

where e = 1/Var(y).
Having calculations for Eqs. 18 and 19, the contri-

butions of parameters in total uncertainty for y can be

substantially evaluated and then the importance for
parameters can be quantitatively determined.

3 Result and discussion

Given values of parameters and constants are listed as
Table 1. Parts of parameters and constants used in Eq. 9
are cited from Soong and Lee 1989. We assume that kp
and kh are correlated with [O] and [Cl], respectively.
Exposure time is taken as 1,000 years. For the purpose

Table 1 Parameters and constants

Parameter Value

kp
a E =4.700·100 Var =2.756· 100

kh
a E=1.706· 10�1 Var = 1.000· 10�4

[O]a E=7.000· 100 Var = 1.000· 10 �2

[Cl]a E=6.600· 100 Var = 6.400· 10�1

ma E=4.677· 10�1 Var = 9.800· 10�4

aa �1.402· 103

ba 0.200· 100

ca 5.430· 10�1

Ta 3.730· 102

Ta 0–1.000· 103

Cov(kp,kh) 0.0
Cov(kp,[O]) 5.249· 10�2

Cov(kp,[Cl]) 4.200·10�1
Cov(kp,m) 0.0
Cov(kh,[O]) 3.160·10�4
Cov(kh,[Cl]) 2.530·10�3
Cov(kh, m) 0.0
Cov([O],[Cl]) 0.0
Cov([O], m) 0.0
Cov([Cl],m) 0.0

aSong and Lee (1989)

Fig. 1 Mean of the corrosion depth
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of demonstration, covariance is calculated by the mul-
tiplication of variance of parameters in a factor of 10%.
It shows that the mean corrosion depth presents a non-
linear regression type through the time of 1,000 years
(Fig. 1). The variances of corrosion depth demonstrate a
first-order linear increase for both correlated and un-
correlated cases (Fig. 2). The variance of corrosion
depth reaches 0.75 for the correlated case while 0.68 for
the uncorrelated case. Propagation of uncertainty of
corrosion depth for the correlated case is more signifi-

cant than the uncorrelated case in the time history. It is
suggested that the correlated case has a larger uncer-
tainty than the uncorrelated case. The most significant
contribution in total uncertainty is Var(kp) (Fig. 3).
Cov(kp,[O]) is undistinguished for the uncertainty of the
system output. It should be noted that Var(kp) has the
highest importance in the uncorrelated case (Fig. 4).
Var(m) is sharply increased to the 100 year and keep up

Fig. 2 Variance of the corrosion depth

Fig. 3 Importance of parameter for the correlated case

Fig. 4 Importance of parameter for the uncorrelated case

Fig. 5 Importance of parameter through 1,000 years for the
correlated case
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a fixed value from 100 to 1,000 years for the uncorre-
lated case (Fig. 4). From the calculation for averaged
importance through 1,000-year time history,
Cov(kh,[Cl]) and Var(m) are the considerable parameters
for the correlated case (Fig. 5) while Var(kp) is for un-
correlated case (Fig. 6). In order to analytically dem-
onstrate the uncertainty of performance assessment for
the corrosion depth of nuclear spent fuel canister in the
current status, covariance values are assumed. It can be
expected that the analytical form of uncertainty and
importance of parameters for the corrosion depth eval-
uation can be adequately conducted using the differen-
tial analysis.

4 Conclusion

The differential analysis has been used analytically to
evaluate the uncertainty of NRC proposed performance
assessment for the corrosion depth of storage canisters

of nuclear spent fuel in time history. The result shows
that through the time of 1,000 years the mean and var-
iance of corrosion depth demonstrate a non-linear
regression and first-order linear relationship, respec-
tively. The uncertainty of the corrosion depth demon-
strate a linear increase in 1,000-year time history. By
incorporating correlation into pitting factor, uniform
corrosion factor, oxygen concentration and chlorine
oncentration, it is found that the covariance of pitting
factor and chlorine concentration has the highest con-
tribution in the variance of total loss than the other
parameter pairs. The differential analysis is suggested to
evaluate the uncertainty propagation of a system with
incomplete and insufficient data in the preliminary phase
of assessment. Incorporating assumed covariance data
into system, the analytical form of uncertainty and
importance of parameters for the corrosion depth eval-
uation can be well demonstrated using the differential
analysis. In the future, uncertainty analysis can be well
performed using the proposed method and the sample
collected from the real world.
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