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ABSTRACT

The purpose of this report is to summarize information on three aspects pertaining to reliability of
radioactive high-level waste (HLW) packages for disposal: (i) reliability data for certain containers,
(ii) corrosion engineering experience, and (iii) design and fabrication methodology. Data and information
from various technical publications provided the basis for this report.

Reliability data for nuclear fuel rods, steam generator tubes, and pressure vessels indicates high reliability
when potential failure mechanisms and service conditions are well understood and accommodated in
design. Reliabilities significantly exceeding 99.9 percent are typically achieved for the example products
chosen, although none are direct analogues for HLW containers.

Potential corrosion mechanisms for underground structures have historically been difficult to predict, and
only after failures occurred in initial installation and designs have remedies been developed. Generalized
preventive measures have been typically ineffective, since each installation offers unique features, such
as materials of construction, properties of backfill materials and native soil, presence of moisture and
ions, electrical potential and conductivity, presence of stray electrical currents, and cathodic protection
design. The service environment must be well understood so that choice of materials and processes can
be tailored accordingly.

The systems approach to design has provided significant benefits in other projects by minimizing the
likelihood of overlooking major pitfalls and ensuring attention to each step of the design process. For
systems such as the HLW disposal packages, for which corrosion is expected to initiate deterioration,
identification and characterization of potential failure mechanisms is especially important so that the
design will be capable of containing nuclear waste and, subsequently, controlling radionuclide releases.
Modem design and manufacturing processes can be used to minimize parametric variability during
fabrication of components such as the HLW container. If the implications of variability of manufacturing
parameters, along with other parameters, on long-term performance of the HLW containers can identify
acceptable parametric variation, adequate control during manufacture can lead to successful performance.
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EXECUTIVE SUMMARY

The reliability of high-level radioactive waste (HLW) packages to meet the disposal requirements in Code
of Federal Regulations (CFR) Title 10, Part 60 for the disposal of HLW presents a challenge for
designers. An understanding of the reliability that is achievable in practice can be derived from examples
selected for this review, although no example will serve as a direct analogue for HLW containers.

Data on the reliability of fabricated metallic components and systems indicate that expected reliability
levels exceeding 99.9 percent are readily achievable when failure mechanisms and service conditions are
well defined. Their definition has historically occurred in a gradual process involving strict adherence to
quality control (QC), and the ability to enact countermeasures which minimized failures due to previously
observed mechanisms of failure. The typical service life for those fabricated metallic components and
systems whose reliability was discussed here is much shorter than that expected for HLW packages.

Fuel rod cladding reliability levels have exceeded 99.99 percent in recent years, although failure
mechanisms have changed over the years. As one failure mechanism has been identified and
countermeasures successfully developed, new failure mechanisms have been observed. Differences exist
in failure modes in pressurized water reactors (PWRs) and those in boiling water reactors (BWRs).
Historically, the process of obtaining high reliability in cladding of fuel rods involved a learning curve,
strict adherence to QC, and the ability to enact countermeasures which minimized failures due to
previously observed mechanisms of failure.

Another example for which a number of new failure modes have been observed with time and alleviated
successfully is the case of steam generator tubes in PWRs. High-reliability levels (greater than 99.99
percent) were achieved after subtle problems, which were not anticipated, were encountered and
subsequently prevented.

For pressure vessels, failure rate statistics indicate that expected values for reliability of pressure vessels
exceed 99.9 percent for disruptive failures, based on a 40-year life. The 99-percent confidence limit for
upper bound of expected reliability of steam drums built to ASME Section I is estimated to be 99.96
percent, over a 40-year vessel life. Development of pressure vessel standards and analytical methods over
the past 100 years has contributed significantly to the ability to achieve such high reliability levels. Also,
technology for fabricating and inspecting pressure vessels has become increasingly better. Potential
mechanisms of failure for pressure vessels, as a result, are relatively well understood and prevented for
a 40-year life.

For the waste packages (WPs), the predominant concern for meeting the design life requirement is
currently localized corrosion, and the focus of analytical work is presently on a fundamental
understanding of localized corrosion mechanisms. Experience with applications in corrosion engineering
is reviewed in this report to provide insight into the underground corrosion process and its control and
to provide information on the potential improvements in reliability that are likely to result by using state-
of-the-art practices to develop disposal packages.

Potential corrosion mechanisms for underground structures have historically been difficult to predict, and
only after failures occurred in initial installation and designs have remedies been developed. Generalized
preventive measures have typically been ineffective since each installation offers unique features. These
include the singular combination of materials of construction, properties of backfill materials, native soil
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properties, presence of moisture and ions, electrical potential and conductivity, presence of stray electrical
currents, and cathodic protection design. The serviceability of a structure is obtained by tailoring
materials for use in a well-understood environment.

Accurate characterization of the near-field environment can improve the opportunity for success since
failure mechanisms can be anticipated more accurately. The design should be tailored to take into account
all known factors, and it should reflect an understanding of electrochemical processes to be encountered.
Factors contributing to increased reliability include homogeneity of local environment, dryness,
electrochemical compatibility with nearby anodic metallic structures, lack of stray currents, and ability
to monitor and enact remedies as appropriate.

The WP design will benefit significantly from a systems approach, which minimizes the likelihood of
overlooking significant pitfalls and ensures attention to each step of the design process. Potential failure
mechanisms must be identified and characterized so that the design will be capable of controlling
radionuclide releases.

To minimize parametric variability during fabrication of the HLW container, modem design and
manufacturing processes should be used. Acceptable parametric variation measured during manufacture
should be identified, along with their implications in coordination with other parameters on long-term
performance.

It is most important that a knowledge base be built to such an extent that the WP can be credibly
evaluated in support of providing the necessary information for the NRC compliance determination
methodologies. The short-term data which will be used for demonstrating long-term performance of the
Engineered Barrier System (EBS) design will require extrapolation. To accomplish this, established
industry standards and practices for design should be used where possible.
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1 INTRODUCTION

Nuclear Regulatory Commission (NRC) regulations governing the disposal of high-level radioactive waste
(HLW) in geologic repositories are set out in the Code of Federal Regulations (CFR) Title 10, Part 60
(Nuclear Regulatory Commission, 1992). "Performance of Particular Barriers after Permanent Closure,"
10 CFR 60.113, includes the performance objectives for the engineered barrier system (EBS).

In the disposal of HLW, it is anticipated that large numbers of waste packages (WPs) will be used to
contain and control the release of radionuclides. The reliability of these packages must be assessed in
relation to the requirements in 10 CFR Part 60 for the disposal of HLW. This report takes a first look
at some of the available historical data on the reliability of fabricated metallic components and systems,
with the expectation that the available data will furnish an understanding of the reliability that is
achievable using practices similar to those used in examples selected for this review. It is recognized at
the outset that no examples will serve as direct analogues for HLW containers. Procedures which have
been developed in industry to improve reliability are also discussed in this report, along with examples
to indicate where success has been achieved and where performance has fallen short of expectations.
Experience with applications in corrosion engineering is reviewed to provide insight into the underground
corrosion process and its control. This first look is expected to provide information on the potential
improvements in reliability that are likely to result by using state-of-the-art practices to develop disposal
packages.

1.1 BACKGROUND

The performance objectives stipulated in 10 CFR Part 60 require that of the EBS shall be
designed so that, assuming anticipated processes and events, containment of HLW within the WPs shall
be substantially complete during the containment period (300 to 1,000 yr), and any release of
radionuclides from the EBS shall be a gradual process which results in small fractional releases to the
geologic setting over long times. If the overall system performance objective as it relates to both
anticipated and unanticipated processes and events is not satisfied, additional requirements on the design
of the EBS may be required.

To comply with the containment performance objective, the U.S. Department of Energy (DOE)
is expected to develop extensive data to design and construct WPs and to characterize the environment
that the WPs will experience. The DOE compliance demonstration methods are expected to be based
largely on predictive, sometimes complex, mathematical models. Because the minimum expected service
period for the WPs is between 300 to 1,000 yr, whereas common engineering service experience rarely
extend beyond 30 to 50 yr (even less for laboratory data), the problem of predicting performance is
difficult. For this reason, mere extrapolation of available data on service experience and/or laboratory
tests could lead to inordinate degrees of uncertainties. Therefore, predictive mathematical models will rely
heavily on: (i) our understandings of the mechanisms of alteration of the materials; (ii) the ability to
predict environmental conditions; and (iii) the reliance, to some degree, on the application of expert
judgements where information is lacking or insufficient.

Service conditions that affect the life of the WP include various degrees and states of saturation
of the environment (e.g., dry, alternately dry and wet, wet), oxidizing conditions, temperature range from
ambient to moderately elevated (300 'C), and radiation effects including those generating peroxides. In
practice, the performance of WP components will be evaluated by the adequacy of the WP design (which
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is based on performance objectives in 10 CFR 60.113) and the environmental conditions experienced by
the WP materials/components. A major consideration in the WP design is the development of an adequate
understanding of long-term material behavior. The processes important to the long-term behavior of
materials include nobility of the metal, rate of general corrosion, susceptibility to localized corrosion, and
hydrogen effects. Strength, fracture toughness, and ductility are, in general, better understood parameters.
Processes used to fabricate components are important in relation to performance and they are considered
in the selection of the most pertinent case histories.

A number of technical uncertainties have been identified which are pertinent to the design,
construction, and performance of waste packages. These uncertainties include:

* Difficulty in predicting the changing environment of the WP, the EBS, and the near-field
environment, over extended periods of time-including the effects of radiation from
components of the waste

* Uncertainties on the modes and rates of degradation of materials/components in the
repository environment over extended periods of time

* The effects of the repository on the host media-uncertainties related to the alteration of the
near-field environment

* Stresses induced in the WP and the underground facility by heat from emplaced WPs

* Inaccessibility of the WPs after the repository is sealed and closed

In addition, the extreme length of time specified for containment (300 to 1,000 yr) and the large
number of containers coupled with a very high level of required reliability make the design of HLW
packages very challenging.

The success of the WP design will partially derive from an approach which embodies good
design practice which benefits from past engineering experience. Recognizing that no component or
system design should expect 100 percent success, the NRC has an interest in understanding two facets
of past engineering experience: (i) what levels of reliability can be expected for the components of a WP,
and (ii) what DOE design process and quality control (QC) procedures will be required to attain reliability
levels so that the performance requirements can be met with reasonable assurance.

1.2 PURPOSE AND SCOPE

The purpose of this report is to review engineering experience on the reliability of fabricated
components, especially those that have requirements for a very high reliability of a large number of
components. These reliability data and the associated fabrication methods are expected to be useful in
establishing guidelines and expectations for WP components. Therefore, case histories are reviewed to
highlight methodologies and instances for which success has been achieved. A significant aspect of the
available data is whether or not engineered components have met or exceeded the performance
requirements for which they were designed. Emphasis is given to components or service conditions that
most closely match selected, critical aspects of properties or service conditions expected to be important
in the design of WP components. It is recognized that the ability to meet this latter goal is limited due
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to insufficiency of pertinent data. The potential causes of failures are reviewed along with suggestions
on their remedies.

The objective is to determine how to avoid failures for selected problems in a WP design. The
role of government regulations and accepted industry standards are presented for several types of
engineering design applications; this information is intended to illustrate the usefulness of regulations and
standards in terms of success in service. Only limited case histories are reviewed here. They include
components for nuclear applications, industrial storage tanks, pipelines, and pressure vessels. This is not
intended to be a comprehensive compendium. Rather, the intent is to portray the state-of-the-art of
engineering capability to design and fabricate with very high reliability for a large number of units,
produced under the constraints of standards and codes that are intended to furnish minimum levels of
acceptable properties and performance.
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2 NUCLEAR COMPONENTS AND PRESSURE VESSELS-
CASE HISTORIES

In this section, the engineering experience related to pressure vessels and three nuclear components are
reviewed: (i) fuel rod cladding, (ii) steam generator tubes, and (iii) Waste Encapsulation and Storage
Facility (WESF) capsules. For pressure vessels, fuel rod cladding, and steam generator tubes, the
historical failure data provide insights on what failure rates might be expected for highly designed and
well fabricated engineering components. Reliability of fuel rods, as reported in the literature, is generally
equivalent to fuel cladding reliability, since failure does not occur as long as the cladding integrity
remains. For the WESF capsules, there are no statistically significant historical failure data available to
draw any reasonable inferences about possible failure rates. However, the engineering experience
concerning WESF capsules can provide insight as to potential problems that can occur in the experience
of repository-engineered components.

2.1 FUEL ROD PERFORMANCE

Engineering experience with fuel rods in service in nuclear power plants may be useful in
gaining perspective on the reliability of WPs for HLW in underground repositories. Fuel rods have a
number of characteristics in common with WPs. For example, both are or will be produced in large
quantities and both are or will be subjected to stringent QC and surveillance programs.

However, it should be emphasized that there are important differences between fuel rods and
WPs. Fuel rods have short service lives (e.g., about 5 yr), whereas the present goal for WPs is for
service lives on the order of 300-1,000 yr. In addition, the present high reliability achieved by fuel rod
technology occurred only after a learning period, whereas such a learning period may not be possible for
WPs.

It should be noted that fuel rod reliability is calculated and reported by two methods:
(i) cumulative reliability [i.e., if x rods where placed in service during a specified time period and y rods
failed in that period, then the reliability is (x-y)/x], and (ii) annual reliability [i.e., if the average number
of rods in service during a year is v and w rods failed during the year, then the reliability is (v-w)/vI.
For the purposes of this report, the differences between the two reliabilities are believed to be
insignificant.

It should also be noted that the reliability estimates quoted in this section are based upon data
supplied by the various vendors and utilities and that these data are often conservatively inferred from
indirect data. Furthermore, the data are often inconsistent as to what constitutes a failure and the cause
of a failure. As Baily et al. (1991) observe, "the threshold of what constitutes abnormal degradation is
not uniform throughout the industry .... The definition of failed fuel is tied to the functional, legal, and
detection requirements on the fuel. The designation of fuel as failed depends on which functional
requirement is not met (safety, commercial, or design), whether or not there is a legal contingency on
that requirement (technical specification, fuel warranty, or design basis), and which indicator is used
(coolant or off-gas activity, sipping, strain, or deflection) [to characterize fuel as failed]." Therefore, the
reliabilities quoted in this section should not be used to compare the reliabilities of vendors, fuel rod
types, or country of fabrication or use. It should be further noted that, in this section, the reported
reliability data are divided by region into United States data, European data, and Japanese data, depending
on the residence of the principal investigator providing the reliability data and not on where the fuel was
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manufactured or irradiated. In the not uncommon situation where a fuel rod is manufactured in one region
and used in another region, there may be redundant data.

2.1.1 Overall Fuel Rod Reliability - United States Data

The Office Of Nuclear Reactor Regulation, NRC, monitors the performance of nuclear fuel in
United States commercial light-water power reactors and has published 14 reports (Bobe, 1974; Bailey,
1974; Bailey et al., 1981; Houston, 1981; Tokar et al., 1981; Bailey and Tokar, 1982, 1984; Bailey and
Dunenfeld, 1985, 1986; Bailey and Wu, 1987, 1988, 1989, 1990; Bailey et al., 1990) which discuss this
performance. Table A-1 of Appendix A summarizes the fuel reliability values reported in the NRC
reports for the various fuel vendors.

Yang et al. (1991) have analyzed United States fuel rod failure. For 1989 they found that the
annual fuel rod failure rate was about 1 in 10,000 [1.11 failures per 10,000 for pressurized water reactor
(PWR) rods and 0.61 failures per 10,000 boiling water reactor (BWR) fuel rods]. Their analysis shows
that the reliability of BWR fuel has markedly improved since 1974 (e.g., 81.7 defective
assemblies/GigaWatt-electric (GWe) in 1974 compared to about 1 defective assembly/GWe in the period
1986-1990). However, Yang et al. also indicate that recent trends show a leveling off in fuel reliability
for both PWR and BWR fuel. They conclude that "the plots . . . reveal no appreciable trend towards
improved performance during the most recent five-year period during which a complete turnover of the
inventory of fuel assemblies in service can be assumed to have taken place. No systematic elimination
of failure mechanisms is evident. In fact, the major causes of fuel failures . . . have persisted for many
years with no observable decrease in frequency."

2.1.2 Overall Fuel Rod Reliability - Japanese Data

Oi et al. (1988) reported that in Japan, from 1984 to 1986, only two fuel bundles out of more
than 10,000 bundles contained failed rods. Each fuel bundle contained from 49 to 63 rods. Oi calculates
an annual fuel rod reliability of 99.9998 percent.

In a followup paper, Hayashi et al. (1991) reported that in Japan, from 1987 to 1990, six fuel
bundles were identified as containing failed rods. Hayashi et al. observe that the 1987-1990 fuel failure
rate increased slightly from the 1984-1986 fuel failure rate.

2.1.3 Overall Fuel Rod Reliability - European Data

Deramaix et al. (1991) reported that the overall annual reliability for all mixed oxide fuel rods
produced by Belgonucleaire was 99.992 percent. For a particular mixed oxide fuel rod (MIMAS), the
annual reliability was 99.998 percent.

Blanc et al. (1991) reported that the overall failure rate of fuel rods produced by Fragema was
5.3 failures per 100,000 rods in 1983, but only 1.5 to 2 failures per 100,000 rods for 1986-1990.

Mummery and Hines (1973) discussed the experience of the Central Electricity Generating
Board (United Kingdom) with the reliability of fuel rods. As of February 28, 1973, 1,347 fuel rods had
failed out of 1,113,978 fuel rods charged. In a later report, Mummery et al. (1985) noted that annualized
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fuel rod failures for the period June 1982 to March 1985 decreased by a factor of 6 compared to before
June 1982.

2.1.4 Fuel Rod Defects During Fabrication That Are Detected Before Being Placed
Into Service

There have apparently been little data reported on the fuel rod defects occurring during
fabrication that were detected before being placed into service. However, Nelson et al. (1961) reported
that for Zircaloy-clad uranium oxide fuel rods, about 2 percent of the rods were rejected because of inside
or outside cracks and about 2.5 percent of the end cap welds were rejected due to pores, undercutting,
or incomplete penetration. Several United States fuel rod vendors were contacted about their current
rejection rates for fuel rods. None of these vendors were willing to be quoted for the record, but they
did indicate that current rejection rates for fuel rods are much lower than the rejection rates quoted by
Nelson et al.

2.1.5 Fuel Rod Failures Due to Undetected Manufacturing Defects

Robertson (1975) has argued that all fuel rod failures can be divided into three categories:

* Faulty container components (e.g., cladding tubes and end plugs)

* Faulty contents (e.g., the fuel)

* Faulty assembly (e.g., welding)

According to Robertson, most of the undetected manufacturing defects are due to faulty contents
and, in particular, contaminated fuel. He argued that the reasons for the low frequency of fuel rod failures
related to container components was that the simplicity of design makes container components amenable
to 100 percent nondestructive testing (NDT) and that the repetitive fabrication process is easily subjected
to a high degree of QC. Furthermore, Robertson asserted that the reasons for the low frequency of fuel
rod failures related to faulty assembly was that the repetitive nature of the assembly process renders it
susceptible to good QC and that, in an inert atmosphere, it is easy to produce high-quality welds in
Zircaloy.

Fuel rod failures due to undetected manufacturing defects are relatively rare, being on the order
of less than 1 failure per 100,000 rods. For example, Baily et al. (1991) reported that out of 3,900,000
BWR fuel rods placed in operation between 1974 and 1991 by General Electric, less than 30 fuel rods
failed due to undetected manufacturing defects. According to Baily et al. (1991), these defects have
included tubing-to-end plug weld defects and tubing reduction flaws and are generally characterized by
a localized breach at the defect site, often accompanied by secondary hydride damage in a region away
from the primary defect.

Similarly, Sofer et al. (1988) reported that out of 1,460,000 fuel rods placed in operation by
Advanced Nuclear Fuels (ANF) as of September 1987, only 12 fuel rod failures had been identified as
being related to manufacturing defects. According to this report, 3 of these failures were due to
insufficient weld metal removal prior to rewelding, 5 of these failures were due to inadvertent permanent
deformation of peripheral spacer springs, and the remaining 4 failures were due to other manufacturing
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defects which promoted corrosion. In an updated paper, Ritter et al. (1991) reported that as of
October 15, 1990, ANF had experienced 7 BWR fuel rod failures and 9 PWR fuel rod failures due to
manufacturing defects out of 570,200 BWR fuel rods and 1,391,740 PWR fuel rods placed in service.

The above vendor estimates of failure rates due to undetected defects in manufacturing are
consistent with the analysis of Yang et al. (1991). As was discussed above, Yang et al. found that the
annual fuel rod failure rate is about 1 in 10,000. They further observed that from 4 to 19 percent of the
fuel rod failures were due to manufacturing defects.

Deramaix et al. (1991) reported that for all mixed oxide fuel rods fabricated by Belgonucleaire
the annual failure rate due to manufacturing defects was 1.5 failures per 100,000 rods. For MIMAS, in
particular, there were no failures due to manufacturing defects.

Blanc et al. (1991) reported that 10 percent of the failures experienced by Fragema were due
to manufacturing defects.

2.1.6 Fuel Rod Failures Due to Operational Factors

In recent years, most of the fuel rod failures for which the failure cause is known have been
due to operational factors.

Recently, the primary cause of fuel rod failure in PWRs has been debris-induced fretting (DIF).
DIF occurs when bits of metallic debris in the primary coolant that have fallen into the reactor primary
coolant during maintenance operations or have broken loose from the reactor components are swept
through the system, getting caught at the orifices at the bottom of the fuel assembly spacer grids or other
restricted areas. Vibrations induced by coolant flow cause the debris to rub against the fuel cladding until
a breach develops.

Several countermeasures have been initiated to minimize fuel rod failures due to DIF. For
example, there is a major effort to prevent further introduction of debris into the system, with apparently
good success. Furthermore, a number of design changes are being tested to minimize the effects of
fretting from already existing debris (e.g., extended length end fittings, lowering the spacer grid to take
advantage of the solid portion of the end cap, and redesigning the spacer grids with smaller holes to
screen out more of the particles before they can reach regions of exposed fuel rods).

In recent years, the primary causes of fuel rod failures in BWRs are pellet-cladding interaction
(PCI) and crud-induced localized corrosion (CILC). The PCI mechanism involves localized mechanical
loading of the cladding adjacent to cracks in the pellets and at pellet interfaces. The CILC mechanism
may occur in the presence of copper in the coolant system, resulting in the formation of a high density
of oxide nodules. It has been found that Zircaloy is most susceptible to this nodule nucleation in high
radiation fields at low heat flux.

Several countermeasures have been initiated to minimize fuel rod failures due to PCI and CILC.
PCI effects can be mitigated by a slow ascent to full reactor power and by the use of Zr-lined (barrier-
coated) cladding. CILC effects can be mitigated by carefully monitoring the water chemistry and
eliminating sources of copper and by developing Zircaloy alloys that are more resistant to corrosion.
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2.2 STEAM GENERATOR TUBES

As was the case for fuel rods, the engineering experience with steam generator tubes in water-
cooled nuclear power plants may be useful in gaining a perspective on the reliability of WPs for HLW
in underground repositories. Steam generator tubes have a number of characteristics in common with
WPs. For example, both are or will be produced in large quantities and both are or will be subjected to
stringent QC and surveillance programs.

However, it should be emphasized that there are important differences between steam generator
tubes and WPs. Steam generator tubes have much shorter service lives than WPs and will experience a
much different environment. The present high reliability achieved by steam generator tubes occurred only
after a learning period. Such a learning period may not be possible for WP design refinement and
evaluation.

It should be noted that the reliability estimates quoted in this section are based upon data
supplied by the various vendors and utilities and that these data are often inconsistent regarding what
constitutes a failure and the cause of a failure. The potential economic and safety consequences of a steam
generator tube rupture can be severe. Therefore, utilities usually consider a tube as "failed" if the tube
has some defect that could eventually lead to a possible rupture. In this report a steam generator tube that
is plugged or repaired is considered to be a tube failure.

Atomic Energy of Canada (AECL)
has conducted annual reviews of steam
generator tube performance throughout the
world to obtain a measure of tube failure
mechanisms and possible ways of mitigating
or preventing these failures. Tatone and
Pathania (1984) have analyzed the
1971-1981 data from these reviews.
Table 2-1 is a summary of the findings of
Tatone and Pathania.

Very few of the recent steam
generator tube failures appear to be due to
manufacturing defects (of the 1,549,816
tubes surveyed by AECL in 1981, only
4,692 had defects). Of these 4,692 defects,
Tatone and Pathania (1984) attributed only
1 to a possible manufacturing defect.
However, Tatone (1986) observed that in
the past many tube defects occurred due to
a design deficiency related to fabrication.
During fabrication, many steam generator
tubes were rolled only for a few centimeters
at the primary end. This left a long crevice

Table 2-1. Steam generator tube defects versus
year (Tatone and Pathania, 1984)

Year (Number Surveyed % With Defects

1972 321,380 0.27

1973 435,187 0.89

1974 601,047 0.33

1975 788,147 0.21

1976 864,261 0.43

1977 1,079,559 0.40

1978 1,195,057 0.11

1979 1,308,868 0.21

1980 1,358,712 0.14

1981 1,549,816 0.30

that was susceptible to concentrating impurities. Tatone notes that these tube failures have been reaucea
by boiling out concentrated chemicals from the crevice, followed by full-depth rolling.
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In 1981, Tatone and Pathania (1984) found that corrosion mechanisms accounted for about
83 percent of the tube failures. Table 2-2 is a summary of the analysis of Tatone and Pathania as to the
causes of 1981 tube defects.

