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ABSTRACT

The Weibull distribution is
widely used in reliability literature
as a distribution of time to failure,
as it allows for both increasing
failure rate (IFR) and decreasing
failure rate (DFR) models. It has also
been used to develop models for an
engineered barrier system (EBS), which
is known to be one of the key
components in a deep geological
repository for high level radioactive
waste (HLW). The EBS failure time can
more realistically be modelled by an
IFR distribution, since the failure
rate for the EBS is not expected to
decrease with time. In this paper, we
use an IFR distribution to develop a
reliability model for the EBS.

INTRODUCTION

The department of energy (DOE) is
presently investigating the
suitability of Yucca mountain in
southern Nevada as a site for deep
geological repository of HLW. Flueck
and Singh (1992) considered the
performance assessment modelling of
HLW repository selection problem from
a Bayesian reliability approach, and
one oi the key components affecting
the complementary cumulative
•iistribution function (ccdf) of
normalized sum of radionuclide release
\s the EBS reliability. A three-
parameter Weibull distribution has
oeen used in the performance
assessment model developed by the
rlectric Power Research Institute

(EPRI) (Bullen, 1992) to assemble a
reliability model for the EBS. The
EBS reliability model of Bullen is
essentially a mixture of a three-
parameter Weibull distribution for
'early failures' with a distribution
which is a product of two other
Weibull distributions. Bullen used
data available in the literature to
select values for the Weibull
parameters. We develop alternative
models for EBS reliability based on an
IFR distribution. The hazard rate for
our distribution is a composite
function which is a constant up to a
threshold value, and strictly
increases with time after this
threshold. Ananda and Singh (1992)
proposed one such model, and also
investigated estimation of its
parameters. Using data available in
the literature, we will select values
of. the parameters of the proposed
distribution, and compare our EBS
reliability model with Bullen's model.

In Section 2, we describe the
composite hazard rate model of Ananda
and Singh (1992). In Section 3, we
follow the approach used by Bullen
(i992) and develop a reliability model
for the EBS. In Section 4, we
graphically compare our model with
that of Bullen.

2. COMPOSITE HAZARD RATE MODEL

Bullen (1992) considered two
basic designs for EBS: a single metal
barrier system, and a multiple barrier
system. The failure time of th? r- si
ms BDaim.m is ^



oarrier in the EBS can be modeled in
on̂ e of the two ways:

(i) directly by choosing a suitable
probability density function (pdf)
f(x) or its cumulative distribution
function (cdf) F(x),

or
(ii) indirectly, by first choosing a
failure rate or hazard rate function
h(t) and then using the following
formula to obtain the failure time pdf

-jhix)dx
fit) = h{t)e •>

Bullen (1992) took the first
approach and used the well-known
Weibull distribution as a model for
the life time of a metal barrier; his
form of the cdf of a 3-parameter
Weibull distribution is given by

Fit) =0 if t < x1

= 1 - e

(2.2)

X
x .

Ananda and Singh (1992) have used
the second approach. The hazard rate
of the metal barrier should be
constant over a period of time, and
then should strictly increase with
time. The composite hazard rate model
of Ananda and Singh ^992) is one such
model and involves three parameters:

( 2' 3 )

Using (2.3) in (2.1) yields the
following IFR distribution of Ananda
and Singh (1992):

fit) =

(2.4)
and the corresponding cdf is given by

Fit) = (J (2.5)

The hazard rate model (2.1) is a
special case of polynomial hazard rate
-oriels discussed in Bain (1978). The
parameter A represents the constant

early failure rate, •' is the threshold
parameter, and (3 is the rate of
increase in the hazard rate after the
early failure period.

Figures 1 and 2 show plots of the
hazard rate function (2.3) and the
corresponding cdf for the following
parameter values:

6 = 1000
X = 0.00016
3 = 6.5 x 10-13

Figure 1: Plot of composite
hazard rate
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Figure 2: P lo t of cdf for che
composite hazard r a t e
model



3. EBS RELIABILITY MODEL

The EBS essentially has two
components: a (single or multiple)
.netal barrier, and the waste form
(cladding). The early (chance)
failures are handled by Bullen by
assigning a small probability c1
(0.005) to the event 'early failure1,
and then using an exponential early
failure time distribution, to obtain
-.he following model C(t) for
"eiiability of a single metal barrier
EBS:

= c, FE(t
(1

(3.1)
E

-c,) FH(t) F,c
•/here FE(t) = cdf of time to early

failure

FH(t) = cdf of time to failure
of the (single) metal
barrier

Fc(t) = cdf of time to failure
of the cladding.

