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ABSTRACT h*«» * ] I^O 

A detailed stochastic waste package degradation simulation model was developed*^ " » 
incorporating the humid-air and aqueous general and pitting corrosion models for the carbon 
steel corrosion-allowance outer barrier and aqueous pitting corrosion model for the Alloy 825 
corrosion-resistant inner barrier. The uncertainties in the individual corrosion models were 
also incorporated to capture the variability in the corrosion degradation among waste packages 
and among pits in the same waste package. Within the scope of assumptions employed in the 
simulations, the-corrosion modes considered, and the near-field conditions from the drift-scale 
thermohydrologic model, the results of the waste package performance analyses show that the 
current waste package design appears to meet the 'controlled design assumption' requirement 
of waste package performance, which is currently defined as having less than 1% of waste 
packages breached at 1,000 years [1]. It was shown that, except for the waste packages that 
fail early, pitting corrosion of the corrosion-resistant inner barrier has a greater control on the 
failure of waste packages and their subsequent degradation than the outer barrier. Further 
improvement and substantiation of the inner barrier pitting model (currently based on an 
elicitation) is necessary in future waste package performance simulation model. 

INTRODUCTION 

The current design concept for the potential repository at Yucca Mountain employs a 
robust waste package design and other defense-in-depth engineered barrier system (EBS) 
components. A multi-barrier waste container is the primary EBS component and one of the 
major components in the current waste isolation and containment strategy. A thick layer 
(about 100 mm) of carbon steel corrosion-allowance material (CAM) has been proposed as 
the outer containment barrier, and a thin layer (about 20 mm) of Alloy 825 corrosion-resistant 
material (CRM) as the inner containment barrier [1]. 

Given that the waste package must "fail" (i.e., be breached to an extent that the mobile 
water present in the near field environment can ingress into the waste package and any 
dissolved radionuclides can be transported out of the package) before any dissolution of the 
waste form can occur, it is important to be able to predict waste package degradation. 
"Failure" of waste package is defined as having at least one pit penetration through the waste 
container [1]. The degradation rate of the waste container is dependent on (1) the waste 
container design (in particular the materials) used in the waste container fabrication and the 
thickness of these materials)), (2) the near-field thermo-chemical-hydrologic regime (driven 
by the repository design such as the thermal load, the presence of backfill, etc.) in the drifts 
adjacent to the waste container surface (in particular the temperature, relative humidity, and 
chemical and redox conditions), and (3) the degradation characteristics of the waste container 
materials (including the criteria for corrosion initiation and the rate of corrosion as a function 
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of the near field thermo-chemical-hydrologic environment). Information from each of these 
topics is required as input to the waste container degradation model to predict the rate of 
"failure" of the waste packages. This paper discusses the detailed stochastic waste container 
degradation simulation model which was developed recently for the total system performance 
assessment-1995 (TSPA-1995) for the potential repository [2]. 

CORROSION MODELS FOR THE BARRIER MATERIALS 

The stochastic waste container degradation simulation model incorporates the following 
five individual corrosion models: (1) humid-air general corrosion model (including 
uncertainty) for the CAM outer barrier; (2) stochastic humid-air pitting corrosion model for 
the CAM outer barrier; (3) aqueous general corrosion model (including uncertainty) for the 
CAM outer barrier; (4) stochastic aqueous pitting corrosion model for the CAM outer barrier; 
and (5) aqueous pitting corrosion model (including pit growth rate distribution) for the CRM 
inner barrier. Details of the humid-air and aqueous general and pitting corrosion models for 
CAM are given by Lee, et al. [3]. The uncertainties of the individual corrosion models are 
treated stochastically in the waste container simulation model as discussed later. 