Table 2-2. Causes of 1981 steam generator tube defects (Tatone and Pathania, 1984)

Cause % of Steam Generator Defects

Primary-side SCC 29.5

Secondary-side SCC or Intergranular Attack 18.1

Phosphate Wastage 7.7

Denting 3.6

Fretting 1.0

Mechanical Damage 1.0

Thinning 1.0

Erosion 0.9

Fatigue 0.02

Undetermined 2.7

Additional statistics on steam generator tube performance can be found in Tatone and Pathania
(1985) for 1982, Tatone (1986) for 1983-1984, and the Electric Power Research Institute (EPRI)
(Nuclear Engineering International, 1993) for 1976-1992. The statistics from those studies are generally
consistent with the data of Tatone and Pathania (1984). Anecdotes that illustrate some of the steam
generator tube failure mechanisms discussed above can be found in several NRC Information Notices
(Nuclear Regulatory Commission, 1988, 1990, 1991, 1992, 1994).

The studies by Tatone and Pathania (1983), Tatone (1986), Fraas (1989), and EPRI (Nuclear
Engineering International, 1993) of steam generator tube failures offer insight as to the importance of
anticipating failure modes in achieving a high system reliability. Initial tube failures were primarily
caused by stress corrosion cracking (SCC) of tubes at stressed areas in small-radius U-bends, and
incidence of this mode of failure was dramatically reduced after it was recognized, failed tubes were
plugged, and new designs obviated the problem. By 1973, corrosion atop the tube header sheets, caused
by sludge deposits from phosphate cleaning solutions, became the major cause of leaks. New cleaning
solutions incorporating volatile agents instead of phosphates were adopted to prevent tube wastage due
to the phosphate sludge deposits. By 1975, tube denting began to appear until it was the predominant
failure mechanism by 1977. Tube denting occurred when iron oxides formed by galvanic corrosion of
the plain carbon steel of the tube support plates in the crevices adjacent to the alloy tubes, and the change
in volume associated with the oxides actually dented the tubes inward in this location of close clearance.
When the tubes dented, the differential thermal expansion which had been accommodated by the clearance
now induced stresses that caused SCC to recur. This time, improved control of feedwater chemistry,
improved support plate design, and better materials were employed to reduce this new mode of failure.
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By 1981-1982, the causes and remedies for tube denting were much better understood and the incidents
of denting had significantly decreased. However, other tube failure mechanisms became significant-tube
cracking and intergranular attack in the open tubesheet crevices, primary side tube cracking at high stress
locations, pitting between the tubesheet and first support plate, and tube fretting in preheater sections and
at antivibration bar locations. Subtle mechanisms such as these are extremely difficult to anticipate and
prevent during the design stage, and these mechanisms still result in a significant number of steam
generator tube failures. However, EPRI (Nuclear Engineering International, 1993) concludes that the
percentage of tubes plugged per year from 1983-1992 has averaged 0.23 percent, compared with
0.39 percent for 1971-1979. The fact that many of the plants surveyed by Tatone and Pathania (1984)
and EPRI (Nuclear Engineering International, 1993) operated with few or no defects in the steam
generator indicates that, once experience identifies these subtle problems, extremely high reliability can
be achieved.

2.3 WASTE ENCAPSULATION AND STORAGE FACILITY CAPSULES

Defense-related operations at the DOE Hanford, Washington, site generated large volumes of
liquid waste in which cesium was a radioactive constituent. Between 1974 and 1983, some of the
radioactive cesium was isolated from these wastes, chemically converted from cesium to cesium chloride,
and encapsulated into about 1,600 double-walled cylinders at the WESF at Hanford. Sometime between
April 28, 1988, and June 5, 1988, one of the WESF capsules leaked at a commercial facility-Radiation
Sterilizers, Inc. (RSI)-at Decatur, Georgia.

To evaluate the causes of the Decatur, Georgia, incident, the DOE established an Investigation
Group which published its findings in 1990 (U.S. Department of Energy, 1990). Many of the causes
found by the Group were due to administrative or operational factors and are beyond the scope of this
report. The engineering-related causes are listed below.

* The environmental conditions that the WESF capsules were subjected to at the RSI facility
were drastically different from those for which the capsules were designed and from the
development test conditions. The design and testing programs assumed that the capsules
would be stored in the relatively benign atmosphere of the storage pools at Hanford storage
facility. The Investigation Group concluded that, despite the other deficiencies that were
found, the capsules would not have failed if the capsules had in fact remained at the Hanford
storage facility.

* The cesium compound (i.e., cesium chloride) selected for encapsulation was based upon cost
and package compatibility rather than safety conditions. The Investigation Group discovered
that a technical report had been published prior to the WESF encapsulation program that
accurately predicted potential problems with cesium chloride capsules.

* The manufacturing process moved directly from laboratory scale to full production, without
a pilot operation, resulting in significant QC problems. One of the "improvements" to lower
the rejection rate of the capsules was to lower the welding standards.

* The procedure for the ultrasonic testing of welds could not reliably determine/assure the
depth of weld penetration at WESF capsule end caps. The Investigation Group discovered
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internal contractor correspondence that indicated that concerns about the adequacy of the
testing procedure existed from the beginning to the end of the encapsulation program.

2.4 PRESSURE VESSELS

Pressure vessels represent containment boundaries similar to HLW containers in that they are
metallic, welded, and usually fabricated to meet some nationally accepted standards of construction under
an appropriate level of QC within a program of quality assurance (QA). However, their failures are
normally associated with stress or fatigue, which differs from the expected failure by corrosion for HLW
containers. Nevertheless, it is of interest to review available data which describes the level of reliability
currently achievable.

Pressure vessels for human occupancy (PVHO) represent one category of metallic vessels
welded in accordance with a standardized code and which have historically proven extremely reliable.
Also, PVHO are 100 percent proof-tested and inspected prior to service. Submersibles and hyperbaric
chambers are examples of PVHO. Failure of PVHO is extremely rare, as reported by Brown'.
Furthermore, failures which have occurred have involved failure of the welded metal pressure vessel in
only 1 case in 122 accidents reported for the period 1945-1992 from a survey of 700 users. PVHO
surveyed included clinical and research hyperbaric chambers and diving recompression chambers,
monoplace and multiplace, both military and civilian. By far, the largest number of PVHO hull problems
reported were associated with valves and seals, with other components reported to have failed, including
door latches, clamps, and viewports (mostly plastic). Also, most mishaps involved operational/procedural
errors not associated with hardware of the chambers. One large hyperbaric chamber at Brooks Air Force
Base in San Antonio, Texas, has been in daily use without mishap since it was moved there after its initial
stint in service during construction of the Panama Canal.

Although some statistics on the reliability of pressure vessels in the United States have been
published, their utility is limited because of the imprecise way in which they are tabulated and
categorized. Noncatastrophic, or noncritical, failure is defined in the literature as a "local degradation
of the pressure vessel boundary, limited to localized cracks which may or may not result in leakage,'
while catastrophic (also called potentially disruptive or disruptive) failure is defined as "a potential or
actual breaching of the vessel by rupture of the shell, head, or nozzle, leading to rapid release of a large
volume of the contained pressurized fluid." Failure statistics should more appropriately be termed "defect
statistics," since they represent defects which did not directly interfere with functional use and had
probably existed from the time of fabrication and likely did not change to the time of discovery during
periodic inspection. Whether or not these would grow beyond a noncritical size is a matter of judgement.

Tables 2-3 and 2-4 include data from various sources on the statistical reliability levels achieved
in practice for various pressure vessels in the United States and Europe. The following discussions
provide details intended to aid in interpreting the tabulated information.

The U.S. National Board of Boiler and Pressure Vessel Inspectors (NBBPVI) maintains
extensive data on pressure vessels built to meet the American Society of Mechanical Engineers (ASME)
boiler and pressure vessel code, and these data since 1975 have included statistics on vessels registered
as well as those failed (National Board of Boiler and Pressure Vessel Inspectors, annual). Information

1 Brown, Maj. Grant A., USAF, personal communication of January 12, 1994.
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Table 2-3. Pressure vessel expected failure rates and reliabilities (not adjusted for confidence limit) for 40-yr vessel life

Disruptive or Catastrophic j Noncritical or Noncatastrophic

Expected Expected Failure Rate, Expected Expected Failure Rate,
Reliability Failures/Vessel-Yr Reliability Failures/Vessel-Yr Source

99.896% 2.6 x 10-5 99.04% 2.4 x 10-4 Bush, 1988; NBBPVI for large unfired vessels

99.832% 4.2 x 10-5 97.24% 6.9 x 10-4 Phillips and Warwick, 1967; Smith and
Warwick, 1974, 1981

99.90% 2.5 x 10-5 98.40% 4.0 x 10-4 Bush, 1988; overall for thick-walled vessels

99.9756% 0.61 x 10-5 All years of vessel construction, 1959-1976*

99.9516% 1.21 x 10-5 Vessels constructed < 1960, 1959-1976*

99.9872% 0.32 x 10-5 Vessels constructed > 1960, 1960-1976*

99.9268% 1.83 x i0- All years construction; data for 1959-1964*

99.9776% 0.56 x 10-5 ibidem; data for 1965-1970*

99.9916% 0.21 x 10-5 ibidem; data for 1971-1976*

99.9188% 2.03 x 10-5 Vessels constructed < 1960, 1959-64*

99.9604% 0.99 x 10-5 Vessels constructed < 1960, 1965-70*

99.9928% 0.18 x 10-5 Vessels constructed < 1960, 1971-76*

99.9532% 1.17 x 10-5 Vessels constructed > 1960, 1960-64*

99.986% 0.35 x 10-5 Vessels constructed > 1960, 1965-70*

99.9912% 0.22 x 10-5 Vessels constructed > 1960, 1971-76*

* 12 previous: Bush, 1988; IRS-TUV data



0 0- 0 - M

Table 24. Pressure vessel upper-bound (99% confidence) values of failure rates and reliabilities for 40-yr vessel life

I

Disruptive or Catastrophic Noncritical or Noncatastrophic I
99% Conf. 99% Conf. Failure Rate, 99% Conf. 99% Conf. Failure Rate,
Reliability Failures/Vessel-Yr Reliability Failures/Vessel-Yr Source

99.668% 8.3 x 10-5 96.8% 8.0 x 10-4 | Phillips and Warwick, 1967; Smith and
| Warwick, 1974, 1981

99.724% 6.9 x 10- Bush, 1988; Kellerman et al., 1973 data, steam drums

99.974% 0.63 x 10-5 Bush, 1988; U.S. ABMA data

99.9648% 0.88 x 10-5 All years of vessel construction, 1959-1976*

99.9244% 1.89 x 10-5 Vessels constructed < 1960, 1959-1976*

99.9768% 0.58 x 10-5 Vessels constructed > 1960, 1960-1976*

99.88% 3.00 x 10-5 All years construction; data for 1959-1964*

99.9572% 1.07 x 10-5 ibidem; data for 1965-1970*

99.9804% 0.49 x 10-5 ibidem; data for 1971-1976*

99.8624% 3.44 x 10-5 Vessels constructed < 1960, 1959-64*

99.9092% 2.27 x 10-5 Vessels constructed < 1960, 1965-70*

99.9516% 1.21 x i0- Vessels constructed < 1960, 1971-76*

99.8436% 3.91 x i0- Vessels constructed > 1960, 1960l64*

99.9632% 0.92 x 10-5 Vessels constructed > 1960, 1965-70*

99.9784% 0.54 x 10-5 Vessels constructed > 1960, 1971-76*

* 12 previous: Bush, 1988; IRS-TUV data



lacking in the database includes number actually in service, number annually retired from service,
standards to which vessels were built (e.g., Class I, etc.), and types of failures as a function of vessel
size. As previously stated, two classes of failure are considered: (i) noncatastrophic or noncritical-limited
to localized cracks which may or may not lead to leakage; and (ii) catastrophic or potentially disruptive
or disruptive-potential or actual rupture of the shell, head, or nozzle. For statistical purposes, failures
occurring during a hydrotest, ordinarily performed at greater than operating pressure, are not included
in failure statistics.

From NBBPVI data, Bush computes average failure rates of 2.4 x 10- 4 /vessel-yr for
noncatastrophic events and 2.6 x 10- /vessel-yr for catastrophic events for large vessels
(diameter x length 2 60 ft2) (Bush, 1988). For a 40-yr vessel life, these figures would equate to
expected reliabilities of 99.04 and 99.75 percent, respectively. These statistics are not based on numbers
of large pressure vessels which have actually failed, as such catastrophes are extremely rare. [Bush
indicated that no disruptive failures of welded boiler drums in central station power service had occurred
in the United States to 1988 (Bush, 1988).] Rather, they are based on the size of defect observed during
frequent inspections and repairs as well as the perceived consequence had the vessel been reintroduced
to service without repair of the defect.

Bush summarized 99 percent confidence upper-bound values for probabilities of disruptive
failure of pressure vessels based on data from the United Kingdom, the United States, and Germany
(Bush, 1988). In the United Kingdom, the Atomic Energy Authority (AEA) has similarly surveyed defects
in pressure vessels with respect to relevance to reliability of nuclear pressure components (Phillips and
Warwick, 1967; Smith and Warwick, 1974, 1981; Marshall, 1982). For the first three studies, the
average of all data for approximately 100,000 system-yr of operation of thick-walled vessels indicated
expected failure rates of 4.2 x 10-5 for "catastrophic" failure and 6.9 x 10-4 for "potentially
dangerous" failure. For a 40-yr vessel life, these numbers would equate to 99.83 and 97.24 percent
expected reliabilities, respectively. Bush uses a Poisson distributionto calculate probabilities falling within
a 99 percent confidence limit from a larger set of the United Kingdom data (approximately 100,000
vessel-yr for each of the first three referenced United Kingdom studies), as 8.3 x 10-5 and 8.0 X 10-4,

for "catastrophic" and "potentially dangerous' failure rates, respectively. Thus, for a 40-yr vessel life,
reliabilities are expected to be at or above 99.67 percent for "catastrophic" and 96.8 percent for
"potentially dangerous" failures, respectively, for 99 percent of population samples.

The German data summarized by Bush (1988) for 99 percent confidence limits come from a
database much larger than those available in the United States or the United Kingdom on pressure vessel
statistics. The German database is maintained by the Institut fur Reaktorsicherheit der Technischen
Uberwachungs-Vereine (IRS-TUV, or Institute for Reactor Safety of the Technical Inspection
9Association). The Federal Republic of Germany (FRG) requires data collection for pressure vessels, and
Bush reports that the database represented 4.3 million service yr in 1972 (Bush, 1988). A study of 7,000
high-pressure steam drums for water tube boilers, representing over 500 X 106 hr of service, indicated
no catastrophic failures, though a few were removed from service due to leaks (Kellerman et al., 1973).
Bush computes the 99 percent confidence upper bound of disruptive failure rate for this study to be
6.9 x 10- 5/vessel-yr at 7,500 hr/yr in service, which corresponds to a reliability of 99.72 percent for
a 40-yr life. From the very extensive database analyzed by Oberender (1978) (6.5 million vessel-yr), the
99 percent confidence upper-bound failure rate was 0.88 x 10-5, corresponding to a reliability level of
99.9648 percent.
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The most extensive United States data summarized by Bush for 99 percent confidence limits
comes from the U.S American Boiler Manufacturing Association (ABMA). The upper-bound failure rate
from those data was 0.63 x 10-5 failures/vessel-yr, corresponding to a reliability level of
99.9748 percent with 99 percent confidence.

In an analysis of the IRS-TUV data extended through 1976, Oberender tabulated data
categorized by year of construction and period of operation (Oberender, 1978). Both estimated disruptive
failure rates and 99 percent confidence upper limits of disruptive failure rates were observed to decrease
in successive 6-yr periods from 1959 to 1976. Upper-bound (99 percent confidence) failure rates/vessel-yr
were 3 x 10- for the period 1959-1964, 1.07 x 10- for 1965-1970, and 0.49 x 10-5 for
1971-1976. For an average 40-yr service life, these values equate to upper-bound reliabilities of
99.88 percent for 1959-1964, 99.96 percent for 1965-1970, and 99.98 percent for 1971-1976. Also,
vessels constructed after 1960 showed upper-bound (99 percent confidence) failure rates
(0.58 x 10- 5/vessel-yr) less than one-third of those upper-bound failure rates for vessels constructed
before 1960 (1.89 x 10- 5 /vessel-yr). For an average 40-yr vessel life, these figures correspond to
99 percent confidence reliabilities of 99.976 percent for 1960 on and 99.924 percent for pre-1960. Similar
trends are seen in expected reliability values as for 99 percent confidence values. Improvements in
reliability with time can be accounted for by progress of the technology of fabricating pressure vessels
as well as improvements in inspection techniques used to detect flaws.

Bush's refined "failure statistics for thick-walled pressure vessels more typical of nuclear reactor
pressure vessels" yielded an overall expected failure rate for catastrophic failures of 2.5 X 10-5,
corresponding to a reliability value of 99.9 percent for a 40-yr vessel life (Bush, 1988).

The second Marshall report (Marshall, 1982) calculated failure rates and 95 percent confidence
limits of failure rates based on data from the United Kingdom, the United States, and FRG. The failure
rate expected with 95 percent confidence for these data averaged 7.7 x 10-5, for "disruptive" failures.
The corresponding reliability level is 99.692 percent for a 40-yr vessel life.

Bush's conclusions, based on an assessment of all of the data previously discussed here, is that
the 99 percent confidence limit for upper bound of expected probability of disruptive failure of steam
drums built to ASME Section I is less than 1 x 10- 5/vessel-yr. This corresponds to a reliability level
of 99.96 percent. A similar estimated rate for disruptive failure (< 1 x 10- /vessel-yr) was concluded
from FRG data for a more broad class of pressure vessels (Bush, 1988).

Although United States data are deficient in describing causes of failures of pressure vessels,
information from the United Kingdom and FRG studies provides some insight. For the period 1962-1978,
the following are the causes to which failures were attributed along with corresponding percentage of
occurrence: crack propagation mechanisms, 94 percent; defects prior to initial operation, 2 percent; other
(corrosion, operational error, creep, not determined), 4 percent. Of the crack propagation mechanisms,
29 percent were attributed to defects existing preservice, 14 percent were attributed to corrosion,
28 percent were attributed to unknown crack propagation mechanisms, 24 percent were attributed to
fatigue, and 5 percent were attributed to "miscellaneous" (creep, etc.) (Bush, 1988). Over twice as many
potential and catastrophic failures were observed in vessels whose operating pressure was above 500 psi
as below 500 psi. More than twice as many potential failures were attributed to vessels whose operating
temperature was greater than 600 TF, although more catastrophic failures occurred at temperatures less
than 600 'F than above 600 'F. Methods of detection of failures and the percentage of defects detected
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by each method are as follows: visual, 38 percent; leakage, 33 percent; nondestructive examination
(NDE), 21 percent; in-service catastrophic failure, 6 percent; and hydrotesting, 2 percent (Bush, 1988).

In FRG, for the period 1958-1965, material fabrication defects accounted for 42 percent of
"serious failures" and 66 percent of "failures." Other failures were detected 30 times more frequently
during inspections than during pressure tests.

Factors that will promote fracture are very well known since the advent of fracture mechanics,
and detection of the defects which contribute to fracture has been improved significantly. Factors that
promote corrosion failures, on the other hand, are not well known for service periods of hundreds of
years at elevated temperature in a highly irradiated environment. Thus, the reliability figures for pressure
vessels are quite limited in analogy to HLW containers.

Work to date on flaw size versus reliability could be correlated to the HLW container problem
by interpreting the flaw as (i) a potential path for leakage which would short-circuit the otherwise longer
time to corrode through the container wall, and (ii) a factor to be considered when evaluating remaining
structural strength of the container to withstand lithostatic pressure after corrosion has degraded it over
time.

Another perspective on reliability of pressure vessels due to the occurrence of defects is
provided by work done to predict the incidence of cracks of various dimensions in fabricated pressure
vessel walls (Lidiard, 1984). The first Marshall study group (Marshall, 1976) proposed a "crack
incidence function" for use in probabilistic modeling calculations of the integrity of PWR pressure
vessels. The crack incidence function, A(x), was defined in terms of a single dimension of crack length
in the direction of vessel wall thickness. The average number of cracks per vessel in the size range x to
x + dx existing after manufacture but before ultrasonic NDE was designated by A(x)dx. In addition, the
chance of not detecting these defects by the ultrasonic NDE was defined as B(x), so that the probability
that a vessel would go into service with an undetected defect, N(x), would represent the product of A(x)
and B(x). Data from ultrasonic NDE of 44 light water reactor (LWR) vessels manufactured in accordance
with ASME m rules were used to estimate A(x), and no defects greater than 1 in. were observed in the
data set (Lidiard, 1984). The estimation of x was made from a larger population, which included
experience with non-nuclear vessels.

2.5 APPLICATION OF THE NUCLEAR COMPONENTS EXPERIENCE TO
ENGINEERED BARRIER SYSTEM COMPONENTS

Reliability levels for fuel rods have exceeded 99.99 percent in recent years. Failure mechanisms
have changed over the years. As one mechanism is identified and countermeasures successfully
developed, new failure mechanisms have been observed. Failure modes in PWRs are not the same as
those observed in BWRs. In recent years, the primary cause of fuel rod failure in PWRs has been DIF,
for which remedies are being initiated. The past causes of fuel rod failures in BWRs include fuel rod
bowing, moisture, and hydriding, and in recent years the primary causes of fuel rod failures in BWRs
are PCI and CRLC. Several countermeasures have been initiated to minimize fuel rod failures due to PCI
and CILC, just as previous countermeasures minimized failures due to previously observed mechanisms
of failure.
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Steam generator tubes in PWRs provide another example for which new failure modes have
been observed with time and alleviated successfully. Failures were attributed to SCC; corrosion atop the
tube header sheets, caused by sludge deposits from phosphate cleaning solutions; tube denting, which
caused SCC to recur; and SCC problems indirectly related to the earlier problems with tube denting and
phosphate wastage. These subtle problems were not anticipated and prevented during the design stage.
However, once experience identified these problems, extremely high reliability has been achieved.

The single failure of cesium chloride HLW capsules at the RSI facility was attributed by the
DOE Investigation Group study to several contributing causes. The capsules were stored in an
environment which was radically different from conditions for which they were designed or tested. A
technical report published prior to the encapsulation program accurately predicted potential problems with
the cesium chloride compound for the capsules during storage. However, this information was not
considered in the decision in deference to cost and package compatibility. The lack of a pilot operation
when the manufacturing process was moved from laboratory scale to full production resulted in QC
problems. Weld penetration depth at capsule end caps was not reliably determined by the specified
ultrasonic tests, and this information was obscured until discovery in internal contractor correspondence.

PVHOs have proven remarkably reliable, due in part to the fact that they are designed with
large safety margins, welded in accordance with a standardized code, and 100 percent proof-tested and
inspected prior to service.

From the statistics on failure rates of pressure vessels, expected values for reliability of pressure
vessels exceed 99.9 percent for disruptive failures, based on a 40-yr life. The 99 percent confidence limit
for upper bound of expected probability of disruptive failure of steam drums built to ASME Section I is
estimated to be less than 1 x 10- 5/vessel-yr. This corresponds to a reliability level of 99.96 percent for
a 40-yr vessel life. Such high reliability levels are attainable, in part, due to the past 100 yr of
development of pressure vessel standards and analytical methods and increasingly better technology for
fabricating and inspecting pressure vessels. Potential mechanisms of failure for pressure vessels, as a
result, are relatively well understood and prevented for a 40-yr life.
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3 CORROSION OF UNDERGROUND METALLIC OBJECTS

Among the more critical problems that must be addressed in design and construction of the WP is
corrosion of the metal WPs in which HLW is to be stored. Technical uncertainties exist with regard to
corrosion which challenge designers and make determination of compliance with regulations difficult.
These include the extreme length of time required for containment; possible changes in the environment
as a result of geologic events, radiation levels, and elevated temperatures; and possible changes in
mechanical stresses in WPs as a result of geologic events, temperature changes, or other factors that can
cause movement or dimensional changes in WPs.

Because of these uncertainties, it is imperative that the WP design approaches recognize and benefit from
engineering and corrosion-prevention experience developed for similar underground structures, such as
pipelines. Experience with other structures provides an indicator of the level of success and the practical
problems that may be expected in the design, fabrication, performance, and operation of the EBS. The
successes and failures in engineering and corrosion prevention in underground structures also provide the
NRC with a reference for determining what should be expected of the DOE WP design process.