Bullen's model for C(t), in the
case of a double metal barrier EBS,
is:

C(t) = c, FE(t)
( 1 )

(3.2)
» FH2(t) F(ct)

where FE(t) = cdf of time to early
failure

FN1(t) = cdf of time to failure
of the first metal
barrier

;t) = cdf of time to failure
of the second metal
barrier

•M2

Fc(t) = cdf of time to failure
of the cladding

As mentioned earlier, Bullen has
used the Weibull cdf (2.2) to model
FH(t), FH1(t), FM2(t)f and Fc(t). A
one-parameter exponential distribution
vas used for F£(t). This gives a total
of 8 parameters in the model (3.1) and
11 parameters in the model (3.2).

In this paper,
oarameter composite

we use the 3-
hazard rate cdf

'2.5) to model FM(t), FM1 (t) , F,,a(t),
ir.d Fc(t). Since the composite hazard
"ate cdf (2.5) is designed to handle

early failures, our expression for the
reliability C(t) of a single metal
barrier container is:

C(t) = FH(t) F(ct) (3.3)

and that for the double metal barrier
EBS is:

C(t) = FM1(t) FM2(t)F(ct). (3.4)

Since a 3-parameter composite
hazard rate cdf (2.5) is used to model
all the cdf's, our EBS reliability
model (3.3) has a total of 6
parameters, and the model (3.4) has 9
parameters.

Bullen (1992) considers two
scenarios for the EBS:

(i) a 1 cm thick, single metal barrier
design that is constructed of high-
nickel Alloy 825, with the following
Weibull parameters

x, = lower limit of metal barrier
lifetime

= 500 yr

f1 = scale parameter of the metal
barrier lifetime distribution

= 5000 yr

b, = shape parameter of the metal
barrier lifetime distribution

The mean of the early failure
exponential distribution in this case
was taken to be

t1 = 500 yr

and the parameters for the lifetime
distribution of cladding were taken to
be

x2 = lower limit of cladding lifetime
= 540 yr

f2 = scale parameter = 5040 yr

b2 = 2.

(ii) a double metal barrier design
consisting of a 0.5 cm thick, highly
corrosion resistant titanium outer
covering and a 1 cm thick inner metal
barrier of corrosion resistant high-
nickel alloy (C-4). The Weibull
parameters for the outer and j"ner



carriers and cladding were taken to
be:

•<1

f 1

! )1

X2

P
^2

y 3

!:3

• ' 3

= 1000 yr

= 5000 yr

= 1

= 2000 yr

= 25,000 yr

= 3000 yr

= 29,000 yr

We have selected the three
•arameters of the composite hazard
:ate model as follows:

(a) set the threshold parameter 6
•aqual to the lower limit of the
Weibull lifetime distribution,

;b) find the other two parameters A,
rind fi by matching two suitably chosen
quantiles to the corresponding Weibull
cdf.

This leads to the following
parameter values for the two container
designs considered by Bullen (1992):

Single Metal Barrier System

Metal Barrier

6. = 500 yr
A, = 1.791 x 10-A
3, = 3.582 x 10-13

Cladding

6, = 540 yr
\\ = 1.176 x 10"4

(32 = 8.059 x 10"
12

Double Metal Barrier System

Metal Barrier 1

6. = 1000 yr
A. - 1.622 x 10-4

13, = 6.487 x 10"13

Metal Barrier 2

5, = 2000 yr
A, = 3.659 x 10"5

|32 = 2.342 x 10"
15

Cladding

<5, = 3000 yr
A, = 2.051 x 10"5

|33 = 4.226 x 10"
1*

Substitution of the parameter
values of the Weibull parameters in
(3.1) and (3.2) gives Bullen's models
of the reliability C(t) of the single
metal barrier and multiple metal
barrier EBS, respectively.
Substitution of the parameter values
of the composite hazard rate model in
(3.3) and (3.4) yields corresponding
composite hazard rate models. These
plots are shown in Figures 3 and 4. It
can be seen from these figures that
both of the models behave very
similarly for our selected examples.
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Figure 3: Reliability of an
Alloy 825 single metal
barrier container
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Figure 4: Reliability of a
Ti/C-4 multiple metal
barrier container
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SUMMARY AND CONCLUSIONS

Models for reliability of a single
metal barrier container design and a
multiple metal barrier container
design have been developed using a
composite hazard rate model. These
models have been compared with
existing models based on the Weibull
distribution. Our selected comparisons
indicate that similar results can be
obtained by using our hazard rate
model which depends on a smaller
number of parameters than the
corresponding models based on the
Weibull distribution. Also, the
hazard rate model appears more
realistic in that it does not allow
the failure rate to decrease.
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