A pitting corrosion model for the Alloy 825 CRM inner barrier, which was developed 
from an elicitation discussed in the previous TSPA [4], is employed in the stochastic waste 
container degradation simulation. The elicitation provides a range of "constant" (time-
independent) pit growth rates in. aqueous conditions at 70 and 100°C. In the elicitation, the 
pit growth rate ranges are presented as the median, 95th percentile and 5th percentile growth 
rates. Since pits grow at a decreasing rate with time, the "constant" pit growth rates given in 
the elicitation are conservative. An improved pitting model is expected when more site-
relevant pitting corrosion data become available. For the pit growth rate ranges at other 
temperatures, these values were extrapolated as a function of temperature in an Arrhenius-. 
type functional form. The resulting functional form for the median pit growth rate is given as 
follows: 

In* =50.373 - 1 9 6 5 5 ' 8 5 (1) 
p J* 

where Rp is the constant pit growth rate (mm/yr), and T is temperature (K). The median pit 
growth rate as a function of temperature is shown in Fig. 1 along with the 95th and 5th 
percentile growth rates. The pit growth rate decreases exponentially with decreasing 
temperature, and the rate at room temperature is about 6 orders of magnitude less than the 
rate at 100°C (373 K). In the stochastic simulation model, pit growth rates for the Alloy 825 
inner barrier are sampled randomly, based on the 95th and 5th percentile pit growth rate 
ranges. . 

STOCHASTIC WASTE PACKAGE DEGRADATION SIMULATION MODEL 

An overview of the stochastic waste package degradation simulation model is shown in 
Fig. 2. The humid-air and aqueous general and pitting corrosion models (with uncertainties) 
for the carbon steel outer barrier, and the aqueous pitting corrosion model (with uncertainties) 
for the Alloy 825 inner barrier are incorporated into the stochastic waste package degradation 
simulation module. The drift-scale temperature and humidity profiles at the waste container 

2 



Pit Growth Rata vs Temperature 

260 280 300 320 340 360 380 
Exposure Temperature (K) 

400 

Figl. Distribution of constant pit growth 
rate in the Alloy 825 inner barrier as 
a function of temperature. 

surface are fed into the waste package 
degradation simulation module as a lookup 
table. The waste package degradation 
simulation module calls on appropriate 
corrosion model(s) depending on the near-field 
environment and the waste container 
degradation at a given time step. The 
simulation module provides as output the 
"failure" time for each waste package, which 
corresponds to the time for the initiation of 
waste form alteration (or radionuclide 
mobilization) inside the waste package. The 
simulation module also provides the pitting 
history of a "failed" waste container in terms of 
the number of pit penetrations as a function of 
time. A total number of pit penetrations at a 
given time gives an area on the waste container 
that is available for transport of mobilized 
radionuclides through the waste container. The 
waste package "failure" time and subsequent 

pitting history of the container are incorporated into the EBS transport model. 
The algorithm for the waste package degradation simulations is described in the flow chart 

shown in Fig. 3. In the simulations, the time steps are discretized such that within any time 
step, both the relative humidity and the temperature are relatively constant (e.g., within 2% 
difference in a given time step). For each simulated waste package, random values are 
selected to represent the mean values on that particular waste container of each of the 
parameters in the corrosion models. This selection process is represented by the second box 
in the flow chart Based on the mean values already selected for each waste container, 

random values were sampled for 
each pit to represent the parameters 
in the corrosion models. This is 
represented by the third box in the 
flow chart 

Once the parameter values for the 
corresponding corrosion model are 
known for a given pit, the depth of 
that pit is tracked through each time 
step. Within each time step, the 
average relative humidity and 
temperature are calculated. These 
are used to determine whether 
humid-air or aqueous corrosion is 
occurring, and at what rate corrosion 
is occurring. Based on this 
information, the model calculates 
how much corrosion occurs during 

.that time step, and checks if the pit 
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Fig. 3 Flowchart of the stochastic waste package degradation simulation model. 

penetrates the waste container. If the pit penetrates the waste container during that time step, 
then the time when the pit penetrates the waste container is also calculated. This is illustrated 
in the fourth through seventh boxes of the flow chart 
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ASSUMPTIONS IN THE STOCHASTIC WASTE PACKAGE DEGRADATION 
SIMULATION 

Major assumptions made in the stochastic waste package degradation simulation are discussed 
in the following section. Reference^) for the basis of the assumptions are given if available. 

(1) Humid-air general and pitting corrosion of the carbon steel outer barrier is assumed to 
initiate when the waste container surface temperature is below 100°C and the relative 
humidity (RH) reaches a threshold value which is uniformly distributed between 65 
and 75% [5,6]. Aqueous general and pitting corrosion of the outer barrier is assumed 
to initiate at a threshold RH which is uniformly distributed between 85 and 95% RH 
171. 