3.1 CORROSION

The purpose of this section is to review corrosion engineering experience with underground
metallic structures that is analogous in one or more ways with the WP design requirements (e.g., very
high reliability required for a large number of structures). Methods available to engineers to minimize
underground corrosion are discussed; industrial experience with corrosion of underground structures, both
general and specific, is reviewed; and some case histories that illustrate successful use of corrosion
control procedures are highlighted in Appendix B. In addition, limitations and uncertainties in corrosion
control methods are presented. Examples of failure to control corrosion in underground structures also
are reviewed, and causes of such failures and steps taken to rectify them are discussed. For reference,
Appendix B contains a discussion on the fundamentals of the corrosion process, including various types
of corrosion, since some understanding of fundamental scientific principles that govern the corrosion of
engineering materials is necessary to understand industrial corrosion prevention procedures and view them
in perspective.

The material presented in this report is focused primarily on corrosion control in underground
wells, pipelines, and tanks used to produce, transport, and store natural gas and oil. These applications
are of particular interest because, as in the case of the WP system, failures of corrosion control systems
may result in release of hazardous materials that constitute either real or perceived dangers to public
safety. Other examples (e.g., buried cables and water lines) are discussed in which consequences of
corrosion-induced failures are more economic than safety-related.

These presentations are not intended to be a comprehensive compendium on the subject of
underground corrosion control. Rather, the intent is to describe the current state-of-the-art of procedures
available for the prevention of corrosion in complex, underground metallic structures that must have a
high degree of reliability.

In brief, factors affecting corrosion rates of buried steels, stainless steels, and copper alloys and
the effects produced by these factors are summarized below. This listing clearly is not complete; other
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factors such as stress level can have significant effects on metal corrosion rates. Similarly, specific alloys
may respond quite differently from the generally anticipated responses indicated below.

* Temperature. Corrosion rates are strongly temperature dependent and increase with
increasing temperature.

* Soil Moisture. Corrosion rates increase in proportion to the amount of water in the soil.

* Soil Resistivity. Corrosion rates decrease as soil resistivity is increased.

* Soil Composition. Depending upon the metal, species present in the soil may increase or
decrease corrosion rates. Chlorides and sulfates tend to increase corrosion rates of steels and
stainless steels. Ammonia and similar nitrogenous species tend to increase corrosion rates
of copper alloys. Carbonates and bicarbonates generally tend to form insoluble precipitates
on metal surfaces that reduce corrosion rates, but concentrated solutions of carbonates and
bicarbonates may induce stress corrosion cracking in carbon and low-alloy steels. Organic
and other acids generally accelerate metal corrosion rates.

* Soil pH. In general, corrosion rates increase as the pH is reduced. This is particularly the
case with carbon and low-alloy steels. Total acidity (hydrogen ion concentration plus
undissociated hydrogen in weak acids) is more important than pH in that the pH tends to
remain constant in weak acids; as hydrogen ions are reduced and corrosion occurs, the weak
acid dissociates and replaces the hydrogen ions removed in the reduction reaction.

* Soil Aeration. Soil aeration (e.g., the oxygen concentration of soil) can accelerate or inhibit
corrosion rates depending upon the metal and other factors such as composition and pH.
Increases in oxygen accelerate corrosion of carbon and low-alloy steels in acidic solutions
but tend to cause formation of protective oxides at neutral and alkaline pHs. Corrosion rates
of stainless steels generally decrease as the oxygen concentration is increased.

In general, differences in oxygen concentration on a metal surface can cause localized
corrosion in areas where the oxygen concentration is lowest.

* Alloying Elements. Concentrations of alloying elements in metals generally have little effect
on corrosion rates of carbon and low-alloy steels. However, under acidic conditions, when
corrosion rates are controlled largely by hydrogen ion reduction, the presence of small
concentrations of copper, chromium, manganese, or nickel can reduce corrosion rates of
carbon and low-alloy steels.

In stainless steels, increasing chromium and molybdenum concentrations of alloys can
significantly reduce general corrosion rates and localized (e.g., pitting) corrosion rates,
respectively. Addition of nickel to stainless steels also tends to reduce corrosion rates; in
general austenitic stainless steels such as Type 304, which contain 8 to 10 percent Ni, will
have lower corrosion rates than ferritic (e.g., Type 430) and martensitic (e.g., Type 410)
stainless steels that contain little or no nickel.

* Tensile Strength. In general, in metals that are susceptible to stress corrosion cracking,
cracking severity increases with increasing tensile strength.
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* Microstructural differences, such as occur at welds, can cause accelerated corrosion in the
vicinity of the weld. Whether corrosion is accelerated in the weld metal, heat affected zone,
or base metal will depend upon which is the more anodic material. Microstructurally
dependent composition differences, such as chromium precipitation at grain boundaries in
stainless steels during welding or heating between 800 to 1400 'F, also can cause accelerated
corrosion.

3.2 UNDERGROUND CORROSION CASE MSTORIES

In the United States alone, there are approximately 270,000 mi of buried gas transmission
pipelines that transport more than 24.6 x 1012 ft3 of pressurized natural gas around the country each
year. There also are some 163,000 mi of buried pipelines that transport more than 340 million gal. of
oil and other hazardous liquids annually. In addition, thousands of miles of water and natural gas
distribution lines, more than one million fuel storage tanks, telephone and other telecommunications
cables, and other buried facilities are in operation in the United States.

All of these buried structures are subject to underground corrosion, but there have been very
few serious failures in more than a century of operation in some locations. This outstanding record is the
result of the successful application of corrosion engineering and corrosion control technology. A brief
general description of typical underground corrosion processes and methods for controlling underground
corrosion are discussed in the following section. These discussions are followed by specific examples
illustrating successful applications of corrosion prevention. In addition, some examples of problems
where standard corrosion control methods were not successful are discussed and the remedial steps taken
are described. A more detailed discussion of this topic is included in Appendix B.

3.2.1 Underground Corrosion Processes

Any steps taken to reduce the concentrations of cathodic reactants in an environment, such as
removing oxygen or increasing pH, will result in a corresponding reduction in the anodic corrosion rate.
This is true for many metals, and for iron and low-alloy steels in particular. Increasing the pH and
decreasing the oxygen concentration of the environment directly limits the anodic corrosion reactions.

In addition, alkaline pH values also favor the formation of relatively thick, porous oxides and
other corrosion products on metal surfaces, and these products act as a barrier to the transport of
electrons and cathodic reactants, thereby reducing the corrosion rate.

However, lowering oxygen concentration is not an effective means of controlling corrosion for
all alloys, and some alloys actually may corrode more rapidly in deoxygenated environments. A number
of important engineering materials, including aluminum alloys, stainless steels, and nickel-base alloys,
owe their corrosion resistance to the formation of very thin, insoluble oxide films, which limit subsequent
corrosion much more significantly than the porous oxide barriers formed on most carbon and low-alloy
steels. Such alloys are referred to as "passive" or "passivated" because of the nonreactive (i.e., passive)
nature of the surface films.

Passive alloys require a minimum concentration of oxygen or other oxidizing species to maintain
protective oxide films, and alloys of this type may corrode at very high rates if the concentration of
oxidizing reactants is reduced below a critical level. In general, passive alloys will be susceptible to
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accelerated corrosion in environments when the oxygen concentration is reduced below the threshold
value that is needed to maintain the protective oxide.

Similarly, while increasing pH reduces corrosion rates of carbon and low-alloy steels, corrosion
rates of other materials may increase when the pH is increased. For example, the corrosion rate of zinc
is very low at pH values of about 6 to 12 because insoluble, protective corrosion products are formed
within this pH range. However, at pH values less than about 6 or greater than about 12, zinc is soluble
and the corrosion rate is catastrophically high (Uhlig and Revie, 1985a). Corrosion resistance of
aluminum and aluminum alloys also is strongly dependent upon pH. Insoluble, protective films are
formed on aluminum and aluminum alloys and corrosion rates are low at pH values between about 4.5
and 7; outside this pH range, aluminum corrosion rates are very high.

Corrosion reactions, being electrochemical in nature, are subject to the fundamental physical
principles that govern electrical circuits. Each of the anodic and cathodic reactions involved in metallic
corrosion has a unique potential associated with it. In a given environment, each of these anodic and
cathodic reactions will have an equilibrium potential that is determined by the concentrations of the
dissolved species and the partial pressures of the gaseous species.

Differential aeration cells involving differences in concentrations of oxygen or other cathodic
reactants at various locations on the surface of a buried steel structure can have important consequences
with regard to underground corrosion. Differences in oxygen concentration (or concentrations of other
cathodic reactants) on surfaces of buried metallic structures can cause corrosion to occur at locations
where the concentration of cathodic reactants is lowest.

3.2.2 Factors Affecting Underground Corrosion

Any factor that affects the anodic and cathodic reactions that can occur on the surface of a
buried metal will also affect the corrosion rate of the metal. The principal factors that affect corrosion
of buried metal structures are soil resistivity, soil moisture content, chemical species in the soil, soil pH,
and soil porosity. In most cases, complex interactions among several of these primary factors will
determine soil corrosivity.

Soil resistivity is important because high soil resistance limits the current that can flow between
separated anodes and cathodes (i.e., differential aeration cells) on the surfaces of buried structures. In
general, soils with resistivities of 2,000 ohm-cm or less may be expected to be highly corrosive (Uhlig
and Revie, 1985c), and soils with resistivities greater than 3,000 ohm-cm generally are considered
noncorrosive (Romanoff, 1989a).

The main role of soil moisture is to serve as an electrolyte to carry current external to buried
metal structures and thereby allow the electrochemical corrosion process to take place. Not surprisingly,
soils that retain water, such as silts and clays, are likely to be more corrosive than soils that drain readily,
such as sands and fine gravels. Annual rainfall, irrigation, topography, surface cover and soil type also
affect soil moisture content and corrosivity. Obviously, soils are more likely to be wet in locations where
the annual rainfall is high. In agricultural areas where irrigation is employed, soils are likely to be wetter
than in areas without agriculture or where dry-land farming is practiced. Soils in flood plains or other
low, surface water drainage areas are more likely to be wet, and, therefore, are more likely to be
corrosive to buried metal structures. Similarly, at locations where the surface is covered with grasses or
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other vegetation, moisture retention of the soils will be higher than in desert or other areas with sparse
surface vegetation.

Salts dissolved in water in soils affect corrosion of buried metallic structures in several ways.
The amount of anions and cations dissolved in soils largely determines soil resistivity. Chlorides and
sulfates both accelerate corrosion of iron and steel because iron chlorides and iron sulfates are soluble.
In poorly aerated soils with pH's between about 5.5 and 8.5, sulfates also can accelerate corrosion of iron
and steel by serving as food for sulfate-reducing bacteria (Uhlig and Revie, 1985d). Conversely, in soils
that are high in calcium and/or magnesium, carbonates, and bicarbonates, insoluble calcium and/or
magnesium carbonates can deposit on iron and steels at cathodic locations and limit cathodic reactions,
which, in turn, will reduce anodic dissolution at anodic locations. However, carbonates and bicarbonates
also have been found to cause SCC of buried steel natural gas transmission pipelines that are protected
against corrosion by coatings and cathodic protection.

SCC has been found to occur at locations where coatings have disbonded and the electrode
potential is more positive than the intended cathodic protection potential. Carbon dioxide from air, the
soil, or vegetation reacts with the hydroxides to form bicarbonates and carbonates; SCC can occur when
the ratio of carbonates is approximately 1:1, the potential is between about -0.31 and -0.46 V
[referenced to a standard hydrogen electrode (SHE)], and tensile stress levels are sufficiently high. At
more negative potentials (e.g., -0.70 V), hydroxide alone can induce SCC (Uhlig and Revie, 1985e).

Soil pH is important because as the pH is lowered, the hydrogen ion (HI) concentration
increases. The higher concentration of hydrogen ions at low pHs allows hydrogen reduction to occur and
to sustain metallic dissolution in greater amounts than is possible by oxygen reduction alone. In addition,
as the pH is decreased, oxides or other deposits on surfaces that limit corrosion become soluble, with a
resulting increase in corrosion rate. In the case of iron and steels, protective surface oxides are soluble
at pHs of 4 or less, and the corrosion rate of ferrous materials increases rapidly when the pH is less than
4 (Uhlig and Revie, 1985f). For aluminum alloys, the critical pH for acid corrosion is 4.5, but rapid
corrosion also can occur at pHs above 8.5 (Uhlig and Revie, 1985b).

Experience and the results of tests conducted by the National Bureau of Standards (NBS) over
many years in a variety of soils (Romanoff, 1989b) have shown that the total acidity of a soil is a more
useful factor in predicting soil corrosivity than is the pH. Total acidity is the total amount of hydrogen
in the soil that can be released as hydrogen ions; it includes the hydrogen ion concentration in the soil
plus the amount of undissociated hydrogen in the form of weak acids that can dissociate. Corrosion of
steel in a weak acid at pH below 4 may be expected to be significantly greater than in a mineral acid
(e.g., HCO or H2SO4) of the same pH. This is because as hydrogen reduction occurs in mineral acids,
the hydrogen ion concentration decreases and the pH increases, and corrosion rates decrease. However,
in weak acids, as hydrogen ions are removed by hydrogen reduction they are replaced by the dissociation
reaction, which maintains the pH at a relatively constant value, and corrosion of metals can be sustained
at a higher rate.

Most of the acidic species in soils are weak organic acids that were formed from decayed
vegetation, and it is for this reason that total acidity is more important than pH. In addition, areas with
high annual rainfalls and good drainage tend to have more acidic soils because soluble basic species, such
as bicarbonates and carbonates, will be leached away (Romanoff, 1989c). Conversely, deserts and areas
with poor drainage may be expected to have alkaline soils. This is particularly true in deserts where
irrigation is employed because soluble salts from irrigation water are deposited and build up in soils.

3-5



The degree to which a soil is aerated affects the access of oxygen and moisture to buried metal
surfaces and thereby influences the corrosion process. Well-aerated soils tend to be large grained such
that much of the soil volume is occupied by pores between grains. The interconnection of pores allows
air and moisture ready access to buried metal surfaces. Aeration may also occur as wet soils dry and give
up moisture; this is particularly the case with clay soils in which volume shrinkage on drying produces
cracks in the soil that provide direct access of air to surfaces of buried metal structures.

In general, higher oxygen concentrations at metal surfaces result in higher corrosion rates.
However, a well-aerated soil also tends to minimize oxygen concentration difference at various locations
on metal surfaces and to reduce differential aeration corrosion cells. Conversely, if a pipeline or other
buried structure is exposed to both well-aerated and poorly aerated locations in a low-resistivity soil,
differential aeration cells and accelerated corrosion at the poorly aerated location can occur.

Ready access of oxygen to all surfaces of a buried structure also favors the formation of
protective oxides on surfaces, which reduces corrosion rates and minimizes pitting. Similarly, accelerated
corrosion of steels by sulfate-reducing bacteria does not occur in well-aerated soils because the bacteria
are dormant in the presence of oxygen (Uhlig and Revie, 1985c). Ready access of oxygen in soils also
allows oxygen to react with organic corrodents and convert them to species that have little or no effect
on corrosion.

3.2.3 Corrosion Control Approaches

Corrosion of buried metallic structures may be controlled by a number of approaches or
combinations of approaches, most of which are designed to increase electrical resistance, alter the
environment, or retard electrochemical reactions. These include coatings, soil alteration, and cathodic
protection.

3.2.3.1 Coatings

Coatings are of three general types: organic, inorganic, and metal. Organic coatings include
coal tars, asphalts, waxes, thin-film epoxy resins, rubber, polyethylene, and other plastics. They all are
designed to serve as barriers to prevent water and oxidizing agents from contacting metal surfaces and
to introduce a high resistance to interrupt the electrical circuit required by the electrochemical corrosion
process.

The most widely employed inorganic coating is Portland cement. The primary role of cement
coatings is to serve as a barrier that protects a metallic structure from the surrounding environment.
However, cement is alkaline, and the pH of any water reaching the metal surface will be highly alkaline
(9 to 10), which favors formation of protective oxides. Vitreous enamel coatings also have been used to
protect buried metallic structures against corrosion.

Metallic coatings are of two types: noble and sacrificial. Noble coatings for steels include
nickel, silver, copper, chromium, and lead, all of which are more positive than the underlying steel. They
provide protection to the steel primarily by imposing a barrier that corrodes at a low rate between the
steel and the surrounding environment. Since they are positive to steel, imperfections that expose the
underlying steel to the noble metal coating and the environment can be disastrous. Under such
circumstances, the noble coating constitutes a large-area cathode and the exposed steel constitutes a small-
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area anode. In a corrosive environment, the result will be pitting of the anodic areas at very high rates.
Consequently, noble metal coatings are not commonly used to protect buried structures.

Sacrificial metallic coatings are a special case of cathodic protection, which is discussed in detail
in Section 3.2.3.3. Coating materials include zinc and cadmium, and aluminum and tin in some
environments. In this case, the metallic coating is negative to the steel. Consequently, when defects in
coatings expose the underlying steel, a small cathode-large anode cell is established. In the presence of
a corrosive environment, the metallic coating corrodes and exposed steel is protected. Of the various
sacrificial materials, zinc is the most widely used to protect buried structures.

It is important to note that it is virtually impossible to produce a coating that has no defects.
Further, coatings may be broken during transportation, storage, or installation or in service.
Consequently, with the exception of sacrificial metallic coatings, coatings typically are used in conjunction
with one or more other methods of corrosion control, one of which is usually cathodic protection. More
than 500,000 mi of natural gas transmission, natural gas distribution, and oil pipelines in the United
States are protected by combined coating-cathodic protection systems. In most cases, the coating provides
protection to approximately 99 percent of the surface area of the buried structure, and cathodic protection
prevents corrosion at pores, cracks, or other defects in coatings. One consequence of this is that an
increase in the required cathodic protection current is an indication of coating breakdown and can be used
to determine when and where pipeline maintenance is required.

3.2.3.2 Alteration of Soil

The most common application of soil alteration is the addition of limestone chips or chalk to
the soil around a buried structure when the soil acidity is high. Reaction of the limestone or chalk
(CaC0 3 or Mg * CaC0 3) with acidic soil constituents reduces the total acidity of the environment, thereby
making the environment less corrosive. The previously mentioned Portland cement coating is a special
case of soil alteration in that it produces an alkaline environment at the metal surface.

Other approaches to soil alteration include removal of a corrosive soil and replacement with a
less corrosive soil, and backfill around a buried structure with sandy soils or fine gravel to promote
drainage and increase aeration. Occasionally, chemical inhibitors have been added to soils at critical
locations. However, inhibitors will only be effective if they are present at locations where they are needed
(e.g., at defects in organic coatings). Since most inhibitors are soluble salts, they tend to be leached away
by water. Consequently, inhibitors usually have not proven to be effective for more than short periods
of time.

3.2.3.3 Cathodic Protection

Cathodic protection is the most important and widely used technique available to control
underground corrosion of buried metal structures. It is an electrochemical technique which functions by
application of an electric current from an external anode to the metal surface to reduce the corrosion rate
to very low levels. Under these conditions, the metal surface is the cathode, and the metal is said to be
"cathodically protected." The fundamental principle behind cathodic protection and its practical
application to prevention of corrosion in underground metallic structures is described in Appendix B.
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Cathodic protection criteria currently in use for buried metallic structures are the result of
experience. National Association of Corrosion Engineers (NACE) Standard RP-01-69 (1976 Revision)
contains specific criteria for buried iron and steel structures, aluminum structures, and copper structures.

Where there are two or more options, NACE RP-01-69 gives no guidance regarding procedures
for selection of the criterion to be used in a specific case. Rather, a general statement is made that no one
criterion has been found to be satisfactory in all cases and that a combination of criteria may be required
for a single structure.

Typical currents required for cathodic protection of buried, coated steel structures are on the
order of 1 to 3 mA/f1P, although in very acid soils, currents of 10 to 15 mA/fe may be necessary
(Fontana and Green, 1967). Also, bare (uncoated) structures require higher currents than structures that
derive their primary protection against corrosion from organic or other coatings. This is because, in
coated lines, protection is necessary only at defects in the coating where the underlying metal is exposed
to the soil.

Application

There are two ways to cathodically protect a buried structure: (i) impressed direct current (DC)
from a power source, or (ii) sacrificial anodes.

The source of the impressed DC typically is a rectifier that is powered by an alternating current
(AC) source, although batteries, solar panels, windmills, and generators also may be used. DC is supplied
to the buried tank through the soil from a buried anode made of graphite, silicon iron, steel, or
aluminum. Current outputs from impressed current anodes typically range from a few to several hundred
amperes.

Special backfill material is used around impressed current anodes to lower anode-to-soil
resistance and provide a homogenous environment to promote uniform distribution of current from the
anode. Backfill material typically consists of metallurgical or calcined coke with a resistivity in the range
of 0.1 to 50 ohm-cm, although gypsum, bentonite, or other materials also may be used.

Sacrificial anodes, consisting of metals more active than the metal being protected, provide
cathodic protection through galvanic corrosion of the sacrificial anode. Sacrificial anodes provide
protection in the same manner as the impressed current system, with the exception that current is supplied
by corrosion of the sacrificial material rather than by a rectifier.

Sacrificial anodes are particularly useful where electric power is not readily available. For
example, the Alaska oil pipeline relies upon zinc anodes and coatings for corrosion protection.
Magnesium alloys and aluminum alloys are the materials that are most widely used to protect buried steel
pipelines and tanks, but zinc also is used, as noted previously. In particular, buried galvanized (zinc
coated) steel pipes are widely used in water distribution lines. Obviously, sacrificial anodes are consumed
and must be replaced periodically.

3.2.4 Stray Current Corrosion

Stray current corrosion differs from other forms of underground corrosion in that the DC which
causes it comes from a source other than the structure being corroded or the environment immediately
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surrounding the structure. By definition, stray currents are DCs that flow in the earth through paths other
than those intended by the design of a specific electrical system. If a buried metallic structure is placed
in a strong stray current field, a potential difference will develop across the structure, current will flow
through it, and accelerated corrosion will occur at the point where the stray current leaves the structure.
High voltages at points where stray currents enter buried structures also may cause coatings to disbond,
which will cause more metal to be exposed and may increase the amount of cathodic protection current
needed to protect the structure. Corrosion also will occur at high-resistance or insulated joints between
multiple components of an underground structure, such as in a pipeline. At such joints, current leaves
the line at the joint, passes through the soil to the other side of the joint, and re-enters the structure;
corrosion will occur at the locations where current leaves the structure and enters the soil. Common
causes of stray current are cathodic protection systems, DC-powered rail systems, and high-voltage direct-
current (HVDC) power lines.

The stray current corrosion problem can be corrected in several ways. One of the most widely
used is to establish an insulated electrical connection (termed a "bond") between the two underground
structures (such as pipelines) where they cross to drain current from one to the other, thereby preventing
the current from entering the soil and causing corrosion. A resistor is usually included in the connection
to prevent drainage of more current than is necessary.

Another method to correct stray current corrosion between protected and unprotected
underground structures is to install sacrificial anodes between the two. When this is done, there still will
be current discharge into the soil, but it will be from the galvanic anodes rather than from the unprotected
pipeline. Application of a high-quality coating to the unprotected line at the point where the unprotected
line is being attacked may be used to significantly reduce corrosion of the unprotected pipe.

A less effective control method is installation of metallic shields around the affected area of the
unprotected underground structure. When this is done, metal shields are connected to a rectifier and
current is supplied to the shields. This produces a cathodic field around the unprotected structure which
retards corrosion at the location of the shields. However, currents will still flow in the unprotected line
and will leave it somewhere causing corrosion at the point of discharge. For this reason, metallic shields
are less effective and less desirable than bonding, anodes, or coatings.

3.3 CASE STUDIES ON CORROSION OF UNDERGROUND METALLIC
STRUCTURES

A number of case studies on the corrosion of underground metallic structures are presented in
Appendix B to demonstrate ways in which corrosion engineering practices, which are described in the
previous section, have been successfully employed.

3.4 APPLICATION OF UNDERGROUND CORROSION EXPERIENCE TO
ENGINEERED BARRIER SYSTEM COMPONENTS

The experience with corrosion control of pipelines and other buried metallic structures detailed
in Section 3 and Appendix B illustrates both the successful application of corrosion-control procedures
and their limitations with respect to buried structures. While the materials to be used and the
environments anticipated for EBS components will be different from pipelines and other conventional
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buried metallic components, the same principles of corrosion control and limitations to the application
of these principles apply to EBS components.

Approximately 270,000 miles of buried natural gas transmission pipelines currently are in
operation in the United States, alone. Nearly half of these pipelines have been in operation for more than
940 yr, and all of the pipelines are made of one form or another of carbon or low-alloy steels-materials
that are well known to be susceptible to corrosion in soils. Yet, despite the propensity of steels to corrode
in soils, only a relatively few corrosion-related pipeline failures have been reported. Table 3-1 lists and

categorizes leaks in natural
Table 3-1. Reported leaks in buried natural gas transmission gas transmission pipelines
pipelines in the United States in 1984-1986 (Eiber, 1988) reported to the U.S.

Department of Transportation
(DOT) during 1984-1986

Average (Eiber, 1988). Of the 164
Cause No./Yr Percentage incidents reported, only 40

(or 24 percent) were
Outside force or mechanical damage 62 38 attributable to corrosion. In

Corrosion 40 24 the period of 1970-1984, a
total of 397 incidents were

Material Failure 26 16 reported; the specific causes
of failures were not reported,

Construction 7_______ 4_________ but it was indicated that the

Other 29 18 percentage of corrosion-
related incidents was less than

TOTAL 164 100 in the 1984-86 period (Eiber,
1988). In an effort to make a
comparison to pressure vessel

reliability data, annualized expected failure rates are approximated in Table 3-2 by considering the total
270,000 miles of pipeline to be the sum of 35.6 million individual 40-ft units. The resulting annual failure
rates compare favorably to typical values of disruptive failure rates for pressure vessels from Table 2-3.

Table 3-2. Comparison of approximated pipeline failure rates to range of pressure vessel
failure rates

Period of Service Pipeline Expected Range of Pressure Vessel
(Applies to Pipeline Failure Rate, Expected Failure Rates,

Data Only) Failures/40-ft Section-Yr Failures/Vessel-Yr

l ~1970-1984 7.4x10-7
2.1 x 10-6 to 4.2 x 10-5

1984-1986 1.5 x 10-6

The excellent record of industry in preventing corrosion in buried natural gas pipelines is the
result of a well understood material-environment combination, a mature corrosion-control technology that
is firmly based in scientific fundamentals (e.g., cathodic protection and coatings), a systematic program
of inspection and monitoring, and more than 100 yr of operating experience. This background of
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experience, coupled with proper soil surveys and knowledge of other buried metallic systems, makes it
possible to construct new pipelines in which the probability of corrosion-related leaks is near zero.

However, even with the technology and experience available to control corrosion in natural gas
pipelines, corrosion-related failures do occur, albeit the incidence of such failures is very low, as the
statistics in Table 3-1 indicate. Almost invariably, such corrosion-related failures result from
environmental or other conditions that either were previously unknown, not anticipated, or that developed
during operation. Stray current corrosion, as illustrated by a number of the case studies presented in
Appendix B, is another common problem that did not exist or has been overlooked during design and
construction of pipelines.

A well-known example of an unknown failure mechanism is stress corrosion cracking of natural
gas transmission pipelines. On March 4, 1965, a catastrophic pipeline explosion resulting in the loss of
human life occurred in Natchitoches, Louisiana. After an exhaustive investigation, the failure was
attributed to stress corrosion cracks that had initiated on external surfaces and propagated through the pipe
wall thickness. Prior to this failure, stress corrosion cracking of carbon and low-alloy steels had been seen
only in boiling solutions of concentrated hydroxides and nitrates-environments that clearly do not occur
in soils-so no consideration of this failure mechanism had been taken in pipeline design.

The insidious nature of such sudden and unforeseen failures was recognized as a safety problem
of unknown magnitude. As a consequence, comprehensive research programs were initiated by the gas
transmission pipeline industry and a number of federal and other regulatory agencies to define the factors
responsible for cracking and to develop methods of detecting cracks. As a result, it is now known that
the cracking is caused by formation of carbonate-bicarbonate solutions under disbanded coatings on
external surfaces of cathodically protected pipelines. It also is now known that cracking is strongly
temperature dependent, and, consequently, cracks are far more likely to occur just downstream of
compressor stations where the pipe temperature is highest, than at other, cooler locations downstream of
compressors. Many other factors, including stress level, metal tensile strength, tensile stress level,
variation in tensile stress level, and stress intensity also have been shown to affect stress corrosion crack
initiation and growth.

Knowledge and experience concerning pipeline stress corrosion cracking that have been gained
over the past 30 yr now allow pipeline designers to take steps to minimize the problem in new pipelines
and to predict the most likely locations of cracking in existing lines. In addition to a better understanding
of the failure mechanism, research also has produced improved nondestructive testing methods to detect
cracks before they reach the critical size required for catastrophic failure. The most successful of these
methods employs devices ("pigs") that are inserted into pipelines and traverse their lengths; ultrasonic
or other inspection equipment contained in the pigs is capable of detecting relatively small cracks on
external pipe surfaces. However, such devices currently cannot be inserted in many older pipelines. In
these cases, hydrostatic testing or visual inspection of uncovered pipelines is relied upon to detect cracks,
until modifications to accept pigs can be made to existing lines or other inspection methods are perfected.

The relevance of corrosion-control experience in pipelines and similar buried steel structures
to EBS components is twofold. First, maintenance of corrosion damage within acceptable limits requires
(i) detailed knowledge of the environment that will be present in the repository throughout the
containment period, and (ii) a thorough knowledge of possible corrosion mechanisms for candidate alloys
in the anticipated environments. If either the environment or the corrosion response of a candidate alloy
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to the anticipated environment is inadequately defined, then either the alloy should not be used or
additional steps to minimize corrosion damage should be taken.

Such corrosion-preventive steps might include use of multi-layer containment vessels made of
two or more alloys or materials with different corrosion responses, corrosion-resistant coatings, cathodic
protection systems, large-grained hydrophobic backfill adjacent to containers to promote drainage of water
away from containers, and/or environment-altering barriers. Such barriers could include hydrophilic
materials in the near-field environment around containers. These materials could absorb water and prevent
it from reaching container surfaces, thereby removing one of the primary constituents necessary for
metallic corrosion. Also, use of alkaline backfill materials (e.g., CUC0 3) could promote a noncorrosive,
mildly alkaline environment (approximately pH 9) adjacent to containers. However, designers should use
caution with such an approach, since some experimental studies suggest that, when pH approaches 8,
radionuclides desorb from many mineral surfaces (Hsi and Langmuir, 1985). Also, effects on glass
wasteforms should be carefully considered, since aqueous solutions with high (greater than 9) or low (ess
than 4) pH would substantially accelerate degradation of glass wasteforms (McElroy and Hanson, 1986).
The use of multi-layer containment vessels made of two or more alloys carries a risk of galvanic
corrosion of the more anodic material. However, this may be used to advantage. For example, if a thin
corrosion-resistant inner container is surrounded by a thicker carbon-steel container, the carbon-steel
container will corrode preferentially and thereby cathodically protect the inner container.

Attention also should be given to prevention of stray-current corrosion of containment
components that may be induced as a result of electrical systems installed during the construction or used
during insertion of containers into the repository or in conjunction with initial repository monitoring
systems. Similarly, consideration should be given to the potential corrosive effects of constituents that
may be introduced into the repository environment during construction, insertion of waste containers, or
at other times prior to final sealing. Such constituents may include air and corrosion-inducing bacteria,
as well as chemical species such as hydrocarbon exhaust components, battery acids, or ozone or other
compounds produced by interaction of air with large electric motors.

The relevance of buried structures to EBS components is also represented by the occurrence of
corrosion-related failures in buried steel gas pipelines, which indicates that it has not been possible to
completely prevent corrosion in a very well understood buried metallic engineering system. Consequently,
it is considered unlikely that corrosion damage of EBS components can be completely prevented by the
use of alloys selected on the basis of their corrosion resistance to the anticipated environment. This is
particularly true in view of the very long design lifetime requirements for EBS components, uncertainty
with regard to the likelihood of environmental or other changes over the very long repository lifetime,
and the lack of a corrosion monitoring capability.

This anticipated inability to prevent corrosion damage of EBS components completely by the
use of corrosion-resistant alloys, alone, implies that additional steps to minimize corrosion damage should
be incorporated into the EBS design.

3-12



4 IMPLEMENTING ENGINEERING DESIGN
AND MANUFACTURING METHODS

FOR QUALITY CONTROL

The practice of engineering has developed proven design methodologies and QC techniques which can
be expected to contribute to success in the design and fabrication of HLW containers. In this section, the
design process is discussed along with QC methods which have significantly contributed to a number of
highly reliable products and systems.

The design of the HLW container must reflect sound judgement based on an accurate representation of
design objectives, service conditions, and predicted responses to those conditions. To preclude early
failures and to provide confidence that it will perform adequately over the long required service period,
the container of a WP in HLW service must be fabricated under specifications that account for all
pertinent performance issues.

So that pertinent design concepts may be related to the problem at hand, that of successful design and
production of containers for HLW at a proposed repository in Yucca Mountain, Nevada, the following
discussions will refer to an example design for a HLW container. Such a container is envisioned to
include an internal, metallic, thin-walled Multi-Purpose Canister (MPC), as currently proposed by the
DOE (TRW Environmental Systems, Inc., 1993). For disposal, this container would be enclosed within
one or more overpacks of steel or another metal, several inches thick, to provide mechanical strength and
control of the near-field environment of the inner canister. Separate overpacks would be used for
transportation and storage before disposal and are not discussed here. Disposal would be by horizontal
emplacement in drifts excavated in Yucca Mountain, Nevada. MPCs with their disposal overpacks would
be emplaced on raised beds of excavated tuff, and each package would be backfilled with excavated tuff
after emplacement.

4.1 SYSTEMS APPROACH TO DESIGN

The design of HLW containers is complex in that it must meet sometimes conflicting objectives
for geologic disposal, handling at the repository, retrievability (if required), and, for the MPC,
containment during transportation and storage. In addition, the design must accommodate interfaces with
systems and hardware for each of those objectives. The extremely long service life expected of the HLW
containers makes imperative an accurate prediction of potential environmental conditions including
interactions with HLW storage and disposal systems and components. A systems approach is, therefore,
important for success in implementing engineering design in the HLW container.

There are certain fundamental steps in the design and development of engineered products or
systems that, in general, result in high success. These are: (i) problem definition, (ii) generation of
preliminary ideas, (iii) problem refinement, (iv) analysis, (v) decision, and (vi) implementation (Earle,
1969). These elemental steps have long been recognized as essential to the systems approach to designing
quality into hardware systems, although the "problem refinement" and "analysis" steps are sometimes
considered a single step (Marguglio, 1977). For complex systems, design should define the subsystems
and components which comprise the end items of the system, as well as their interfaces and individual
end item performance requirements (Marguglio, 1977). The steps need not be sequentially performed,
and often one or more steps may overlap one another because of time constraints. However, it is essential
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that each step be given due consideration to avoid costly errors which can otherwise result. As elemental
as this common-sense approach may appear, it is often observed that inattention to one or more design
steps results ultimately in service failure experiences.

Errors in engineering judgement can result from the designer's lack of experience in the context
of a particular application. For example, the infamous collapse of the Tacoma Narrows Bridge was
attributed to the adoption of a faulty doctrine by an entire professional discipline; at the time this bridge
was designed, vertical stiffening was considered unnecessary for suspension bridges (Ferguson, 1993).
This judgement was made by O.H. Ammann in the 1920s for the design of the George Washington
Bridge over the Hudson River, then incorrectly applied to long, narrower, lighter, and more flexible
suspension bridges designed in the 1930s. An appropriate sense of history would have served the
designers well, in that published records existed at the time of the Tacoma design which indicated that
similar failures of suspension bridges had occurred in Europe and the United States in the 19th century.

Ferguson suggests that engineers lacking in experience in formal education and subsequent
professional practice may be reaching positions of responsibility which require them to make design
decisions that should more appropriately be left to those with more practical experience (Ferguson, 1993).
He cites Sir Alfred Pugsley's advice from the mid 1960s which would provide a "sparring partner" to
the chief engineer, so that implications of design decisions in light of the complete design information
base might be challenged. The disastrous explosion of space shuttle Challenger was blamed on top-down
systems design. R.P. Feynman, who served on the official panel that reviewed the disaster, indicates that
inordinate design and development constraints were imposed on components of the space shuttle and these
ultimately contributed to system failure. Accordingly, we note that the entire system design must not be
firmly set and built without allowing sufficient time to develop, test, and redesign, if necessary, all its
components, as would be characteristic of a "bottoms-up" design. Further exacerbating the Challenger
problem were programmatic pressures to magnify expectations for the shuttle beyond capabilities, with
respect to its economy, frequency of flight, and scientific payoff (Ferguson, 1993).

A more in-depth look at each design step is given below, so that the implication of each step
to design of HLW containers for geologic disposal may be appreciated.

4.1.1 Problem Definition

The first step in design is to clearly define the objectives and requirements that are to be met.
A lack of attention to this step often leads to failure, as a designer may fail to clearly identify one or
more aspects of the problem before the design is finalized. During this initial stage, all environmental and
service conditions must be defined as accurately as available information permits, and all assumptions
should be documented. As a design develops, the need or problem identification may be revisited to
ensure that the entire effort is on target. For the design of the WP for a HLW geologic repository, the
design objectives of interest to the NRC are clearly defined in those regulatory requirements from 10
CFR Part 60 which comprise the WP Regulatory Requirement Topic (RRI) 5.2 and which provide EBS
performance objectives and design criteria associated with the WP.

For the HLW container, the site characterization activities will define the WP near-field
environment. It is therefore imperative that any assumptions made for the container design, in lieu of hard
data, should be regularly checked against site characterization data as they become available. Also, the
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container design should be coordinated with the design of the underground facility so as to ensure that
assumptions made for these designs are consistent with one another.

4.1.2 Generation of Preliminary Ideas

During the next design step, various preliminary ideas and alternative designs should be
considered, without constricting the creative thought process with preconceptions, which might otherwise
lead the designer away from potentially valuable novel concepts. For the HLW repository, several design
concepts have been considered by the DOE. These include several different emplacement configurations
(vertical borehole, horizontal borehole, and drift emplacement), at least two container geometries [site
characterization plan (SCP) reference design of a single-wall container and the newly adopted MPC
design], and a variety of materials of construction (e.g., 304L stainless steel, 316L stainless steel, alloy
825, copper, and titanium). Approaches by which consideration of preliminary ideas might be made by
DOE for design decisions include brainstorming, re-examination of the literature, and elicitation of design
concepts from a number of design competitors.

4.1.3 Problem Refinement

Preliminary ideas are first evaluated and limitations analyzed during problem refinement.
Physical and scientific principles, known limitations of equipment, and interactions with related systems
are considered during this refinement process. Examples of design constraints for an HLW package
include coordination with design of the WP transporter for emplacement in the repository and MPC
design requirements for storage and transportation as well as disposal. Although the DOE has considered
transportation and storage aspects of the MPC, considerable design effort concerning long-term
performance of the MPC for disposal has yet to be completed.

4.1.4 Analysis

The next design step, analysis, is that most often associated with engineering, since it involves
the review and evaluation of a design to meet performance objectives. Analyses for strength, endurance,
resistance to environmental factors, functionality, dimensional compatibility, materials performance,
thermal performance, and cost are typical. For the HLW package, for which the predominant concern
for meeting the design life requirement is currently localized corrosion, the focus of analytical work is
presently on a fundamental understanding of localized corrosion mechanisms. It is for this reason that this
report includes a discussion of engineering experience with corrosion of underground metal structures.

Cause and effects analyses are often used to predict potential failure mechanisms and how they
can be prevented in design and manufacture. One tool which has been successfully used for such analyses
is failure modes and effects analysis (FMEA). The objective of FMEA is to identify each possible mode
of failure for each characteristic of the component in question and to determine the potential effect of the
failure in each mode. The ultimate goal is to identify changes to the design which reduce the frequency
of occurrence of the failure mode, minimize its effect, or both. Thoroughness in identifying all pertinent
design characteristics as well as all failure modes for each characteristic is more important than the degree
of sophistication of the analysis. FMEA is interrelated with other design techniques, and it is related to
safety factor analysis and quantitative reliability analysis.
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A typical FMEA report includes a description of the effect of the failure mode, its probability,
and a classification of consequence level (an expression of the worst effect of the failure of the
characteristic). The FMEA report should also include, for each characteristic and failure mode,
identification of design features and other controls which will minimize (i) the frequency of occurrence,
and (ii) the effect of failure. Successful application of FMEA requires a willingness to effect an indicated
change in design or control as well as the ability to conceptualize.

Typical design actions resulting from FMEA are redesign to eliminate the high consequence
nature of the characteristic, increase in safety factors, use of failsafe design, redundancy in design,
inspection or test prior to each deployment, redesign to include self-inspection or self-test, replacement
of the component prior to its predicted mean time between failure, or replacement of the component with
one of higher reliability (Marguglio, 1977).

Computer models play an important role in modem engineering design. When "canned"
programs are used, engineers too often do not adequately appreciate critical factors and assumptions
which rmust be considered in code application. When the designer does play an active role in developing
such programs, sufficient resources must be planned for testing and documenting programs before they
are used in critical applications. In addition, an unwarranted degree of confidence in the apparent
accuracy of computer model results must be avoided. Graphical and analytical techniques should be used
to do bounding calculations for comparison when experimental evaluation cannot be done or is
impractical.

For WP emplaced in an environment that simulates the proposed repository environment, an
"example problem" has been published to demonstrate a methodology for analyzing life to failure
(Cragnolino et al., 1994). In addition, pertinent information concerning degradation of spent fuel and
vitrified HLW containers has been collected (e.g., Manaktala, 1992, 1993; Geesey, 1993). Performance
models for HLW containers have been proposed in work performed for EPRI (Bullen, 1992, 1993a,
1993b; McGuire et al., 1990, 1992) and DOE (Farmer et al., 1988; Engel et al., 1993). The recent DOE
decision to go forward with the MPC design concept will require additional analysis to demonstrate that
the MPC will meet NRC regulatory requirements concerning containment and gradual release. Timely
analysis of the performance of the MPC design for disposal may prevent design decisions which could
later require design modification to incorporate requirements not fully thought out.

When designing a subsystem which contributes to the performance of a larger system, it is
sometimes necessary to re-evaluate the subsystem design by widening the scope of design conditions in
an iterative process until the performance objectives of the larger system are met. If analysis of the
overall geologic disposal system performance indicates that the performance objective, as it relates to
anticipated and unanticipated processes and events, is not satisfied, additional requirements on the design
of the EBS may be required.

4.1.4.1 Extrapolation of Short-Term Data for Long-Term Predictions

Microelectronics products exemplify the use of extrapolation in modern manufacturing to yield
capabilities for extremely high reliability for a large number of components. Currently, a single
microelectronics chip may contain several million components, each of which may be no greater than
1 Am in length. Within 10 yr, an individual chip is anticipated to feature 100 million or more
components, with minimum feature length of 0.1 ,um (Lloyd and Thompson, 1993). In addition, as failure
dynamics for microelectronics are currently understood, median lifetimes of circuits are measured in
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megayears in order to achieve necessary reliability levels. Accelerated testing and extreme extrapolations
of failure distributions using limited sample sizes are used to predict reliabilities. This is only possible
when failure mechanisms can be accurately predicted and precisely understood. For such small lengths
of features, materials science has been and will continue to be an essential tool to understand processing-
structure-property relationships, thin-film mechanical properties, and effects of electric fields and current
on the kinetics and thermodynamics of solid-state processes.

The DOE needs to outline the strategy anticipated for reducing the uncertainty associated with
extrapolating short-term data which will be available at the time of license application for demonstrating
long-term performance of their EBS design.

4.1.4.2 Industry Standards for Design

For the design of certain components, standards have been established by nationally or
internationally recognized technical bodies. These serve to guide the designer in development of detailed
design and fabrication procedures. For example, the design of pressure vessels has been aided by the
ASME and the Pressure Vessel Research Committee (PVRC) of the Welding Research Council (WRC).

From 1880 to 1919 there were 14,281 boiler explosions in the United States, involving the loss
of many lives. The ASME, which was founded in 1880, set out to determine causes of boiler failures and,
in 1914, issued the Boiler Code. A rapid drop in the number of boiler explosions ensued, even though
the total number of boilers was increasing as was the steam operating pressure. Figure 4-1, adapted from
Walters, depicts the dramatic improvement in boiler reliability as a result of widespread use of the ASME
Boiler Code in the United States (Walters, 1984).2 The high reliability of pressure vessels was discussed
at length in Section 2.

Similar improvements in service performance have been associated with standards set by other
organizations, such as American Society for Testing and Materials (ASTM), Institute of Electrical and
Electronic Engineers (IEEE), American Petroleum Institute (API), Society of Automotive Engineers
(SAE), etc. One example of an instance in which the use of an industry standard was ineffective was the
case involving counterfeit imported bolts in 1985-86. Bolt heads are marked, typically with lines, to
indicate the strength of material from which the fastener was made. The SAE/ASTM have established
these standards to assist in easy identification of bolts during assembly. Unlike ASME stamps on pressure
vessels, however, the use of these bolt head markings does not require registration with or approval of
a regulating organization. A large number of failed fasteners was experienced in a variety of industries
in the United States in 1985-86 when fasteners marked with grades which indicated strength beyond
actual values became widely circulated. These fasteners were produced in large quantity, at low unit cost,
during an economic time which was conducive to industry cutting corners (Valenti, 1993). For critical
applications, such standards cannot be strictly relied upon with high reliability, and proof tests or
documented proof of performance from a reputable vendor would be in order.

2 The development of code cases in the ASME Boiler and Pressure Vessel Code is supported by research
conducted under the auspices of the PVRC.
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Figure 4-1. Number of boiler failures per year in the United States as a function of year (Walters,
1984)

4.1.5 Decision

The "decision" step of the design process is often not clear cut in that design choices must
balance meeting each objective to an optimal degree. Specialized techniques have been developed for
decisionnaking for complex systems with diverse requirements (Bonano et al., 1990; Trueman, 1974;
Keeney, 1980; Keeney and Raiffa, 1976; Saaty, 1980). These usually identify relative importance of
various objectives with an assessment of how well each alternative meets the objectives on a numerical
scale.

The general approach to using decision-making techniques is to formulate a mathematical model
which incorporates the variables associated with the problem and optimize the solution to best meet the
objectives. Four steps in developing the mathematical model may be given as follows (Trueman, 1974).
First, formulate the problem by identifying the variables and separating those over which control is
available by decision. Next, establish the criteria for optimality. This is sometimes made very difficult
when conflicting objectives are sought, and specialized techniques have been developed for handling
decisions with multiple objectives (Keeney and Raiffa, 1976). Third, develop the model by specifying the
mathematical relationships between the variables. Finally, perform the analysis by using values of
uncontrollable variables and substituting controllable variables to best meet the criteria for optimality.
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When decisions must be made among alternatives which include intangible factors with qualitative
measurement, comparison techniques can be used to relate the perceived value of such factors to one
another as well as to more quantitatively measurable factors (Saaty, 1980).

The use of these techniques for making difficult decisions during the development of HLW
containers may make such decisions more tractable and more easily explained when they are later
examined by others.

4.1.6 Implementation

Implementation of the design does not imply that the analysis and decision steps are necessarily
complete. Very often, designs are implemented on a trial basis by building prototypes and testing them,
either in the laboratory or in a limited field distribution, to identify and solve problems that were not
predicted during previous design steps. As a result of tests, decisions can be reconsidered and the design
changed as a result. Limitations and design constraints which had not been previously considered may
become apparent during testing. Tests may identify a failure mode which had not been anticipated, and
additional analysis may be required to refine the design.

Sometimes only parts of a design are prototyped and tested, especially when only one or two
subsystems or components are previously untried and, therefore, lack field experience to provide
confidence in success. When a full-scale prototype is inordinately expensive, scale models might be used
to determine effectiveness of the design. In such cases, extreme care must be used to ensure that results
from testing the scaled prototype can be interpreted and applied to the full-scale design. All tests should
produce the mode(s) of failure which reflect the expected failure mechanism(s) for the full-scale part in
service. For the long service period required of the HLW package, all potential failure mechanisms may
not be known at the point at which designs must be developed and tested. As a result, early attention to
completeness of a mechanistic understanding of WP failure will need to be coupled with test results to
provide confidence of success.

The scope of testing may go beyond testing the finished product or system in that the production
process may require prototyping and testing to ensure adequate process control to deliver high reliability.
The use of modem manufacturing techniques to control the processes used to produce the part are the
subject of the discussion in Section 4.2.

4.2 MANUFACTURING FOR HIGH RELIABILITY

The level of reliability achieved for various products and systems varies significantly.
Obviously, the reliability of a nuclear container must be relatively high in comparison with low-cost items
such as cans for food products. Generally, reliability must be high when the potential consequence of
product failure is high. However, even inexpensive products can be reliably produced when the
production process is repeatable and well-characterized, such as is typically the case in mass production.
In such cases, higher reliability may result from automation to reduce human error, although new
problems may be introduced with automation. If a product flaw is built into the manufacturing process,
automation can reliably build the same flaw into every unit produced if the flaw is not detected in
subsequent sampling. When a great number of units are produced, even a minuscule per-unit cost saving
can be substantial, and process designers must guard against making decisions which reduce production
cost without fully considering the impact on reliability. To prevent potential organizational conflicts, QC
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and QA departments have typically been separated from those who have production responsibility since
the 1930s (Marguglio, 1977). When QC and QA are applied during design to ensure adherence to
accepted methodology, errors in product and process design can be detected, thereby preventing product
or system defects and raising the level of reliability. This approach to QA is replacing the method of
sampling final products to detect defects in modem manufacturing. As demonstrated in recent years, most
clearly by the Japanese, appropriate incorporation of good QA and QC practices to control design and
production processes yields long-term profitability.