(2) Complete and positive correlation of the humid-air corrosion initiation threshold and 
the transition threshold from humid-air corrosion to aqueous corrosion is assumed. 
That is, if humid-air corrosion initiates at 65% RH, then aqueous corrosion initiates at 
85% RH. 

(3)' The Alloy 825 corrosion resistant inner barrier material is assumed to be subjected to 
aqueous pitting corrosion only (not to general corrosion) [8]. 

(4) When pits reach the inner barrier through the outer barrier, aqueous conditions are 
assumed. This is based on the observations that the capillary condensation of moisture 
by gel-like porous corrosion products of the outer barrier covering the inner barrier 
surface [5] and the hygroscopic nature of many corrosion products [7,9] would provide 
an aqueous corrosion condition at the surface of the inner barrier. 

(5) In the post-closure repository, about 10,000 waste packages will be spread over the 
repository area, and a local corrosion environment in one part of the repository may be 
different from that in another part. This variability of the local corrosion environment 
is referred to here as waste package to waste package variability. Also, since a waste 
container has a relatively large surface area (about 37 m2), the corrosion rate on one 
part of the waste container may be different from that on another part of the waste 
container. This variability in the corrosion rate on a waste container is referred to 
here as pit to pit variability. The variability among waste packages and the variability 
among pits are accounted for by equally splitting the uncertainties in the corrosion 
models into the two variabilities. The variability in the pitting factor for the carbon 
steel outer barrier is used entirely for pit to" pit variability. 

(6) The carbon steel outer barrier has a pit density of 10 pits/cm2 [10-12], and the same 
pit density is also assumed for the inner barrier. The pits are assumed to form 
uniformly over the entire waste package surface, and a "constant" pit radius of 0.56 
mm is assumed for all the pits. 

(7) All the pits that can form on a waste container start to grow at the same time when 
the waste container surface reaches the threshold conditions given in Assumption (1), 
i.e. pit initiation is not explicitly considered. 

RESULTS AND DISCUSSION 

The temperature and humidity profiles at the waste container were provided from a drift-
scale thermohydrologic model of the near-field environment, which was based on a realistic 
geometric configuration. Detailed descriptions of the thermohydrologic model and the 
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Fig. 4 Temperature and RH profiles at the 
waste container surface for the case of 
83 MTU/acre, high infiltration rate, and 
without backfill. 

calculation results are given in the recent 
M&O reports [2,13]. Shown in Fig. 4 are 
the calculated results for the temperature and 
RH profiles with time at the waste container 
surface for the case of 83 MTU/acre, high 
infiltration rate (0.3 rnm/yr), and without 
backfill. The container surface temperature 
reaches the maximum at about 170°C 
between 10 and 20 years, then decreases to 
100°C at about 2,000 years, and continues to 
decrease steadily towards the ambient 
temperature. The RH at the waste container 
surface remains below 70% until about 400 
years It reaches about 80% at 1,000 years, 
about 90% at 2,000 years and about 98% at 
10,000 years. These temperature and RH 
profiles were incorporated into the stochastic 
waste package degradation simulation model. 

A set of simulations for the above case 
was performed assuming that corrosion of 
the carbon steel outer barrier initiates when 
the temperature at the waste container 

surface becomes less than 100°C and the relative humidity is above the threshold value 
defined in Assumption (1). The simulation results discussed below are for a total of 400 
waste containers with 250,000 pits per waste container. In the simulation, all the waste 
containers is assumed to have the same temperature and relative humidity profiles shown in 
Fig. 4; however, the variability in the corrosion rates due to the potential variations in the 
local near-field environment (i.e., including the effects of the temperature and relative 
humidity variations) are captured as discussed in Assumption (5). The use of a reduced 
number of waste packages and pits are due primarily to the constraints in computing 
resources. It was demonstrated that similar simulation results are obtained with a higher 
number of waste containers and pits [2], 