The level of reliability required for a given product or system is a trade-off of total incremental
cost to yield an incremental gain in reliability versus the total cost of risk incurred by not incrementally
raising the reliability. Taguchi relates the monetary cost of product quality loss to reliability, as discussed
in Appendix C on statistical process control (SPC) (Barker, 1990).

When extremely high reliability is required for a manufactured part, those design parameters
crucial to meeting design requirements must be very well characterized so that they can be specified for
production. Also, the manufacturing process must be capable of producing the part within specified
tolerances with very high reliability and repeatability, which means that the process itself must also be
well characterized. For example, the quality of a weldment depends on choices of welding parameters
(such as voltage, current, preheat, speed) and on the preparation of the parts to be joined (such as
machining to produce desired dimensions and geometry of weld preparation for concentricity of tubular
joints).

Testing is inherent in manufacturing for reliability. Traditional endpoint tests of statistical
samples of production runs are being replaced by on-line tests and parametric measurements which ensure
product quality during the manufacturing process. In addition to traditional test methods like radiography
of welds typical of metal fabricated parts similar to an HLW container, new techniques are being
continually developed to provide more information in greater detail. Judicious choice of measurement and
test techniques has resulted in very high reliability in manufacturing. For the packaging of HLW,
interference of high radiation field with techniques and human hands-on performance demonstrates the
need for remotely operated measurements. Many remotely operated methods have been developed for use
in the nuclear industry.

In the following sections, concepts and techniques that have proven crucial to the development
of highly reliable manufacturing processes will be discussed briefly. These include the concept of "Zero
Defects," automated testing and manufacturing techniques, and SPC.

4.2.1 Zero Defects

Human error in manufacturing was addressed in the 1960s during the development of complex
missile systems which required extremely high reliability for a large number of components whose
production and assembly involved human interaction. Worker errors were attributed by Halpin (1966)
to three situations: lack of knowledge, lack of proper facilities, and lack of attention. Systematic
programs for personnel training and for development of facilities can remove the first two causes. The
Zero Defects program developed to eliminate lack of attention proved highly successful in motivating
employees to strive for perfection. The need to meet a shortened schedule with high reliability for the
first Pershing field unit missile required that the process reduce human error so that 100 percent
inspection and extensive rework, which had previously been required, could be eliminated. The necessity
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for meeting this formidable goal caused management of the Martin Company, which was developing the
missile, to rethink its attitude toward human error. It was observed that certain human activities (such
as arriving at the correct household at the end of a workday) produce zero errors. Once zero defects
appeared achievable, the process to achieve this new level was developed and implemented with success.
Although rework and retest remained, their impact on schedule and cost was dramatically reduced. A
distillation of the positive steps in the Zero Defects process is as follows: (i) present a challenge, (ii) back
the challenge with management action, (iii) establish standards, (iv) check results, and (v) act in
accordance with the results to recognize accomplishment (Halpin, 1966). In spite of the success of Zero
Defects programs in many industries to reduce defects, it is recognized that finite available resources do
not allow product risk to be reduced to zero, only to minimize it (Marguglio, 1977).

4.2.2 Automated Techniques in Testing and Manufacturing

Manual manufacturing processes yield unacceptably low reliability for many applications, by
a large margin, because of lack of control over factors (such as human error) for which uncertainty is
high. Reliable mathematical models of manufacturing processes and materials are needed to produce error
analyses which can be used in a practical way to provide extremely high reliability. Control of automated
processes in a full quality scheme allows modem manufacturers to achieve reliability levels unattainable
in previous times.

The need to rely on automated and remote techniques is accentuated in high radiation fields
where worker safety may preclude any other means. Automated welding processes and control are being
extensively researched and reported in the literature (Cook et al., 1990; Drews and Fuchs, 1990; White
and Jones, 1990; Smartt et al., 1990; Sugitani et al., 1990; Wu and Richardson, 1990; Agapakis and
Katz, 1990; Holm et al., 1990; Nagarajan et al., 1990; Rock et al., 1990; Deam, 1990; Adam and
Siewert, 1990; Oberly et al., 1990; Andersen et al., 1990a, 1990b, 1990c). Robotic systems for
automated welding are commercially available, and they incorporate programming via personal computer
and expert systems (Puttrd, 1994).

Automation of welding processes emphasizes the need to characterize materials to be welded
and welding processes as completely as possible for greatest success. An automated welding system is
being developed at the National Aeronautics and Space Administration (NASA) Marshall Space Flight
Center which is reported to eliminate those defects that are caused by human error (National Aeronautics
and Space Administration, 1993a). This system is believed to be the first to control process parameters
in real time based on sensor feedback and fundamental understanding of the physics and chemistry of the
variable polarity plasma arc (VPPA) welding process. Stereoscopic-imaging sensors are being evaluated
to track weld seams, as is a sensor which utilizes artificial intelligence. The weld bead profile is observed
with a laser sensor, and a wire-feed-controlling sensor is being implemented on an industrial computer
with a multitasking operating system which will coordinate more than 10 axes of motion. Computer
programs for control of the automated welding system will reduce the amount of "teaching' required by
a technician to guide the robot path for welding with macroinstructions, which encapsulate sequences of
motion and welding parameters needed to weld generic classes of weldments (National Aeronautics and
Space Administration, 1993b).

While the physics of the welding process are not completely understood at this time (Eager,
1990), many examples of published results of efforts to remedy this disparity exist (Eager, 1990;
Devietian et al., 1990; Galopin et al., 1990; Lin et al., 1990). Likewise, much work is being done to
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determine effects of the welding process on physical weldment characteristics such as residual stress
(Mahin et al., 1990; Danko, 1990) and strength (Faure et al., 1990; Haggag et al., 1990), and
performance of weldments in relation to such characteristics (Edwards et al., 1990; Lundin et al., 1990;
Gross, 1990).

Modem manufacturing QC does not rely strictly on inspection of parts after manufacture, and,
when inspection is required, automated processes are used wherever possible because they can be
characterized better than manual methods. Quality control techniques are integral to intelligent processing
of materials and intelligent manufacturing by continuous feedback of control parameters with sensitive
instruments during the process. Measurement error with respect to the desired tolerance of control should
be taken into account when controlling manufacturing parameters. The "4 to 10 times rule" is often used
as a rule of thumb to represent the desired ratio of tolerance spread of the measured characteristic to the
precision of measurement available from the measuring device. An example falling within this rule would
be measurement of a diameter with a desired tolerance of +0.005 with a device with a precision of
+0.001 (Marguglio, 1977).

The principal technologies upon which automated inspection have been dependent include
computing, chromatology, dichroscopy, diffractometry, electro-optics, endoscopy, fiber optics,
fluoroscopy, holography, lighting, material handling, metrology, microelectronics, microscopy, NDT,
optics, photography, radiography, refractometry, reflectometry, spectroscopy, thermography, and
ultrasonics. These are concerned with five different forms of energy: (i) electricity, (ii) heat, (iii) light,
(iv) ultrasound, and (v) x-rays (Batchelor et al., 1985). The decision to automate inspection is usually
based on cost comparisons, and, in some cases, automated inspection offers the only practical way to
achieve necessary levels of reliability through 100-percent inspection. Inspection of pressure vessel
closure welds is typically done by magnetic particle inspection, ultrasonic testing, and x-ray inspection.
For the HLW container, inspection of the closure weld should be given close attention and various
options should be considered. For the MPC, which is expected to be fabricated of a nonmagnetic
material, autoradiography, ultrasonic testing, thermography, and visual inspection techniques might be
considered, for example. The choice of inspection methods should consider the use of more than one
means to verify weld integrity, the need for remote operation in a high radiation field, and potential
interfering effects of such a field. In addition, records of key fabrication parameters may be useful in
interpreting inspection results or demonstrating integrity of the HLW container.

One area of automated inspection which is being used extensively and which continues to be
developed is machine vision. Anything that can be inspected by the human eye can be inspected by
machine vision. Newer systems can differentiate color and provide increased accuracy and flexibility at
the same cost as previous systems (Deklotz, 1993). The cost and reliability of such systems has been
reduced with the advent of scientific charge-coupled device (CCD)-based detectors, imaging
spectrometers, and optical fiber bundles, along with the ability to process information at ever-increasing
speeds from multiple sites via a single system (Nir, 1992). Nonimaging optics (NIO) are combined with
fiber optics to remotely sense chemicals (Ferrel et al., 1992) via spectroscopic absorbance, fluorescence,
and Raman systems in process industries (Farquaharson and Simpson, 1992).

Modem manufacturing technology methods require processes to be well understood in addition
to having an adequate ability to control the processes. When processes are not adequately understood,
the typical solution is to make inferences and test them in pilot production, producing the maximum
number of units practical to yield the required characterization for control. Also, the need to accurately
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characterize materials and processes often forces designs in conservative directions to use "low-tech" and
well understood processes and highly characterized materials of construction.

SPC has successfully been combined with physical controls (such as inspection and testing of
incoming raw materials) for products utilizing automated manufacturing and measurement techniques so
that reliability levels yielding 1 reject in 10 million are achievable where previous levels were nearer 1
in 10 thousand. Keys to success for such applications include the use of automated processes and controls
in manufacturing and the ability to mathematically model such processes and controls so that controls can
be used to effect the desired reliability level. Although automated, the processes themselves are often
chosen to be relatively "low-tech," since these are most completely characterized and offer the least
chance of error in characterization and, therefore, control. Materials whose predicted service behavior
is factored into such high reliability levels must be well characterized, as must also be the manufacturing
processes and their effects on service performance. The necessary inspections and tests of materials of
construction and the product at various stages of production must also be clearly defined and performed
with rigorous adherence to specified procedures. Examples of industries in which SPC has been used to
radically improve quality and reliability include production of electronics components, automobile
components (such as air bag cylinders), and hydraulic cylinders.

The cost for SPC might be considered exorbitant for small-quantity production, so it is usually
reserved for production of large quantities, in which case the overall cost can be spread over many units
to produce a low unit cost. When a product is to be produced in very low quantity, or even as a one-of-a-
kind design, such as certain large pressure vessels, the QC scheme might include technical expert
witnessing and monitoring of critical processes. For very high reliability when manual techniques such
as these are used, the relation of such observations and measurements to reliability must be highly and
accurately characterized. For some applications, especially those in which human life or safety is at risk,
the cost associated with failure when these SPC techniques are not used makes their application attractive
even for low quantity production.

More detailed discussions on SPC are given in Appendix C.

4.3 SUMMARY - IMPROVEMENTS IN RELIABILITY SPECIFIC TO
WASTE PACKAGE DESIGN AND FABRICATION

All of the steps in the design process should be considered using a systems approach which
minimizes the chance of overlooking significant pitfalls thereby maximizing the chance of success with
the WP design. Identification and characterization of all credible failure mechanisms is of greatest
importance, so that the design will have the greatest chance of controlling radionuclide releases.

When multiple engineered components are involved for performing diverse functions (i.e.,
transportation, storage, and disposal), there is a risk that there may be mismatches in the individual
design requirements. A systems approach which recognizes the potential failure mechanisms of the MPC
could identify early in the process opportunities for designing a WP which combines long-term,
postclosure performance with the preclosure advantages of the MPC design. Materials for the MPC and
its overpack should undergo modeling which indicates a reasonable probability of success in the
anticipated emplacement environment, and subsequent tests should be planned to demonstrate such success
with reasonable assurance. Processes anticipated for fabricating the WP should be taken into account to
preclude building in failure mechanisms by increasing, for example, the propensity for SCC by creating
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a heat-affected zone with an undesirable microstructure due to welding, or some other mode of
degradation or failure. To do so requires an understanding of effects of variations in the manufacturing
process on conditions or properties which may promote or resist the various degradation mechanisms.
Such processes should be well characterized so that optimum values of parameters are known and
controllable prior to fabrication of containers for waste disposal.

Modern design and manufacturing processes can and perhaps should be used to minimize
parametric variability for the HLW container once optimum parameter values are established. Acceptable
variations in parameters measured during manufacture can be identified, along with their implications in
coordination with other parameters on long-term performance. Appropriate automated inspections, along
with automated process control, such as SPC, may be useful for HLW container fabrication. Application
of QA and QC to control process variables within acceptable limits and to ensure that design processes
conform to acceptable standards can help prevent WP defects which may affect long-term performance.

Toward developing an improved awareness of achievable levels of reliability for WP
performance, prudence dictates that the staff become more familiar with the following, so that guidance
to DOE during prelicensing review may positively affect the ultimate reliability achieved.

* Inspection techniques which are currently being used or developed for pressure vessels
should be investigated for their ability to detect material flaws which might reduce
containment times significantly by providing a pathway for radionuclide migration by
penetration of barriers.

* As part of evaluation of materials, the influence of the processing steps in producing the
material as well as the effects of loading the HLW and sealing the container need to be
considered.

* Future corrosion research should focus on materials chosen for MPCs and their disposal
overpacks, including galvanic effects and interactions with anticipated emplacement
environments.

* Methods for extrapolating short-term data for demonstrating long-term performance of the
EBS design should be developed.

* Wherever possible, established industry standards for design to take maximum advantage of
past experience in design should be used.
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5 CONCLUSIONS

Establishing the reliability of HLW packages to meet the long-term disposal requirements in 10 CFR Part
60 for the disposal of HLW presents a challenge for designers. There are two aspects of WP reliability
that need to be addressed: (i) reliability of the initial fabricated WP, and (ii) the long-term performance
of the WP. In this report, engineering experience related to these issues is presented. It has been found
that well documented information directly applicable for use in WP design is limited. An understanding
of the reliability that is achievable can be obtained from examples selected for this review, although no
example will serve as a direct analogue for WP designs.

Data on the reliability of fabricated metallic components and systems indicate that expected reliability
levels exceeding 99.9 percent are achievable when failure mechanisms and service conditions are well
defined. Their definition has historically occurred in a gradual process involving strict adherence to QC
and the ability to enact countermeasures which minimized failures due to previously observed mechanisms
of failure. The typical service life for those fabricated metallic components and systems whose reliability
was discussed here is much shorter than that expected for HLW packages.

Fuel rod reliability levels have exceeded 99.99 percent in recent years, although failure mechanisms have
changed over the years. As one failure mechanism has been identified and countermeasures successfully
developed, new failure mechanisms have been observed. Differences exist in failure modes in PWRs and
those in BWRs. Historically, the process of obtaining high reliability in fuel rods involves a learning
curve, strict adherence to QC, and the ability to enact countermeasures which minimized failures due to
previously observed mechanisms of failure.

Another example for which a number of new failure modes have been observed with time and alleviated
successfully is the case of steam generator tubes in PWRs. High reliability levels (greater than
99.99 percent) were achieved after subtle problems, which were not anticipated, were encountered and
subsequently prevented.

Failure rate statistics indicate expected values for reliability of pressure vessels exceed 99.9 percent for
disruptive failures, based on a 40-yr life. The 99 percent confidence limit for upper bound of expected
reliability of steam drums built to ASME Section I is estimated to be 99.96 percent, over a 40-yr vessel
life. Development of pressure vessel standards and analytical methods over the past 100 yr has
contributed significantly to the ability to achieve such high reliability levels. Also, technology for
fabricating and inspecting pressure vessels has become increasingly better. Potential mechanisms of failure
for pressure vessels, as a result, are relatively well understood and accounted for a 40-yr design life.

For a thin-walled HLW waste package constructed with a 304L stainless steel material, the predominant
concern for meeting the design life requirement is localized corrosion, and the focus of analytical work
is presently on a fundamental understanding of localized corrosion mechanisms. Experience with
applications in corrosion engineering is reviewed in this report to provide insight into the underground
corrosion process and its control and to provide information on the potential improvements in reliability
that are likely to result by using state-of-the-art practices to develop disposal packages.

Potential corrosion mechanisms for underground structures have historically been difficult to predict, and
only after failures occurred in initial installation and designs have remedies been developed. Generalized
preventive measures have typically been ineffective, since each installation offers unique features. These
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include the singular combination of materials of construction, properties of backfill materials, native soil
properties, presence and composition of moisture, electrical potential and conductivity, presence of stray
electrical currents, and cathodic protection design. The serviceability of a structure is obtained by
tailoring materials for use in a well-understood environment.

Improved characterization of the near-field environment can improve the opportunity for success, since
failure mechanisms can more accurately be anticipated. The design should be tailored to take into account
all known factors, and it should reflect an understanding of electrochemical processes to be encountered.
Factors contributing to increased reliability include homogeneity of local environment, dryness,
electrochemical compatibility with nearby anodic metallic structures, lack of stray currents, and ability
to monitor and enact remedies as appropriate.

The WP design will benefit significantly from a systems approach, that minimizes the likelihood of
overlooking significant pitfalls and ensures attention to each step of the design process. Potential failure
mechanisms must be identified and characterized so that the design will be capable of controlling
radionuclide releases.

To minimize parametric variability during fabrication of the HLW container, modem design and
manufacturing processes should be used. Acceptable parametric variations measured during manufacture
should be identified, along with their implications in coordination with other parameters on long-term
performance. In developing the necessary data and characterizing the various processes that affect a WP
design, established industry standards should be used whenever possible. In cases where existing
standards are limited, new standards or peer-accepted guidelines should be developed to establish a
consistent and reliable design.
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TABULATED FUEL ROD RELIABILITY DATA

Table A-1. Fuel rod reliability

Year Vendor Reliability(N)

1989 Advanced Nuclear Fuels 99.997

1988 Advanced Nuclear Fuels 99.994

1987 Advanced Nuclear Fuels 99.995

1986 Advanced Nuclear Fuels 99.995

1985 Advanced Nuclear Fuels 99.994

1984 Advanced Nuclear Fuels 99.995

1983 Advanced Nuclear Fuels 99.87

1982 Advanced Nuclear Fuels 99.998

1981 Advanced Nuclear Fuels 99.987

1980 Advanced Nuclear Fuels 100

1989 B&W Fuel Co. (all fuel) 99.997

1989 B&W Fuel Co. (SS clad fuel) 98.6

1988 B&W Fuel Co. (all fuel) 99.99

1988 B&W Fuel Co. (SS clad fuel) 99.8

1987 B&W Fuel Co. (all fuel) 99.98

1987 B&W Fuel Co. (SS clad fuel) 99.98

1986 B&W Fuel Co. (all fuel) 99.999

1986 B&W Fuel Co. (SS clad fuel) 99.998

1985 B&W Fuel Co. (all fuel) 99.995

1985 B&W Fuel Co. (SS clad fuel) 99.997

1984 B&W Fuel Co. (all fuel) 99.99

1984 B&W Fuel Co. (SS clad fuel) 100

1983 B&W Fuel Co. (all fuel) 99.991

1983 B&W Fuel Co. (SS clad fuel) 100

1982 B&W Fuel Co. (all fuel) 99.994
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Table A-1. Fuel rod reliability (cont'd)

Year Vendor Reliability (%)

1981 B&W Fuel Co. (all fuel) 99.992

1980 B&W Fuel Co. (all fuel) 99.997

1979 B&W Fuel Co. (all fuel) 99.97

1978 B&W Fuel Co. (all fuel) 99.9 to 99.99

1989 Combustion Engineering 99.997

1984 Combustion Engineering 99.98

1983 Combustion Engineering 99.98

1982 Combustion Engineering 99.99

1979 Combustion Engineering 99.99

1978 Combustion Engineering 99.9

1977 Combustion Engineering 99.98

1976 Combustion Engineering 99.98

1975 Combustion Engineering 99.97

1974 Combustion Engineering 99.75

1973 Combustion Engineering 99.96

1972 Combustion Engineering 99.99

1971 Combustion Engineering 99.99

1989 General Electric Co. 99.98

1988 General Electric Co. 99.97

1987 General Electric Co. 99.99

1986 General Electric Co. 99.99

1985 General Electric Co. 99.99

1984 General Electric Co. 99.99

1983 General Electric Co. 99.993

1982 General Electric Co. 99.98

1981 General Electric Co. 99.98
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Table A-1. Fuel rod reliability (cont'd)

Year Vendor Reliability(%) ]
1980 General Electric Co. 99.98

1989 Westinghouse Electric 99.994

1988 Westinghouse Electric 99.994

1987 Westinghouse Electric 99.994

1979 Westinghouse Electric 99.983

1977 Westinghouse Electric 99.938 to 99.9999

1975 Westinghouse Electric 99.75 to 100

1974 Westinghouse Electric 99.79 to 99.999

1973 Westinghouse Electric 99.91 to 99.999

1972 Westinghouse Electric 99.74 to 100

1971 Westinghouse Electric 99.23 to 100

1970 Westinghouse Electric 99.24 to 99.999
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UNDERGROUND CORROSION CONTROL AND CASE STUDIES

A number of technical uncertainties exist with regard to corrosion of the metal waste packages in which
HLW is to be stored, including:

* The extreme length of time required for containment (300 to 1,000 yr). Experience with
corrosion-resistant alloys, and in many cases, the existence of such alloys, is much less than
the required containment periods, ranging from about 100 yr for the oldest stainless steels
to 10 yr or less for recently developed alloys. Modes and rates of degradation of container
materials are thus uncertain over the long period for containment.

It is obvious that a desirable material to be used in HLW containers would have a corrosion
rate that is too low for corrosion to penetrate the container within the required service
period. A less obvious factor is the thermodynamic stability of the material used. For
example, typical austenitic stainless steels (such as Types 304 and 316) are metastable. The
austenite phase present in these alloys is produced by rapid cooling from high temperatures,
but the thermodynamically stable phase is ferrite. Consequently, over an extended period of
time it may be expected that austenite will transform to ferrite. The rate at which the
transformation occurs is insignificant for typical service requirements where the structure
is required to last for 30 to 50 yr; but it may be significant in a structure that is to last
1,000 yr, particularly if the corrosion resistance of the resulting transformation
microstructure in the WP environment is reduced.

* The extremely large number of waste packages that will be stored in the repository (45,000
to 80,000) and the high level of reliability required.

* Inaccessibility of waste packages after the repository is sealed.

* Possible changes in the environment as a result of geologic events, changes in radiation
levels, and temperature changes.

* Possible changes in mechanical stresses in waste packages as a result of geologic events,
temperature changes, or other factors that can cause movement or dimensional changes in
waste packages.

Because of these uncertainties, it is imperative that the WP design approaches to be employed recognize
and benefit from prior, existing engineering and corrosion-prevention experience developed for similar
underground structures, such as pipelines. Experience with other structures provides an indicator of the
level of success and of the practical problems that may be expected in the design and operation of the
WP. The successes and failures in engineering and corrosion prevention in underground structures also
provide the NRC with a reference for determining what should be expected of the Department of Energy
(DOE) WP design process to maximize the level of success attainable.

B.1 UNDERGROUND CORROSION PROCESSES AND FACTORS

In the United States alone, there are approximately 270,000 mi of buried gas transmission
pipelines that transport more than 24.6 x 1012 standard ft3 of natural gas around the country each year.

B-1



There also are some 163,000 mi of buried pipelines that transport more than 340 million gal. of oil and
other hazardous liquids annually. In addition, thousands of miles of water and natural gas distribution
lines, more than one million fuel storage tanks, telephone and other telecommunications cables, and other
buried facilities are in operation in the United States.

All of these buried structures are subject to underground corrosion, but there have been very
few serious failures in more than a century of operation in some locations. This outstanding record is the
result of the successful application of corrosion engineering and corrosion-control technology. A brief
general description of typical underground corrosion processes and methods for controlling underground
corrosion are discussed below. These discussions are followed by specific examples illustrating successful
applications of corrosion prevention. In addition, some examples of problems where standard corrosion
control methods were not successful are discussed, and the remedial steps taken are described.

In underground environments where groundwaters and soils are neutral or alkaline, corrosion
rates of buried metallic materials depend primarily upon the oxygen concentration at the surfaces of the
buried structure which, in turn, depends largely upon the depth the structure is buried below the surface
and the diffusivity of air through the soil to the metal surfaces. In deep oil and gas well environments
containing acid gases (e.g., 112S and C0 2) or in acidic soils, the predominant cathodic reaction is likely
to be hydrogen ion reduction, and the corrosion rate will depend largely upon the concentrations of acid
gases in the oil and gas reservoirs being produced. In acidic soils, the pH and total acidity of soil
constituents will determine the degree to which hydrogen reduction occurs, and both oxygen and
hydrogen ion reduction may occur. Consequently, the corrosion rate of metallic structures in acidic soils
typically will be expected to be greater than in neutral or alkaline soils.

It may be inferred from the previous discussion of the oxidation and reduction reactions that
any steps taken to reduce the concentrations of cathodic reactants in an environment, such as removing
oxygen or increasing pH, will result in a corresponding reduction in the anodic corrosion rate. This is
true for many metals, and for iron and low-alloy steels in particular. Increasing the pH and decreasing
the oxygen concentration of the environment directly limits the anodic corrosion reactions for the reasons
discussed earlier. In addition, alkaline pH values also favor the formation of adherent protective oxides
and other corrosion products on metal surfaces, and these products act as a barrier to the transport of
electrons and cathodic reactants, thereby reducing the corrosion rate.

However, lowering oxygen concentration is not an effective means of controlling corrosion
for all alloys, and some alloys actually may corrode more rapidly in deoxygenated environments. A
number of important engineering materials, including aluminum alloys, stainless steels, and nickel-base
alloys, owe their corrosion resistance to the formation of very thin, insoluble oxide films, which limit
subsequent corrosion much more significantly than the porous oxide barriers formed on most carbon and
low-alloy steels. Such alloys are referred to as passive or passivated because of the nonreactive (i.e.,
passive) nature of the surface films.

Passive alloys require a minimum concentration of oxygen or other oxidizing species to
maintain protective oxide films, and alloys of this type may corrode at very high rates if the concentration
of oxidizing reactants is reduced below a critical level. In general, passive alloys will be susceptible to
accelerated corrosion in environments where the oxygen concentration is reduced below the threshold
value needed to maintain the protective oxide.
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Similarly, while increasing pH reduces corrosion rates of carbon and low-alloy steels,
corrosion rates of other materials may increase when the pH is increased. For example, the corrosion rate
of zinc is very low at pH values of about 6 to 12 because insoluble, protective corrosion products are
formed within this pH range. However, at pH values less than about 6 or greater than about 12, zinc is
soluble and the corrosion rate is catastrophically high (Uhlig and Revie, 1985a). Corrosion resistance of
aluminum and aluminum alloys also is strongly dependent upon pH. Insoluble protective films are formed
on aluminum and aluminum alloys, and corrosion rates are low at pH values between about 4.5 and 7;
outside this pH range, aluminum corrosion rates are very high.

Corrosion reactions, being electrochemical in nature, are subject to the fundamental physical
principles that govern electrical circuits. Each of the anodic (oxidation) and cathodic (reduction) reactions
involved in metallic corrosion has a unique potential associated with it. For iron and steels, the potential
for the anodic reaction is given by

EFC = -0.440 + 0.0296 log (Fme") (B-i)

where

E1,6 = potential of the reaction (V)

(Fe j = concentration of ferrous ions (in moles/l) dissolved in the surrounding solution or
environment

The potential of the oxygen reduction reaction is:

EO. = 0.401 - 0.0592 log [(OH-)!(02))1 4] (B-2)

where

E02 = potential (V) of the reaction

(OH-) = hydroxide ion concentration (in moles/l)

(Po2) = oxygen pressure (in atm)

and the potential of the hydrogen reduction reaction is:

EH2 = 0 - 0.0296 log [(PHI (H+)2] (B-3)

where

E82 = potential (V) of the reaction

PH2 = hydrogen pressure (in atm)

(Hf) = hydrogen ion concentration (in moles/i)
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In a given environment, each of these anodic and cathodic reactions will have an equilibrium potential
that is determined by the concentrations of the dissolved species and the partial pressures of the gaseous
species, as indicated by Eqs. (B-1) through (B-3).

Differential aeration cells involving differences in concentrations of oxygen or other cathodic
reactants at various locations on the surface of a buried steel structure can have important consequences
with regard to underground corrosion. For example, assuming that a long steel pipe is buried vertically
in a conductive soil, that the soil has a pH of 7 and contains 0.1 mole/l of ferrous ion, that the upper end
of the pipe is in contact with air (0.2 atm oxygen pressure), and that the oxygen pressure at the lower
end of the pipe is similar to that at the upper end. Under these conditions, the potential of the iron
dissolution reaction, as defined by Eq. (B-1), is the same at all locations along the pipe (-0.470 V), and
the potential of the oxygen reduction reaction, as defined by Eq. (13-2), is 0.815 V at all locations.

Under these conditions, iron initially would dissolve and pass into the soil along the length of
the pipe, with the cathodic reaction being oxygen reduction. At the upper end of the pipe, oxygen
converted to hydroxide ions will be replaced rapidly, since the upper end of the pipe has access to oxygen
in the atmosphere. However, oxygen consumed at the lower end cannot be replaced as rapidly, and the
oxygen concentration at the lower end is dependent upon the rate at which oxygen diffuses through the
soil from the surface. The result is a difference in oxygen concentration between the oxygen-rich upper
end of the pipe and the oxygen-depleted lower end.

If it is assumed that the lower-end oxygen concentration stabilizes at a pressure of 0.001 atm,
the oxygen reduction reaction potential at the lower end will be reduced from the initial value of 0.815
to 0.771 V, the lower end of the pipe will be anodic, and the upper end will be cathodic. Since electrical
continuity exists between the pipe ends through the metal and the conductive soil, iron will continue to
dissolve and pass into the soil at the anodic lower end, while electrons generated in the anodic iron
dissolution reaction at the lower end will flow through the pipe to the more positive cathodic (upper) end
of the pipe where they can reduce oxygen and increase pH [in accordance with Eq. (13-2)].

The increase in pH and the presence of hydroxides and oxygen at the upper end of the pipe
favor formation of surface deposits. This process of corrosion at the lower end of the pipe and formation
of corrosion-limiting surface deposits at the upper end will continue as long as the oxygen concentration
difference exists between the pipe ends and the other conditions do not change significantly.

From the immediately preceding discussion, it can be seen that differences in oxygen
concentration (or concentrations of other cathodic reactants) on surfaces of buried metallic structures can
cause corrosion to occur at locations where the concentration of cathodic reactants is lowest. Another
common example is steel culvert pipes passing under roadways. The ends of culvert pipes have ready
access to oxygen, and the center of the pipe under the roadway will have the lowest oxygen
concentration. Consequently, the most probable location of corrosion in steel culverts is at their centers
on the lower sides, since this is the location where the oxygen concentration will be lowest.

Any factor that affects the anodic and cathodic reactions that can occur on the surface of a
buried metal will also affect the corrosion rate of the metal. The principal factors that affect corrosion
of buried metal structures are soil resistivity, soil moisture content, chemical species in the soil, soil pH,
and soil porosity. In most cases, complex interactions among several of these primary factors will
determine soil corrosivity.
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B.1.1 Resistivity

Soil resistivity is important because high soil resistance limits the current that can flow
between separated anodes and cathodes (i.e., differential aeration cells) on the surfaces of buried
structures. In the case of the vertical pipe discussed in the previous section, corrosion at the lower end
of the pipe will be significantly reduced if the soil resistance is high. Other factors being equal, there is
a direct correlation between increased soil resistivity and decreased corrosion. For example, Figure B-i
is a plot of pipeline repairs as a function of soil resistivity for six soils of similar acidity collected at
various points along a pipeline in Ohio (Denison and Ewing, 1935); it is clear from this figure that the
number of corrosion-necessitated repairs along the pipeline decreased as soil resistivity increased. In
general, soils with resistivities of 2,000 ohm-cm or less may be expected to be highly corrosive (Uhlig
and Revie, 1985c), and soils with resistivities greater than 3,000 ohm-cm generally are considered
noncorrosive (Romanoff, 1989a).

B.1.2 Moisture

The main role of soil moisture is to serve as an electrolyte to carry current external to buried
metal structures and thereby allow the electrochemical corrosion process to take place. Not surprisingly,
soils that retain water, such as silts and clays, are likely to be more corrosive than soils that drain readily,
such as sands and fine gravels. For example, a natural gas pipeline in Australia experienced external SCC
at intermittent locations along its right-of-way. Studies of the failures revealed that they occurred only
within soils that consisted of low-resistance clays that had high moisture contents. No cracking was found
in portions of the pipeline that passed through dry, high-resistance sandy soils that were interspersed with
the clays.

Annual rainfall, irrigation, topography, surface cover, and soil type also affect soil moisture
content and corrosivity. Obviously, soils are more likely to be wet in locations where the annual rainfall
is high. In agricultural areas where irrigation is employed, soils are likely to be wetter than in areas
without agriculture or where dry-land farming is practiced. Soils in flood plains or other low, surface
water drainage areas are more likely to be wet and, therefore, are more likely to be corrosive to buried
metal structures. Similarly, at locations where the surface is covered with grasses or other vegetation,
moisture retention of the soils will be higher than in desert or other areas with sparse surface vegetation.
Finally, as noted previously, clays and silts that retain moisture will be wetter and more corrosive than
sands that drain readily.

B.1.3 Dissolved Salts

Salts dissolved in water in soils affect corrosion of buried metallic structures in several ways.
The amount of anions and cations dissolved in soils largely determines soil resistivity. Chlorides and

sulfates both accelerate corrosion of iron and steel because iron chlorides and iron sulfates are soluble.
In poorly aerated soils with pH between about 5.5 and 8.5, sulfates also can accelerate corrosion of iron
and steel by serving as food for sulfate-reducing bacteria. Under these conditions, sulfate-reducing
bacteria convert sulfates to sulfides which react with steel and water to form iron sulfides and iron oxides
in a ratio of approximately 1 to 3 (Uhlig and Revie, 1985d).

Conversely, in soils that are high in calcium and/or magnesium, carbonates, and
bicarbonates, insoluble calcium and/or magnesium carbonates can deposit on iron and steels at cathodic
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Figure B-1. Pipeline repairs necessitated by corrosion as a function of soil resistivity (Denison and
Ewing, 1935; Romanoff, 1989a)

locations and limit cathodic reactions, which, in turn, will reduce anodic dissolution at anodic locations.
Similar reactions occur on lead in the presence of sulfates. However, carbonates and bicarbonates also
have been found to cause SCC of buried steel natural gas transmission pipelines that are protected against
corrosion by coatings and cathodic protection.

SCC has been found to occur at locations where coatings have disbonded and the electrode
potential is more positive than the intended cathodic protection potential. Under these conditions, oxygen

is reduced and hydroxide ions (OH-) are formed at the disbanded area. Carbon dioxide from air, the
soil, or vegetation reacts with the hydroxides to form bicarbonates and carbonates; SCC can occur when
the ratio of carbonates to bincarbonates is approximately 1:1, the potential is between about -0.31 and
-0.46 V [versus a standard hydrogen electrode (SHE)], and tensile stress levels are sufficiently high. At
more negative potentials (e.g., -0.70 V), hydroxide alone can induce SCC (UWlig and Revie, 1985e).

B.1.4 Acidity

Soil pH is important because as the pH is lowered, the hydrogen ion (H ) concentration
increases. The higher concentration of hydrogen ions at low pH allows hydrogen reduction to occur and
to sustain metallic dissolution in greater amounts than is possible by oxygen reduction alone. In addition,
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as the pH is decreased, oxides or other deposits on surfaces that limit corrosion become soluble, with a
resulting increase in corrosion rate. In the case of iron and steels, protective surface oxides are soluble

at pH of 4 or less, and the corrosion rate of ferrous materials increases rapidly when the pH is less than
4 (Uhlig and Revie, 1985f). For aluminum alloys, the critical pH for acid corrosion is 4.5, but rapid
corrosion also can occur at pH above 8.5 (Uhlig and Revie, 1985b).

Experience and the results of tests conducted by the National Bureau of Standards (NBS)
over many years in a variety of soils (Romanoff, 1989b) have shown that the total acidity of a soil is a
more useful factor in predicting soil corrosivity than is the pH. Total acidity is the total amount of
hydrogen in the soil that can be released as hydrogen ions; it includes the hydrogen ion concentration in

the soil plus the amount of undissociated hydrogen in the form of weak acids that can dissociate. For

example, weak acids are 98 percent undissociated. As the dissociated hydrogen ion is reduced, it is
replaced by dissociation in accordance with:

HA = H' + A (RB-1)

where

HA = weak acid

He + = dissociated hydrogen ion

A- = anion of the weak acid

Consequently, corrosion of steel in a weak acid at pH below 4 may be expected to be significantly greater
than in a mineral acid (e.g., HCO or H2S04) of the same pH. As hydrogen reduction occurs in mineral
acids, the hydrogen ion concentration decreases and the pH increases, and corrosion rates decrease. In
weak acids, as hydrogen ions are removed by hydrogen reduction they are replaced by the dissociation
reaction, which maintains the pH at a relatively constant value, and corrosion of metals can be sustained
at a higher rate.

Most of the acidic species in soils are weak organic acids that were formed from decayed
vegetation, and it is for this reason that total acidity is more important than pH. In addition, areas with
high annual rainfalls and good drainage tend to have more acidic soils because soluble basic species, such
as bicarbonates and carbonates, will be leached away (Romanoff, 1989c). Conversely, deserts and areas
with poor drainage may be expected to have alkaline soils. This is particularly true in deserts where
irrigation is employed because soluble salts from irrigation water are deposited and build up in soils.

B.1.5 Aeration

The degree to which a soil is aerated affects the access of oxygen and moisture to buried
metal surfaces and thereby influences the corrosion process. Well-aerated soils tend to be large grained

such that much of the soil volume is occupied by pores between grains. The interconnection of pores
allows air and moisture ready access to buried metal surfaces. Aeration may also occur as wet soils dry
and give up moisture; this is particularly the case with clay soils in which volume shrinkage on drying
produces cracks in the soil that provide direct access of air to surfaces of buried metal structures.

In general, higher oxygen concentrations at metal surfaces result in higher corrosion rates.
However, a well-aerated soil also tends to minimize oxygen concentration difference at various locations
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on metal surfaces and to reduce differential aeration corrosion cells. Conversely, if a pipeline or other
buried structure is exposed to both well-aerated and poorly aerated locations in a low-resistivity soil,
differential aeration cells and accelerated corrosion at the poorly aerated location can occur.

Ready access of oxygen to all surfaces of a buried structure also favors the formation of
protective oxides on surfaces, which reduces corrosion rates and minimizes pitting. Similarly, accelerated
corrosion of steels by sulfate-reducing bacteria does not occur in well-aerated soils because the bacteria
are dormant in the presence of oxygen (Uhlig and Revie, 1985c). Ready access of oxygen in soils also
allows oxygen to react with organic corrodents and convert them to species that have little or no effect
on corrosion.

B.2 CORROSION CONTROL APPROACHES

Corrosion of buried metallic structures may be controlled by a number of approaches or
combinations of approaches, most of which are designed to increase electrical resistance, alter the
environment, or retard electrochemical reactions. These include coatings, soil alteration, and cathodic
protection.

B.2.1 Coatings

Coatings are of three general types: (i) organic, (ii) inorganic, and (iii) metal. Organic
coatings include coal tars, asphalts, waxes, thin-film epoxy resins, rubber, polyethylene, and other
plastics. They all are designed to serve as barriers to prevent water and oxidizing agents from contacting
metal surfaces and to introduce a high resistance to interrupt the electrical circuit required by the
electrochemical corrosion process.

The most widely employed inorganic coating is Portland cement. The primary role of cement
coatings is to serve as a barrier that protects a metallic structure from the surrounding environment.
However, cement is alkaline in nature, and the pH of any water reaching the metal surface will be highly
alkaline (pH of 9 to 10), which favors formation of protective oxides. Vitreous enamel coatings also have
been used to protect buried metallic structures against corrosion.

Metallic coatings are of two types: (i) noble, and (ii) sacrificial. Noble coatings for steels
include nickel, silver, copper, chromium, and lead, all of which are more positive than the underlying
steel. They provide protection to the steel primarily by imposing a barrier that corrodes at a low rate
between the steel and the surrounding environment. Since they are positive to steel, imperfections that
expose the underlying steel to the noble metal coating and the environment can be disastrous. Under such
circumstances, the noble coating constitutes a large-area cathode and the exposed steel constitutes a small-
area anode. In a corrosive environment, the result will be corrosion of the exposed anodic areas at very
high rates. Consequently, noble metal coatings are not commonly used to protect buried structures.

Sacrificial metallic coatings are a special case of cathodic protection, which is discussed in
detail in Section B.2.3. Coating materials include zinc and cadmium, and aluminum and tin in some
environments. In this case, the metallic coating is negative to the steel. Consequently, when defects in
coatings expose the underlying steel, a small cathode-large anode cell is established. In the presence of
a corrosive environment, the metallic coating corrodes and exposed steel is protected. Of the various
sacrificial materials, zinc is the most widely used to protect buried structures.
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It is important to note that it is virtually impossible to produce a coating that has no defects.
Further, coatings may be broken during transportation, storage, installation, or in service. Consequently,
with the exception of sacrificial metallic coatings, coatings typically are used in conjunction with one or
more other methods of corrosion control, one of which usually is cathodic protection. More than

500,000 mi of natural gas transmission, natural gas distribution, and oil pipelines in the United States are

protected by combined coating-cathodic protection systems. In most cases, the coating provides protection
to approximately 99 percent of the surface area of the buried structure, and cathodic protection prevents

corrosion at pores, cracks, or other defects in coatings. One consequence of this is that an increase in the
required cathodic protection current is an indication of coating breakdown and can be used to determine
when and where pipeline maintenance is required.

B.2.2 Alteration of Soil

The most common application of soil alteration is the addition of limestone chips or chalk

to the soil around a buried structure where the soil acidity is high. Reaction of the limestone or chalk

(CaCO3 or Mg * CaCO3) with acidic soil constituents reduces the total acidity of the environment, thereby
making the environment less corrosive. The previously mentioned Portland cement coating is a special
case of soil alteration in that it produces alkaline environments at metal surfaces.

Other approaches to soil alteration include removal of a corrosive soil and replacement with

a less corrosive soil, and backfill around a buried structure with sandy soils or fine gravel to promote
drainage and increase aeration. Occasionally, chemical inhibitors have been added to soils at critical
locations. However, inhibitors will only be effective if they are present at locations where they are needed
(e.g., at defects in organic coatings). Since most inhibitors are soluble salts, they tend to be leached away

by water. Consequently, inhibitors usually have not proven to be effective for more than short periods
of time.

B.2.3 Cathodic Protection

Cathodic protection is the most important and widely used technique available to control
corrosion of buried metal structures. It is an electrochemical technique which functions by application of

an electric current from an external anode to the metal surface to reduce the corrosion rate to very low
levels. Under these conditions, the metal surface is the cathode, and the metal is said to be cathodically
protected.

Effective March 31, 1973, Title 49 of the Code of Federal Regulations, Part 195, Subpart
F, required that cathodic protection be used on all coated natural gas pipelines. Similarly, Federal Public
Law 98-616 stated that undergound storage tanks must be made of noncorroding materials, employ liners
or barriers to prevent release of hazardous liquids for the life of the tank, or be cathodically protected.

The fundamental principle behind cathodic protection and its practical application to
prevention of corrosion in underground metallic structures is described in the first part of this Appendix.

B.2.3.1 Electrochemical Principle

As discussed in Section B.1, metallic corrosion involves an anodic reaction (metal
dissolution) and a cathodic reaction (e.g., reduction of hydrogen ions or oxygen). In the case of a metal,

M, corroding in an acidic environment, the anodic and cathodic reactions, respectively, are:
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M= += e MRB (RB-2)

and

He + e- = H (RB-3)

The exchange of electrons that occurs between these two reactions is an electrochemical
process, that is dependent upon the electrode potential of the metal surface. The rates of Reactions (RB-2)
and (RB-6) (i.e., their current densities), I (ga/cm2), are plotted as functions of electrode potential,
E (V), in Figure B-2. Reaction (RB-3) proceeds as a net reduction reaction at all potentials more negative
than E..,. Similarly, Reaction (RB-2) proceeds as a net oxidation reaction at all potentials more positive
than E.,.; however, at potentials equal to or less than E.a, the metal ions are reduced to metal. In other
words, at potentials more negative than E.,,, the metal, M, is the thermodynamically stable species, and
metal dissolution (and, therefore, corrosion) cannot occur at potentials more negative than E..a.

The corrosion rate of the metal, M, in the acidic environment illustrated in Figure B-2, is
the corrosion current density, I., which occurs at the intersection of the anodic and cathodic reactions;
the potential corresponding to I. is the corrosion potential, E,,. If an external electrical current, I.W
is applied such that electrons are supplied to the metal surface and the potential of the metal is polarized
cathodically (i.e., is made more negative) by an amount AE, it can be seen from Figure B-2 that the
applied current, Ip, is the difference between the anodic and cathodic reaction rates at the lowered
potential, that is,

I = i -i ~~~~~~~~(B-4)app =c I a (l)

and if i4 is much less than i,, then i., = i,, as is illustrated by the solid line and open circles below and
to the right of i, in Figure B-2. Further, it can be seen that if the magnitude of i, is sufficient to
lower the potential from E. to E.a., the metal structure will be fully protected against corrosion, since
metal dissolution cannot occur below E.,.

It also can be seen from Figure B-2 that it is not necessary to reduce the potential to E..,
to provide a significant degree of corrosion protection. In the example pictured in Figure B-2,
cathodically polarizing the potential from E. by AE volts reduced the corrosion rate from i.

[approximately 100 (jia/cm2)] to Pa [about 1 (ga/cm2)]. Reducing the potential still further toE.a

would result in only a small additional decrease in the corrosion rate [ 0.99 (galcmfh and the cost of the
additional polarization probably would not be worth the small amount of additional corrosion reduction
obtained.
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Figure B-2. Schematic polarization curves illustrating principle of cathodic protection (Jones, 1981)

B.2.3.2 Protection Criteria

From further examination of Figure B-2 it can be seen that the slope of the anodic reaction,

pdetermines the amount of cathodic polarization required to reduce the corrosion rate to a specified

value. As p. increases, a greater amount of cathodic polarization is required to reduce the corrosion rate

(current density) to P'a. Consequently, if p. is measured for a metallic structure buried in the ground,

the amount of applied cathodic potential required to maintain a selected low corrosion rate can be

calculated. However, such measurements are seldom made.

Cathodic protection criteria currently in use for buried metallic structures are based on

experience. National Association of Corrosion Engineers (NACE) Standard RP-01-69 (1976 Revision)

contains specific criteria for buried iron and steel structures, aluminum structures, and copper structures.

For iron and steel, there are five criteria that are used to define the amount of cathodic current to be

applied.

(i) A current sufficient to produce a potential at the metal surface of at least

-0.85 V versus a saturated copper-copper sulfate electrode that is in contact with

the soil. The voltage measurement is made with the cathodic current applied.
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(ii) A current sufficient to produce a potential shift of -0.300 V when the protective
current is applied.

(iii) A current sufficient to produce a minimum potential shift of -0.100 V measured
after the protective current is interrupted. When the current is interrupted, an
immediate voltage decay corresponding to the product of the current and the
circuit resistance will occur; the voltage read after the initial decay must be at
least 0.100 V lower than the potential of the structure before the current was
applied.

(iv) A current sufficient to reduce the potential of the structure to a value at least as
negative as the beginning of the Tafel segment of an E-log I applied curve
(defined by the solid line and open circles in Figure B-2) for the structure. The
potential at the beginning of the Tafel segment is the potential at which the
applied current curve becomes linear.

(v) Net protective currents measured at predetermined points on the structure
surface.

For aluminum structures, the criteria for cathodic protection given in NACE Standard
RP-01-69 are a minimum negative voltage shift of 0.150 V, measured with the applied current on, or a
minimum negative shift of 0.100 V measured after the applied current is interrupted. In addition, it is
noted that in no case should the potential of the buried aluminum structure be more negative than
-1.20 V versus a saturated copper-copper sulfate electrode; this limitation is imposed to prevent alkaline
corrosion as the result of alkaline species that may be deposited on cathodically protected surfaces. For
the same reason, it is noted that careful investigation and testing should be done before applying cathodic
protection to aluminum structures buried in soils with pH values greater than 8.0.

The NACE RP-01-69 criterion for protection of buried copper structures is a current
sufficient to produce a negative voltage shift of 0.100 V measured by the interrupted current approach.

Where there are two or more options, NACE RP-01-69 gives no guidance regarding
procedures for selection of the criterion to be used in a specific case. Rather, a general statement is made
that no one criterion has been found to be satisfactory in all cases and that a combination of criteria may
be required for a single structure.

Typical currents required for cathodic protection of buried steel structures are on the order
of 1 to 3 mA/ft2 , although in very acidic soils, currents of 10 to 15 mA/ftP may be necessary (Fontana
and Greene, 1967a). Also, bare (uncoated) structures require higher currents than structures that derive
their primary protection against corrosion from organic or other coatings. This is because, in coated lines,
protection is necessary only at defects in the coating where the underlying metal is exposed to the soil.

B.2.3.3 Application

There are two ways to cathodically protect a buried structure: (i) impressed direct current
(DC) from a power source, or (ii) sacrificial anodes.
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Impressed Current Systems

Figure B-3 (Allen and Lewis, 1979) is a schematic illustration of an impressed-current
cathodic protection system for a buried pipeline. The source of the DC typically is a rectifier that is

powered by an alternating current (AC) source, although batteries, solar panels, windmills, and generators
also may be used. DC is supplied to the buried pipeline through the soil from a buried anode made of
graphite, silicon iron, steel, or aluminum. Current outputs from impressed current anodes typically range
from a few to several hundred amperes.

Special backfill material is used around impressed current anodes to lower anode-to-soil
resistance and provide a homogenous environment to promote uniform distribution of current from the
anode. Backfill material typically consists of metallurgical or calcined coke with a resistivity in the range
of 0.1 to 50 ohm-cm, although gypsum, bentonite, or other materials also may be used.