The simulation results are shown in Figs. 5-(A) and (B). As previously indicated, at about 
2,000 years the waste container temperature decreases to 100°C, and RH approaches about 
90%. Thus, most of the waste packages in the repository are exposed to an aqueous 
corrosion condition. The effects of this aqueous corrosion environment at elevated 
temperatures are illustrated in Fig. 5-(A) which presents the "failure" (i.e., at least one pit 
penetration) history (or "empirical" cumulative density function(CDF)) for 400 waste 
containers. Also shown in the figure is the empirical CDF of waste packages with the outer 
barrier failure. Points in the two CDFs do not necessarily correspond each other (for 
example, the fifth waste'package with the outer barrier failure is not necessarily the fifth 
waste package with the inner barrier failure). Waste packages start to fail at about 2,200 
years, and the number of failed waste packages increases rapidly before beginning to flatten 
out at about 6,000 years. As shown in the figure, once they begin to fail, all the outer 
barriers fails in a short period, while the inner barrier failures spread out with time 
(particularly in later times), and this is due mostly to the exponentially decreasing pit growth 
rate with temperature (Fig. 1). 
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This result is expected from the temperature and humidity profiles at the waste container 
surface (Fig. 4). After corrosion initiates at about 2,000 years, the waste container 
temperature steadily decreases from 100 to 70°C at about 4,500 years, and RH is between 90 
and 95% during this time period. This indicates that the carbon steel outer barrier of most 
waste packages undergo aqueous corrosion at high corrosion rates. Additionally, at these 
temperature conditions, the "constant" (time-independent) pit growth rate for the inner barrier 
(Fig. 1) is also high. It is also shown in the figure that about 6% of the waste packages do 
not have a first pit penetration by 100,000 years. 

Representative pitting histories for 25 waste packages, randomly selected from the waste 
packages that fail before 100,000 years, are shown in Fig. 5-(B). The waste package with the 
'highest pit penetrations' has about 4% of the total of 250,000 pits penetrated at 10,000 years, 
and then the number of pit penetrations increase steadily. This is caused mainly by a very . 
low pit growth rate for the inner barrier beyond 10,000 years (i.e., the waste container 
temperature decreases to about 50°C at 10,000 years). Other waste packages follow similar 
pitting histories. 
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Fig. 5 Waste package degradation simulation results for the case of 83 MTU/acre, high 
infiltration rate, and without backfill: (A) waste package failure history; and (B) 
representative pitting histories for 25 waste packages. 

SUMMARY AND CONCLUSIONS 

A detailed stochastic waste package degradation simulation model has been developed, 
and the stochastic simulation model incorporates the following five individual corrosion 
models: 1) humid-air general corrosion model for the carbon steel corrosion-allowance outer 
barrier; 2) stochastic humid-air pitting corrosion model for the carbon steel outer barrier; 3) 
aqueous general corrosion model for the carbon steel outer barrier; 4) stochastic aqueous 
pitting corrosion model for the carbon steel outer barrier; and 5) aqueous pitting corrosion 
model for the Alloy 825 corrosion-resistant inner barrier. The uncertainties in the individual 
corrosion models were incorporated to capture the variability in the corrosion degradation 
among waste packages and among pits in the same waste package. 
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Within the scope of assumptions employed in the simulations, the corrosion modes 
considered, and the near-field conditions from the drift-scale thermal-hydrologic model, the 
results of the waste package performance analyses show that the current waste package design 
appears to meet the 'controlled design assumption' requirement of waste package performance, 
which is currently defined as having less than 1% of waste packages breached at 1,000 years 
[1]. Breach (or "failure") of waste package is defined as having at least one pit penetration 
through the container. 

It has been shown in the simulation result analyses that, except for the waste packages 
that fail early, pitting corrosion of the corrosion-resistant inner.barrier has a greater control on 
the failure of waste packages and their subsequent degradation than the outer barrier. The 
current aqueous pitting corrosion model for the inner barrier is based on an expert elicitation 
and is expressed as a distribution of "constant" (time-independent) pit growth rate as a 
function of exposure temperature only. The inner barrier pitting corrosion model should be 
improved and substantiated in future waste package performance analyses. Other important 
parameters that need to be included in the inner barrier pitting corrosion model would be the 
effects of near-field chemical environments and exposure time. It has been reported that 
localized corrosion such as pitting and stress corrosion cracking are interrelated because the 
sites of localized corrosion attack become the sources of initiation of stress corrosion cracking 
[14,15]. Thus, synergistic effects of pitting and other localized corrosion combined with 
stress corrosion cracking need to be included in future waste package performance analyses. 
Additionally, the effects of microbiologically influenced corrosion on waste package 
performance should also be included. 
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