Sacrificial Anode Systems

Sacrificial anodes, consisting of metals more active than the metal being protected, provide
cathodic protection through galvanic corrosion of the sacrificial anode. Sacrificial anodes provide
protection in the same manner as described above for the impressed current system, with the exception
that current is supplied by corrosion of the sacrificial material rather than by a rectifier. Figure B4
(Uhlig and Revie, 1985g) is a schematic diagram showing protection of a buried steel pipeline by a
sacrificial magnesium anode.

Sacrificial anodes are particularly useful where electric power is not readily available. For
example, the Alaska oil pipeline relies upon zinc anodes and coatings for corrosion protection.
Magnesium alloys and aluminum alloys are the materials that are most widely used to protect buried steel
pipelines and tanks, but zinc also is used, as noted previously. In particular, buried galvanized (zinc
coated) steel pipes are widely used in water distribution lines.

Obviously, sacrificial anodes are consumed and must be replaced periodically. Consumption
rates for magnesium anodes are on the order of 18 lbs/ampere-year. For aluminum alloys and zinc,
consumption rates typically are 16-20 lb/amp-yr and 25 lb/amp-yr, respectively (Fontana and Greene,
1967b).

B.3 STRAY CURRENT CORROSION

Stray current corrosion differs from other forms of underground corrosion in that the DC
which causes it comes from a source other than the structure being corroded or the environment
immediately surrounding the structure. By definition, stray currents are DCs that flow in the earth
through paths other than those intended by the design of a specific electrical system. If a buried metallic
structure is placed in a strong stray current field, a potential difference will develop across the structure,
current will flow through it, and accelerated corrosion will occur at the point where the stray current
leaves the structure. High voltages at points where stray currents enter buried structures also may cause
coatings to disbond, which will cause more metal to be exposed and may increase the amount of cathodic
protection current needed to protect the structure. Common causes of stray current are cathodic protection
systems, DC-powered rail systems, and high-voltage direct-current (HVDC) power lines. These are
discussed in the following section.
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Figure B-3. Schematic illustration of impressed current cathodic protection
system for an underground pipeline (Allen and Lewis, 1979)

B.3.1 Induced by Cathodic Protection Systems

Figure B-5 (Allen and Lewis, 1979) illustrates how stray current corrosion can be induced
in a buried pipeline without a cathodic protection system (Pipeline B) by another pipeline on which a
cathodic protection system is used (Pipeline A). Current from the rectifier enters Pipeline A along its
length and returns to the source through the connection between the rectifier and the pipeline. However,
current from the cathodic protection system anodes also enter Pipeline B along its length, which also
protects Pipeline B, except at the location where the two pipelines cross. At this location, current flowing
in Pipeline B leaves the pipeline, enters the soil, and then enters Pipeline A from the soil to return to the
source. The result is accelerated corrosion of Pipeline B at the points where the current leaves to flow
to Pipeline A.

The stray current corrosion problem illustrated in Figure B-5 can be corrected in several
ways. One of the most widely used is to establish an insulated electrical connection (termed a bond)
between the two pipelines where they cross to drain current from Pipeline B to Pipeline A, thereby
preventing the current from entering the soil and causing corrosion.. A resistor is usually included in the
connection to prevent drainage of more current than is necessary.
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Figure B4. Schematic illustration of sacrificial anode cathodic protection
system for an underground pipeline (Uhlig and Revie, 1985g)

Another method to correct stray current corrosion between protected and unprotected
pipelines is to install sacrificial anodes between the two lines. When this is done, there still will be
current discharge into the soil, but it will be from the galvanic anodes rather than from the unprotected
pipeline. Application of a high-quality coating to the unprotected line at the point where the unprotected
line is being attacked may be used to significantly reduce corrosion of the unprotected pipe.

A less effective control method is installation of metallic shields around the affected area of
the unprotected pipe. When this is done, metal shields are connected to a rectifier and current is supplied
to the shields. This produces a cathodic field around the unprotected pipeline which retards corrosion at
the location of the shields. However, currents will still flow in the unprotected line and will leave it
somewhere, causing corrosion at the point of discharge. For this reason, metallic shields are less effective
and less desirable than bonding, anodes, or coatings.

B.3.2 Induced by Electric Railway Systems

An example of pipeline corrosion caused by stray current from a DC electric railway system
is illustrated in Figure B-6 (Peabody, 1967). Such systems are operated with an insulated overhead wire
to supply current from a DC substation to a train; the current is returned to the substation through the
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Figure B-5. Stray current interaction at crossed pipelines (Allen and
Lewis, 1979)

rails. Because of high resistance between rails and poor insulation of rails from the earth, current can
leave the rails and enter nearby buried metal structures such as the pipeline shown in Figure B-6.

As is illustrated in Figure B-6, corrosion of the pipeline is likely at a point near the
substation where current leaves the pipe to return to the substation. Corrosion also will occur at high-
resistance or insulated joints in the pipeline. At such joints, current leaves the line at the joint, passes
through the soil to the other side of the joint, and re-enters the pipe; corrosion will occur at the locations
where current leaves the pipeline and enters the soil.

Corrosion at the point where current leaves the pipeline to return to the substation can be
prevented by bonding the pipeline to the negative buss of the substation, as shown in Figure B-7
(Peabody, 1967). In effect, stray current from the railway provides cathodic protection to the pipeline
when the line and the rail system are properly bonded. Bonds across high-resistance joints in the pipeline
(as shown in Figure B-7) prevent stray-current corrosion at these joints. Similarly, bonds between ends
of rails will have much lower resistance than mechanical connections and will reduce resistance in the
rails, thereby reducing the driving force that causes current to leave the rail and pass through soil to
buried structures.
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Figure B-6. Illustration of stray current corrosion induced in an underground pipeline by a
DC-powered transit system (Peabody, 1967)

B.3.3 Induced By High-Voltage Direct-Current Transmission Lines

In some locations, HVDC transmission lines can be used to transmit electric power more
efficiently than AC systems. Two parallel lines, one positive and one negative, are used to transmit power
at several hundred thousand volts between terminals at the ends of the lines. Each terminal is grounded
through large electrodes immersed in the earth. As long as loads are equally divided between the two
lines, little or no current flows through the earth between the two grounding electrodes. However, when
loads are unbalanced, currents of significant magnitude can flow through the hundreds-of-miles-long earth
path between the grounding electrodes. Also, when one of the two parallel lines must be removed from
service, power transmission can be continued by returning current from one terminal to the other through
the earth path between the grounding electrodes.

Pipelines or other underground metallic structures near the grounding electrodes may be
subjected to very high stray currents and highly accelerated corrosion when there are unbalanced loads
during normal operations or when only one line is being used and current is being returned through the
earth path. As discussed previously, establishing metallic bonds between DC systems and underground
structures can be used to prevent stray current corrosion. However, in the case of HVDC grounding
electrodes, either electrode can be receiving or discharging current. Because of the unpredictable polarity
of the system, bonds to underground structures do not work well. In general, the best way to minimize
stray current caused by HVDC systems is to insure that underground metallic structures are located as
far as possible from the grounding electrodes. Adequate separation between buried structures and
grounding electrodes reduces stray currents sufficiently so that cathodic protection can be used efficiently
to prevent corrosion of buried structures.
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Figure B-7. Illustration of elimination of stray current corrosion in an underground pipeline by use
of bonds to transit system return lines (Peabody, 1973)

B.4 Case Studies on Corrosion of Underground Metallic Structures

Case studies on the corrosion of underground metallic structures are presented in this section
to demonstrate ways in which corrosion engineering practices, which are described in the previous
section, have been successfully employed.

B.4.1 Corrosion of Underground Facilities for Production of Oil and Natural
Gas

In general, underground metallic structures used in the production of oil and natural gas are
of two types: (i) wells, and (ii) pipelines. Wells consist of vertical strings of metal pipe, usually (but not
always) made of carbon or low-alloy steels, that are placed in drilled holes that extend from the surface
and into geologic formations containing oil or gas located as much as 25,000 ft below the surface.
Pipelines are used to connect producing wells to processing and storage facilities and to transmit products
from these facilities to markets. Pipelines also are most frequently made of carbon or low-alloy steels.

Underground wells and pipelines differ from most other buried metal structures in that
significant corrosion may be expected from the fluids being transferred inside the pipes, as well as from
external sources. The most commonly encountered internal corrodents are acidic gases, primarily
hydrogen sulfide (H2S) and carbon dioxide (CO2). In the presence of water or other electrolytes, H2S and
C0 2 form low-pH solutions in which steels corrode at high rates as a result of hydrogen ion reduction.
Well corrosion is particularly severe at well bottoms where temperatures may be hundreds of degrees
higher than at the surface.
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Figure B-8 shows a schematic of a typical production well. The surface casing is a large-
diameter pipe that is mounted in the upper portion of the drilled hole to maintain the integrity of the hole
near the surface and to serve as a platform to which wellhead equipment can be connected and production
casing can be mounted. The surface casing is surrounded by cement to fix its position in the hole and to
provide some protection against external corrosion. The production casing is a smaller-diameter pipe that
is mounted inside the surface casing and extends to the bottom of the well; its purpose is to maintain the
integrity of the hole during production. The production casing is perforated at the bottom to allow fluids
to enter the casing from the geologic formation; as shown in Figure B-8, the production casing is
cemented into the formation to prevent oil, gas, and formation fluids from entering the hole outside the
production casing. Tubing, through which oil and gas are produced, and bottom-hole equipment are
mounted within the production casing.

The external surfaces of production well piping also are exposed to acid gases and other
corrodents in formations at the bottom of wells, and the external surfaces also are subject to acid attack.
In addition, atomic hydrogen at both internal and external steel surfaces (produced by hydrogen-ion
reduction) can diffuse into piping, which can lead to hydrogen-induced SCC under certain combinations
of temperature, tensile stress level, and steel tensile strength level.

The quality control (QC) procedures that are used for oil-country tubular goods (OCTG) have
evolved over many years of experience and have been established by the American Petroleum Institute
(API). For example, based on statistical analyses of data on the plastic collapse of pipe, API has
developed formulae to determine the minimum plastic collapse pressure for various grades of pipe for
99.5 percent reliability with a confidence limit of 99.5 percent (American Petroleum Institute, 1989).
Another example of an accepted industry standard for pipelines is the methodology for determining the
remaining strength of corroded pipelines, that has been developed by the American Society of Mechanical
Engineers (1984).

Maintenance and rehabilitation of existing pipelines is important to public safety, to satisfy
federal regulations, and to prevent financial loss. Pipeline operators have formulated models to prioritize
maintenance jobs based on engineering judgement. Statistical pipeline failure data from the U.S.
Department of Transportation (DOT) reportable incident data are not sufficient to predict useable failure
rates. In the absence of useful statistics, physical attributes of a pipeline can be used to predict
probabilities of the most common failure modes (corrosion, outside force, and construction/design
defects). These probabilities can be multiplied by predicted consequences of failures to produce relative
risk values, which can in turn be used to prioritize and schedule maintenance activities (Vieth and
Kiefner, 1991).

B.4.2 Natural Gas Transmission Pipeline

A 20-in.-diameter natural gas pipeline, 195 mi in length, was built in a Middle Eastern
nation in 1977 (Allen and Lewis, 1979). The pipeline was constructed of mild steel joints that were
welded together. Soil studies conducted prior to construction showed that portions of the pipeline would
pass through areas of low-resistivity soil, which could be expected to be corrosive to steel, although most
of the pipeline would be located in high-resistivity, nonaggressive soils.

The choice of a corrosion protection system for the natural gas pipeline was complicated by
the fact that the pipeline routing was in close proximity to an existing oil pipeline over 135 mi of its
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length, with the two lines crossing one another at three locations. The oil pipeline was 10 yr old and had
an installed cathodic protection system that provided borderline protection for the soil conditions. The
operation of ten cathodic protection stations along the oil pipeline was expected to cause interference
currents to the new gas pipeline.

It was decided to install a new cathodic protection system that would protect the new gas
pipeline and would upgrade the level of protection of the existing oil pipeline. To prevent interference
currents, cable bonds were installed to connect the two pipelines. The gas pipeline was coated with a
sintered epoxy coating. New cathodic-protection rectifiers were installed in sufficient numbers to maintain
a potential of -1.5 V versus a copper-copper sulfate electrode on both pipelines. The system has operated
without corrosion damage since installation.

B.4.3 Installation of Water Main in Urban Setting

A new 36-in.-diameter steel water main was installed in London, England, in 1974 (Allen
and Lewis, 1979). Because numerous other pipelines, electrical systems, and communications lines were
buried in the heavily built-up urban environment along the line route, it was necessary to design a
cathodic protection system to minimize stray current interference corrosion. Lengths of steel pipe were
connected with spigot and socket-welded joints. Electrically insulated flanges were installed on all takeoffs
and valves on the water line to prevent current pickup from other lines and piping that connected to the
valves and takeoffs.

The internal surface of the water line was protected by a coal tar coating. The external
surface of the water line and external surfaces of all valves and takeoffs were protected with a coal-tar
enamel coating that was reinforced with fiberglass. Cathodic protection current was supplied to the
majority of the line from rectifiers installed at 80 locations along the line. In some locations where
corrosion was expected to be extremely high because of soil or possible interference conditions,
magnesium anodes were used to supplement the rectifier system. Bonds were installed across pipe joints
to ensure electrical continuity. Significant stray current interference was found at only one location; this
condition was corrected by the installation of a bond cable between the water line and another pipeline
that crossed it. The system has continued to provide satisfactory protection to the water line, without
interference currents from or to other underground structures.

B.4.4 Mounded Liquefied Petroleum Gas Tanks

Mounded tank storage is somewhat analogous to the proposed storage of HLWs in metal
containers within Yucca Mountain in Nevada. Mounded tanks are located either partially or completely
above ground level, and the area above ground level is covered by mounded dirt. A typical use of
mounded tanks is for storage of liquefied petroleum gas (LPG). Mounds vary in size but typically are
about 20 ft high, covering a number of steel LPG tanks with sizes on the order of 130 ft in length and
13 ft in diameter. Large LPG tanks are stored in this manner to minimize temperature changes caused
by radiant heating, which could lead to unacceptably high increases in pressure within the tanks.

Sand is the typical mounding backfill material because its relatively coarse particle size
allows easy pouring and filling around mounded tanks. The coarse particle size also allows rapid water
drainage such that the environment around mounded tanks tends to be hydrologically unsaturated.
Further, as rain flows through the backfill, it leaches out soluble species, producing a clean and
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hydrologically unsaturated environment, which would be expected to be noncorrosive to the steel tanks.
However, this has not been found to be the case for several reasons: (i) a thin film of water tends to
remain on tank surfaces, and this film is easily saturated by oxygen in the air; (ii) oxygen consumed by
steel corrosion is easily replenished by diffusion of air through the sand backfill; and (iii) differential
aeration cells are established on tank surfaces as a result of varying degrees of contact between the tanks
and the fill material (Martin, 1990). These factors have been found to cause rapid pitting corrosion of
unprotected tanks.

Experience has shown that corrosion of mounded tanks can be prevented by properly
designed cathodic protection systems, coupled with suitable coatings on tanks. Various types of organic
coatings commonly are used as the primary protection for mounded steel LPG tanks. As in other
underground storage systems, it is imperative that the tanks be completely isolated electrically to protect
against stray currents from other cathodically protected underground structures or other sources of electric
current. In particular, care must be taken to assure that stray current paths do not reach mounded tanks
from ancillary piping systems, concrete supporting or reinforcing structures, electrical lines to actuating
valves, and lightning control systems. Coatings and isolation flanges and connections employing
nonmetallic components are used to accomplish electrical isolation.

Cathodic protection requirements are complex because the backfill material is of high
resistivity and backfill at the undersides of tanks tends to be wetter than backfill at the tops and sides. If
only one set of cathodic protection anodes is used to protect a mounded tank, the difference in moisture
levels around the tank will cause most of the current to flow to the tank bottom, leaving the tops and
sides relatively unprotected. For this reason, separated sets of anodes are employed: one to protect the
relatively dry tops and sides of tanks, and a second to protect the relatively wetter tank bottoms.
Impressed current anodes generally are used because galvanic anodes typically do not have sufficient
current capacity.

Careful monitoring around mounded tanks is required to ensure that protection is adequate
at all locations. Monitoring typically is accomplished by routine measurement of potential readings from
uncoated coupons placed around tanks. In critical locations, such as tops of tanks, resistance probes or
other monitoring methods that provide direct measurements of corrosion rates may be needed. Also, in
some cases where soils are very dry and resistances are high, it actually may be necessary to irrigate soils
to ensure that cathodic protection currents reach all exposed tank surfaces. Because of the hazardous
nature of the LPG stored in mounded tanks, monitoring must be performed continuously until tanks are
removed from service.

B.4.5 Internal Corrosion of Cooling Water Lines

Because metal piping is an excellent electrical conductor, the path of least resistance for
current flow in piping carrying conductive liquids is through the metal, and internal corrosion of liquid-
containing pipelines usually is limited to attack resulting from corrosive constituents of the liquids being
contained. However, piping joints may create localized areas of high electrical resistance that can cause
current to leave the metal, flow through the liquid around the joint, and re-enter the metal on the other
side. Such an occurrence results in accelerated corrosion on the internal surface at the location where
current leaves the piping and enters the liquid.
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Severe internal corrosion of copper tubing used in a water-cooled heat sink occurred recently
in New Zealand (Page, 1989). The heat sink was used to control the temperature of a large electrically
powered pump motor. The heat sink consisted of a bank of 1-in.-diameter copper tubes connected with
copper U-bends; plastic pipe couplings were used to electrically isolate the heat sink from a closed-circuit
cooling water tower. The cooling water system was poorly maintained, and the resistivity of the
recirculated water decreased to a level that was sufficiently low for cathodic current from the cooling
water system to flow around the plastic couplings through the water, resulting in severe corrosion at one
side of each plastic coupling. The problem was overcome by cleaning the circulating water and
monitoring its resistance to insure that current bypass around the plastic couplings could not reoccur.

B.4.6 Corrosion of Sewage Treatment Plant

A large sewage treatment plant in the northeastern portion of the United States developed
leaks in underground piping a few years after it went into service (Hoyt, 1975). The piping was not
cathodically protected. Examination of the system showed the leaks were the result of penetrations from
the soil side of the piping that were caused by stray current from a cathodically protected public utility
system. It was found that current was picked up at a large cast iron pipe at one end of the sewage
treatment plant from a nearby anode groundbed for the public utility, and that current flowed through the
piping to the opposite end of the plant, at which point it left the piping and entered a gas line. Joints in
the piping were electrically discontinuous, which provided many locations at which the stray current left
the piping and entered the soil. The piping perforations occurred at such locations adjacent to joints.

While cathodic protection of the sewage plant piping was a logical procedure to prevent
additional corrosion, it was judged that the complex piping design in the plant prevented installation of
a suitable cathodic protection system. Consequently, the only approach to minimize future damage to the
system was to move the offending anode groundbed to eliminate the source of stray current. It is
estimated that the damage suffered by the sewage plant piping will reduce the useful life of the plant from
the design life of 20 yr to about 10 yr.

The corrosion failures occurring in the sewage plant piping were the result of improper
design of the piping system. The failures could have been prevented by a soil and potential survey that
would have located the nearby groundbed, prior to construction of the plant, and inclusion at the design
stage of a cathodic protection system and joint designs to ensure electrical continuity of the piping.

B.4.7 Washington D.C. Metro Transit System

The Washington D.C. Metro is a heavy rail, DC-powered rapid-transit system operating in
Washington, DC, and suburban areas in Maryland and Virginia. Running rails are used for negative
current return. The operating system includes about 100 mi of tracks and approximately 90 power
substations, with individual train loads as high as 12,000 amps at 700 V. Control of stray currents to
prevent corrosion of underground utilities has been an important aspect of the system since the initial
planning stages. Corrosion control was primarily dependent upon two factors: (i) the voltage in the return
rail, and (ii) the resistance between the return rail and the ground under it (Shaffer and Fitzgerald, 1981).

Voltages within the rails were controlled by system design; the system was designed to
provide sufficient voltage to meet required loads under a variety of anticipated conditions, including some
substations being inoperative. This design resulted in spacing of substations about 1 mi apart, which
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reduced the voltage required in rails between substations relative to designs with more widely spaced
substations.

Resistance between current-carrying rails and the underlying earth was maintained at high
values through a combination of several different approaches. There are no metallic connections between
negative rails and the ground. This increases the effective resistance and eliminates concentrations of earth
currents in areas surrounding ground mats or electrodes used in some other systems to ground the
negative lines at substations. All rails are installed on insulated fasteners that are anchored in concrete,
and the bottoms of rails are insulated from the concrete.

At-grade construction is on timber ties with standard steel tie plates and fasteners, rights-of-
way are well drained, and ballast is kept below the bottoms of the rails to increase rail-to-ground
resistance. All structures through which the rails pass, such as stations, are designed to ensure that there
are no grounded connections between the rails and other equipment or utilities. Such items include
switching gear, substation monitoring and control equipment, signal systems, and water and gas lines.

While the system was designed to prevent stray currents, the designers anticipated that stray
currents could not be eliminated completely. Consequently, a number of provisions to minimize stray
current effects were built into the system. These included close liaison with Washington area utilities,
installation of continuity bonds to ensure electrical continuity throughout the rail system, and installation
of stray current mitigation bond connections between rails and nearby utilities. The mitigation bonds were
not connected but are available if stray current corrosion problems develop on nearby underground
structures.

The precautionary steps taken to control stray current corrosion by the Washington D.C.
Metro System have been effective. There has been no need to activate any of the stray current mitigation
bonds since the system began service in 1976.

B.4.8 Effects of High-Voltage Direct-Current System on Natural Gas Pipelines

In Manitoba, nearly all electric power is from hydroelectric sources and is generated and
transmitted by Manitoba Hydro, a utility owned by the province of Manitoba. An HVDC system was
proposed to transmit electricity a distance of approximately 560 mi from a remote hydroelectric source
to a terminal near the city limits of Winnipeg (Pask and Beeler, 1983). The system was designed to
transmit power at +450 V and 1,800 amps. Natural gas is distributed to Winnipeg and its suburbs
through two steel pipelines operated by a utility company. One of these lines was parallel to the HVDC
line and 22 mi from it; the second pipeline came within 4 mi of the Winnipeg ground electrode.

There was considerable concern regarding possible corrosion of the gas pipelines by stray
currents from the terminal at the Winnipeg end of the HVDC system. The pipelines were coated with
polyethylene and were subdivided into electrically isolated short lengths by the periodic installation of
insulating flanges. Separate magnesium anode cathodic protection systems were installed on each of the
individual sections. Within sections, electrical bonds were installed between pipe joints to ensure electrical
continuity throughout the length of the section. All sections of the pipelines were protected to a voltage
of at least -1.0 V relative to a copper-copper sulfate reference electrode. Routine measurements are
made to ensure that cathodic potential levels are sufficient to protect the pipelines.
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The corrosion control design has been effective. After 11 yr and more than 10,000 hr of
currents from the Winnipeg electrode, the adjacent gas pipelines have experienced negligible corrosion.

B.4.9 Control of Internal Corrosion in Gas Storage Wells

There are more than 350 underground gas reservoirs in the United States that are used to
store natural gas to meet peak demand. Many of these are natural formations from which natural gas or
oil has been withdrawn. Steel wells extending from the surface to the reservoirs are used to charge gas
into reservoirs and to withdraw it when needed. The primary causes of corrosion in a storage well are:
(i) sulfate-reducing bacteria, which form corrosive hydrogen sulfide; (ii) the concentration of corrosive
carbon dioxide in the gases charged into the reservoir; and (iii) the amount of liquid water present, either
from groundwater or produced in the reservoir by condensation of water vapor in natural gas (Bush and
Beasley, 1975).

Internal corrosion of gas storage wells is combated by the injection of chemicals of two
types: (i) biocides, and (ii) corrosion inhibitors. Biocides act to kill sulfate-reducing bacteria and other
bacteria that may cause corrosion, usually through generation of corrosive metabolic products such as
hydrogen sulfide. Thousands of different downhole corrosion inhibiting chemicals are available. The
simplest inhibitors are oils that may be injected to coat surfaces and displace water.

Many chemical corrosion inhibitors are large-molecule amines or other nitrogenous
compounds that protect metal surfaces by adsorbing on surfaces and forming barrier films that prevent
the transport of reactants and reaction products to and from the metal surface. Other inhibitors that work
in a similar fashion, such as acetylenic alcohols, have surface-active groups that are readily adsorbed onto
metal surfaces. Some inhibitors, primarily ammonia and amines, function by changing pH to more
alkaline values, which favors formation of protective surface deposits. A few inhibitors, such as
chromates and nitrites, function by increasing the potentials of steel surfaces to levels at which thin,
protective surface films are formed.

The primary problem with the use of corrosion inhibitors is delivery of the chemical to the
location at which it is needed. Inhibitors commonly are delivered by two techniques-squeezing and
misting. Squeezing involves mixing the inhibitor with a carrying medium, usually oil or methanol. A
large volume of the mixture is pumped down the well into the reservoir formation by natural gas injected
into the reservoir. Contact of well surfaces with the liquid during its initial injection provides immediate
corrosion protection to internal well surfaces. Inhibitors dispersed into the formation re-enter the well
during subsequent recovery of gas and provide additional protection. Misting is a technique in which
small amounts of volatile inhibitors are injected into the gases being pumped into the formation. In some
instances, nonvolatile liquids are dispersed in the gas phase. In general, misting treatments are less
effective than squeeze treatments.

B.4.10 Internal Corrosion of Gas Wells By Sulfur Solvent

Natural gases in some fields in northern Germany near Celle are unique in that the gases
contain high concentrations of elemental sulfur, as well as significant amounts of hydrogen sulfide and
carbon dioxide (Lyle et al., 1978). The sulfur is soluble at bottom-hole pressures and temperatures, but
as the gas flowed up producing wells toward the surface, temperature and pressure changes caused sulfur
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to precipitate in solid form. In a relatively short time, the producing wells became plugged with sulfur,
which shut off gas flow and subsequent production.

In the mid 1970s, the German companies producing gas from the fields in northern Germany
conducted extensive tests to find a solvent that could be used to remove sulfur and prevent its
precipitation during production. An aqueous solution of ethylamine (CH 3CH2NH2) was selected because
it was found to be an excellent sulfur solvent that could be regenerated and reused. The ethylamine
solution was pumped to the bottom of the well in the annulus between the production casing and tubing.
At the bottom of the well, sulfur was removed, and the amine solution flowed up the inside of the tubing
to the surface where it was sent to a regenerating plant where sulfur was removed. The regenerated amine
was then returned to the wells where it was reinjected.

Prior to the use of the ethylamine solution, the wells had been dry and there had been no
measurable corrosion. However, within 3 mo of the initiation of amine injection, both the production
casing and tubing perforated. Samples of tubing recovered from wells indicate corrosion was occurring
in the bottoms of the wells at a rate in excess of 2 in. per yr. Corrosion damage was limited to casing
and tubing near the bottoms of wells. The inside surface of the tubing was coated with iron sulfides above
the area where corrosion occurred; inside surfaces of the casing and the exterior surface of the tubing
were free of significant corrosion products or deposits above the corrosion zone.

A research program was initiated to find a chemical corrosion inhibitor to prevent the severe
bottom-hole corrosion without interfering with the sulfur-absorbing properties of the amine. As a part of
that program, a series of corrosion tests was performed to determine the effect of sulfur concentration
in ethylamine solutions on the corrosion rate of low-alloy casing and tubing steels. These studies showed
that sulfur concentrations in amine above the corrosion zone were too low for significant corrosion to
occur on internal casing surfaces and external tubing surfaces. However, at slightly higher sulfur
concentrations, the ethylamine solutions being used became capable of sustaining corrosion rates on the
order of 2 in. per yr, while at still higher sulfur concentrations, iron sulfide deposits were formed on steel
surfaces.

The observed pattern of behavior in the sulfur-amine test solutions was entirely consistent
with the corrosion pattern in the wells. The solution injected into the wells was incapable of sustaining
significant corrosion. However, at the bottoms of the wells, sufficient sulfur was present in the casing-
tubing annulus and in the tubing to sustain high corrosion rates; and the sulfur concentration of the amine
solution inside the tubing above the well bottom was sufficiently high to form protective iron sulfide on
tubing internal surfaces.

These observations led to a simple, inexpensive solution to the corrosion problem. Sulfur,
in an amount sufficient to form iron sulfide on casing and tubing surfaces under bottom-hole conditions,
was added to the regenerated amine before it was reinjected into the wells. Since this procedure was
initiated in 1976, corrosion rates have been limited to a few thousandths-of-an-inch per year, and no
further significant corrosion problems have occurred.

B.4.11 Internal Corrosion of Gas Well Casings

In September 1987, a producing gas well in the Cooper Basin in South Australia blew out.
Gas was escaping from the well to the surface through a 1-m-diameter hole that surfaced approximately
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90 m from the wellhead. It was found that the surface casing, production casing, and production tubing
had parted 38 m below the wellhead as a result of severe corrosion. It was assumed that the corrosion
was caused by sulfate-reducing bacteria that had collected within the annulus between the surface and
production casings.

A well maintenance program was initiated, and 340 other wells were evaluated. Similar

damage severe enough to require casing replacement was found in 32 wells and corrosion was so severe
in 4 wells that the wells were abandoned. Corrosion was confined to a zone that was approximately 6 to
9 m in length. Large amounts of iron oxides were found on surfaces of failed casings, but no iron sulfides
were detected. In all but a few instances, the annulus between the production and surface casings was
vented to atmosphere through surface valves. The annulus was filled with fluid starting approximately
at the depth where corrosion occurred, and it was known that air was present in the annulus near the
surface.

It was concluded that oxygen in the annulus was responsible for the corrosion damage that
occurred. Corrosion was eliminated by filling the annulus with diesel oil containing an oil-soluble amine
corrosion inhibitor. In addition, operating procedures were changed to require all surface casing valves
to remain closed during normal operations to prevent intrusion of air into the annulus (Martucci and
Dinon, 1993).

Similar corrosion had occurred in the mid 1940s on the internal surfaces of the production
casing in the upper gas-filled portions of gas wells in West Texas and New Mexico. However, in this case
the cause of the corrosion was identified as high concentrations of hydrogen sulfide and carbon dioxide
in the gases being produced. The solution was the same as that used later in Australia; the annulus was
filled with crude oil or drilling mud that contained corrosion inhibitors (Elkins, 1953).

Severe corrosion in casings also were encountered in the mid 1940s in a number of gas wells
near Ventura, California. In this case, it was established that sulfate-reducing bacteria were responsible
for the corrosion. The problem was solved by filling the annulus with high-pH drilling muds that
prevented growth of the bacteria (Doig and Wachter, 1951).

B.4.12 Corrosion Protection of Buried Steel Tanks

The major cause of underground storage tank failures is corrosion, which results from
interaction of the tank with its environment and piping [U.S. Environmental Protection Agency (EPA),
1987]. It can occur internally and externally. Several corrosion mechanisms can occur in underground
storage tanks, and they are classified here as either general or localized corrosion (Cheremisinoff, 1992).
Small steel tanks were more likely to leak than large ones because they typically have thinner walls. Tank
size, correlating to wall thickness, is a better predictor of failure than age (Pim and Searing, 1988),
although data from the EPA national survey of underground tanks does not support this finding. The
average age of tanks perforated due to corrosion was 23 yr (Pim and Searing, 1988), and tanks over
20 yr of age show substantial increases in releases (U.S. Environmental Protection Agency, 1986).

Underground storage tanks for petroleum product fuels are subject to EPA and Occupational
Safety and Health Administration (OSHA) federal regulations, as well as state and local requirements.
Of nonpetroleum tanks, about 50 percent contain hazardous substances, the average age is 18 yr,

60 percent are of 1,000- to 10,000-gal. capacity (average capacity is 7,200 gal.), and 85 percent are
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fabricated of steel (Hillger et al., 1993). The following information is intended to illustrate the usefulness
of regulations and standards in terms of success in service.

API 653 is the petrochemical industry standard for inspection of storage tanks. This standard
includes an approach to preventing brittle fracture of tank materials. Brittle fracture is discussed
extensively in Gordon (1990). The design, installation, operation, and leak detection for underground
storage tank systems are regulated by 40 CFR Parts 280 and 281. Federal Public Law 98-616 stated that
undergound storage tanks must be made of noncorroding materials, employ liners or barriers to prevent
release of hazardous liquids for the life of the tank, or be cathodically protected.

Contamination by leakage from underground tanks can be difficult to detect, and leakage
which continues for extended periods may cause extensive contamination which is difficult and expensive
to remediate. When the opportunity to inspect is available, leaks in underground storage tanks can be
detected and action to prevent further leaking can be taken. For underground storage tanks which cannot
be inspected, unknown failure mechanisms can occur. Leak detection tests have proven a valuable tool
in detecting problems and mitigating the extent of damage at underground storage tank facilities.

B.4.12.1 Leak Detection

The National Fire Protection Association Precision Test (NFPA 329) sets 0.05 gph as the
standard to define a tank as leaking, since 0.05 gph represents the current limit of precision of technology
to detect a leak (Cheremisinoff, 1992). EPA detection limits are 0.2 gph or 150 gal. in 1 mo, with a
probability of detection of 0.95 and a probability of false alarm of 0.05 (Young, 1993). For pipelines,
annual line-tightness test systems must detect leaks of 0.1 gph at 150 percent of line pressure (U.S.
Environmental Protection Agency, 1990g), while monthly pipeline tests must detect 0.2 gph at operating
pressure, and hourly tests must detect 3 gph at 10 psi within 1 hr. Temperature effects should be
accounted for in all but the 1-hr test so that changes in pressure with temperature do not obscure or
falsely indicate leaks. The EPA has developed test procedures for evaluating the effectiveness of a variety
of tank and pipeline leak-detection systems (U.S. Environmental Protection Agency, 1990a-1990g, 1988).

B.4.12.2 U.S. Steel Corporation Program on Underground Fuel Storage Tanks

In the late 1960s, U.S. Steel Corporation conducted a research program to develop an
approach to protect underground steel fuel storage tanks from external corrosion while minimizing
maintenance (Vrable, 1981). The project involved an 8-yr evaluation of underground gasoline storage
tanks at a service station in Chicago, Illinois. The approach combined three methods of corrosion control:
(i) cathodic protection from sacrificial anodes that were permanently mounted on the ends of the tanks,
(ii) use of a protective coal tar epoxy coating over the entire tank surface, and (iii) use of nylon bushings
on tanks to isolate them electrically from contact with other underground metallic structures and pipelines.

Two tanks measuring 7 ft in diameter and 18 ft in length were made and installed in the
Chicago service station. Electrical resistance probes consisting of bare metal plates were connected to one
of the tanks at the top, bottom, and sides at points equidistant from the ends of the tank. These four
locations were selected because they were furthest from the anodes on the tank ends and were expected
to be the most difficult to protect. Leads from the probes also were connected to monitoring
instrumentation in the station. As long as the protection system was effective, corrosion of the probes
would not occur, and no change in resistance would be measured on the monitoring instrumentation.
Potentials of the tank also were measured periodically with respect to a copper-copper sulfate electrode
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that was placed on the ground above the center of the tank. The instrumentation also included circuitry
for monitoring the current output of the magnesium anodes.

Three old tanks that had been in service for more than 20 yr were located adjacent to the
two test tanks. Two of the old tanks were extensively corroded and had developed leaks, indicating the

corrosiveness of the site. Soil studies confirmed that the soil at the location was extremely corrosive to
steel.

Potential measurements made over 8 yr indicated that the corrosion potential of the protected
tanks remained below -0.85 V versus the copper-copper sulfate electrode throughout the period, and that
the tank potential was always at least 300 mV more negative than the potential of the old, corroded tanks.
Measurement of anode output currents indicated that the current required to protect the tank decreased
significantly during the first 2 yr. The magnitude of the total current used during the test period indicated
that the installed anodes could be expected to continue providing the necessary level of cathodic protection
for an additional 40 yr. Readings obtained from the resistance probes indicated that essentially no
corrosion had occurred in the 8-yr period, confirming that the system was providing adequate corrosion
protection to the external surfaces of the buried tanks.

B.4.13 Corrosion of Copper Plumbing Tubing

More than 6 million mi of copper tubing are in use in plumbing systems in the United States.
In 1972, the Copper Development Association (CDA) reported results of a 5-yr study of corrosion of
copper tubing in plumbing service (Cohen and Lyman, 1972). An average of 71 incidents of copper
plumbing tube failures per year were investigated over the 5-yr period. About one-third of the failures
(24) were attributed to pitting corrosion on internal surfaces, 4 percent (3 failures) were attributed to
general corrosion of internal surfaces, and about 8 percent (6 failures) were attributed to internal attack
by sulfides and ammonia in gases.

The pitting and general corrosion failures occurred almost exclusively in tubing carrying cold
hard waters with high concentrations of dissolved oxygen, carbon dioxide, and chlorides. Sulfide- and
ammonia-induced failures generally were related to improper venting or drainage of septic tanks and
sewer connections. Copper tubing carrying natural gases sometimes develops internal sulfide scales, but
the corrosion rates under such conditions are too low (e.g., less than 0.001 in. per year) in typical natural
gases to cause tube perforation within normal tubing lifetimes (Lyle, 1993). Other causes of failure
included impingement attack on inside surfaces, faulty installation, and a few cases related to some unique
condition that was unlikely to be repeated.

Only two failures per year (3 percent) were caused by external corrosion of copper tubing
buried in the ground. This is not surprising since, in general, very oxidizing conditions are required to
corrode copper, so copper is essentially immune to attack under reducing conditions typically found in
natural soils. An exception to this general rule might occur if sulfate-reducing bacteria (which could
generate corrosive hydrogen sulfide) were present, but no instances of this type of failure have been
reported.

Invariably, in the CDA study, reported instances of underground external corrosion of copper
tubing have been associated with unusual conditions of soil chemistry. Fertilizers and de-icing salts can
cause problems because both contain chemical species (nitrogen compounds and chlorides, respectively)
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that can cause copper to form soluble complex ions. However, most frequently, problems have been
associated with the use of fill material other than naturally occurring soils in trenches over buried copper
lines. A case cited in the CDA study is a good example. The failed copper tubing had been covered with
fill dirt from a swampy area nearby. The fill dirt had a pH of 2 caused by a high level of free sulfuric
acid, and contained a significant concentration of strongly oxidizing ferric oxide. The strongly oxidizing,
acidic conditions caused perforation of the tubing in a few months.

In general, copper is an excellent material for use underground, provided strongly oxidizing
species, reactive sulfides (e.g., H2S) or conditions that produce them (sulfate-reducing bacteria), and
complexing agents (such as ammonia and chlorides) are not present in the environment. Cathodic
protection, coatings, and other procedures used to prevent corrosion of steels have not been used because
they have not been needed. However, such preventive measures are applicable to buried copper as well
as to buried steel.

B.4.14 Corrosion of Buried Copper and Copper Alloy Coupons

Some qualitative data on corrosion rates for this class of materials can be found in the
Romanoff's NBS Circular 579 (Romanoff, 1989a).

Copper has been successfully used in underground applications, particularly for water supply,
with demonstrated service lives greater than 1,000 yr. Water pipes used nearly 5,000 yr ago in Egypt are
still in existence and serviceable, and, in Mesopotamia, many copper artifacts have been recovered in
unusually well-preserved condition from beneath clay thought to have been deposited around 4000 B.C.
Copper occurs naturally as an element, and it behaves in many applications as a noble material (Myers,
1983).

Selected conditions of soil and design can lead to premature failure of buried copper tubing.
These include abnormally aggressive soils, concentration cells created by soil composition differences,
stray DCs, poor design or workmanship, certain conditions created by ACs, thermogalvanic effects, and
galvanic action.

Long-term performance of copper in a repository is enhanced under reducing conditions, like
those expected in the Swedish repository concept, and very long lifetimes are predicted there. In oxidizing
conditions such as those expected at the only United States repository being characterized, Yucca
Mountain, Nevada, long-term copper behavior is uncertain and expected to be much less satisfactory.

B.4.15 Corrosion of Buried Stainless Steel

Since the DOE is considering the use of various stainless steels for components in their HLW
package design, it is of interest to review the performance of stainless steels buried in underground
environments. Although the behavior of stainless steels depends on specifics related to the environmental
(soil) properties as well as on the individual alloy composition, some behavioral trends and generalities
from previous studies may be pertinent to the prediction of long-term performance of this class of
materials in a potential repository site.

If any of the conditions known to cause localized attack of stainless steels predominate in the
repository, the material will fail in a period too short for the material to be considered a suitable
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candidate for containment service. In the brief review that follows, some of the factors that promote
ordinary corrosion and pitting of stainless steel are described. Among these are surface inhomogeneities,
concentration cell effects at crevices or adhering soil particles, chlorides, microbiologically influenced
corrosion (MIC), and abrasion by soil particles or foreign debris. The usefulness of the low corrosion
rate of the stainless steel is completely abated by local attack. The propensity for local attack during long-
term service is a question that must be addressed. Data for such long service times does not exist.

Stainless steel is ordinarily not used in buried applications because its corrosion resistance
under ambient oxidizing conditions can be overshadowed by corrosion problems that are induced by the
underground environment. The inhomogeneity of soils tends to contribute to the onset of localized failure
modes, such as pitting, SCC, crevice corrosion, and intergranular corrosion, which are known failure
modes for stainless steels. When oxygen-poor underground environments do not allow the protective
surface of a stainless steel to repassivate, localized corrosion can result. Relevant studies from both the
United States and Japan on the performance of stainless steels in underground service are reviewed here.

B.4.15.1 National Bureau of Standards Studies

In NBS Circular 579 (Romanoff, 1989d), the National Institute of Standards and Technology
(NIST) (formerly NBS) reported on the effects of 14 yr of exposure to various soils on the behavior of
austenitic, ferritic, and martensitic stainless steels. The results indicate that austenitic Types 304
(containing Ni) and 316 (containing Ni and Mo) were highly resistant to both pitting and general attack,
although Type 304 exhibited pitting corrosion in certain highly aggressive soils. The martensitic Type
410 (12% Cr) and the ferritic Type 430 (17% Cr) were fully resistant to corrosion in only one-third of
the soil environments tested.

In a subsequent study, the NBS sought to determine the effects of various soils on a number
of stainless steels (Gerhold et al., 1981) by burying 10,000 specimens at 6 different soil sites. Stainless
steels representing the 200, 300, and 400 series were used, including coupons of coated and uncoated
sheet in the annealed and sensitized (i.e., with Cr-carbides precipitated at grain boundaries, which renders
these materials susceptible to intergranular corrosion in oxidizing environments) condition, uncoated
welded tubing specimens, and galvanically coupled and uncoupled stressed and unstressed specimens.
Bare, welded specimens, specimens coupled to Zn, Mg, Cu, and/or Fe, and stressed specimens also were
included. Data were reported for up to 8-yr of exposure in 6 corrosive soils of varying acidities and
degrees of drainage chosen from 128 previously evaluated test sites to represent the range of soil
properties related to the corrosion of metals in soils.

The results summarized here for studies conducted by Gerhold et al. (1981) and Romanoff
(1989d) on stainless steels indicate that susceptibility to corrosion is highly dependent on the
environmental conditions (which are seldom well characterized) as well as the material properties and
emplacement conditions (which are usually well known). The soil parameters which most strongly
influenced the results included the chloride concentration and soils which tended to form crevices (e.g.,
adhesion of soil to the metal surface). Samples of Types 201 and 202 that were 0.06-in. thick were
completely penetrated by pits in three poorly drained soils and in one acidic, well-drained sand. In two
well-drained loams, these materials were essentially uncorroded after 8 yr.

Annealed samples of Type 316 were perforated by pits in the coastal sand and tidal marsh
soils. Some pitting also occurred in the poorly drained clay, but corrosion was only superficial in the
other three soils after 8 yr. Annealed Types 301 and 304 were perforated by pits in the three
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environments that pitted Type 316 samples, and tunneling corrosion occurred in these steels in all of the
soils except the two well-drained loams. The performance of sensitized 300 series stainless steels was
essentially the same as that of the annealed materials. Welded 300 series samples experienced severe
pitting in the three wet or poorly drained soils and were essentially unattacked in the well-drained sand
and loams. Type 316 stainless steel stressed samples did not experience SCC in any of the soils in either
the sensitized or annealed conditions. The other 300 series materials displayed SCC in various soils, and
the cracking was worse in sensitized specimens.

The 400 series materials included martensitic Type 420 and ferritic Types 409, 430, and 434.
Type 409 was perforated by pits in 2 yr and Types 430 and 434 were perforated in less than 1 yr in the
three poorly drained soils. After 4 yr, Types 409 and 410 were perforated by pits in all of the soils except
the well drained loam. Corrosion of Types 430 and 434 was superficial in the two well-drained loams
after 8 yr, but samples of both alloys were perforated in the well-drained sand after 4 yr. Type 434 was
the only alloy tested in the stressed condition. SCC did not occur in any of the Type 434 specimens in
any of the six soils during the 8-yr exposure.

A number of specialized stainless steels were added to the exposure program within 1-2 yr
after the other materials were buried. These included 26Cr-lMo, lSCr-2Mo, 18Cr-Ti, 26Cr-6.5Ni,
2OCr-24Ni-6.5Mo, and nitrogen-containing 18Cr-8Ni steels. While the high-Mo materials generally
performed better than the 200-, 300, and 400-series alloys, the effects of the various soils were similar.
Corrosion and pitting were most severe in the three wet or poorly drained soils; perforation of the
18Cr-2Mo occurred in the tidal marsh soil. No SCC failures occurred in any stressed specimens of the
specialized materials in any soil after 7-8 yr of exposure.

Unstressed samples of various alloys were coupled to copper. Type 304 was exposed for
10 yr and Type 409 and the 25Cr-6.5Ni alloy were exposed for 9 yr. Copper and the stainless steels
alternated as cathodes and anodes during the test, indicating that neither copper nor the stainless steels
should be expected to be sacrificial to the other material. Stressed samples (U bends) of annealed Type
304 and Type 301 were coupled to Mg, Zn, and Fe. Type 301 cracked in all environments and in all
couples. No SCC was found in any of the Type 304 samples after 4 yr of exposure. Similarly, the
26Cr-lMo and 26Cr-6.5Ni alloy did not crack after 3 yr. No other materials were tested.

The successful applications of materials in corrosive environments are distinguished from
the unsuccessful by the following factors: (i) adequate characterization of the service environment, (ii)
proper choice of material and its processing, (iii) knowledge of anticipated failure modes for the material
chosen in the environment characterized, and (iv) adequate design to produce a service life within the
estimated time-to-failure.

B.4.15.2 Japanese Study

In another study of the behavior of buried stainless steel [Japan Stainless Steel Association
and Nickel Development Institute (JSSA/NiDi), 1988], Japanese workers focused on the performance of
stainless steel water supply pipe. Buried stainless steel piping intended for use in water lines was exposed
in 25 different soils in the JSSA/NiDI test program. The primary materials tested were Types 304 and
316 austenitic alloys, but some samples of a modified Type 430 ferritic alloy were included. Specimens
were exposed as bare pipe and coupled with fittings of various types and materials. Specimens of copper,
carbon steel, and lead pipe also were exposed for comparative purposes. The work plan called for
specimens to be removed after 1, 3, and 5 yr of exposure.
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The 25 soils used in the tests had widely varying moisture contents. Most had moisture

contents of less than 40 to less than 20 percent, but three were essentially continuously saturated with
water. Most of the soils were neutral, with pH values between 6 and 8, but a few were more acidic with

pH below 6, and several were more alkaline with pH above 8. Resistivities in 10 of the soil sites were

less than 5,000 ohm-cm, indicating an inclination toward corrosion, while 12 sites had resistivities greater

than 10,000 ohm-cm, indicating that significant corrosion was unlikely. Soluble salts concentrations
ranged from near zero to more than 10,000 ppm. Chloride concentrations ranged from less than 1 ppm

to about 50 ppm, but one site located on a beach had a chloride concentration of 1,540 ppm.

Horizontally mounted samples of Type 304 pipe displayed only superficial surface attack in

all of the soils after 5 yr, but vertically mounted specimens exposed in some locations experienced severe

pitting on the lower portions of the pipe. Pitting was more severe in nonaerated soils than in aerated soils.

Crevice corrosion under tape placed on pipes for identification was found in a number of the Type 304

specimens. Type 316 samples did not suffer significant corrosion in either the horizontal or vertical

orientations in any of the soils except the high-chloride, oceanside location. The vertically mounted Type
316 specimen at the oceanside location experienced severe pitting near the bottom of the specimen. The
modified Type 430 alloy displayed corrosion resistance comparable to two austenitic alloys.

Lead and carbon steel pipes corroded at high rates and perforated in some locations. Copper

alloy fittings experienced significant corrosion, while stainless steel fittings were essentially unattacked.

B.4.16 Corrosion of Weathering Steel

In the DOE advanced conceptual design, which incorporates the MPC concept, one of the

materials considered for the disposal overpack is a carbon steel known as weathering steel. It is therefore

of interest to review the performance of weathering steels to extract behavioral tendencies which may be

pertinent to the prediction of their long-term behavior in a potential repository site. It is recognized that
the behavior of weathering steels depends on the underground environment characteristics and their effects
on specific degradation modes. The anticipated underground repository environment is expected to vary

significantly from the service environments for which corrosion experience with weathering steels has

been reported. The following discussion indicates conditions which promote accelerated degradation of

weathering steels. Advantages of weathering steel in bridge service may not extend to underground
conditions, and experience with weathering steels has been too short to make predictions on long-term
performance in a HLW repository. Nevertheless, the insight offered by the following information
indicates certain service conditions which should be avoided for weathering steels.

Weathering steels can outperform the carbon steels from which they have been developed
or derived due to the chemical composition of the exposed steel surface. Enhanced corrosion resistance
is observed only in selected environments for which the composition has been altered for improved
corrosion performance. As the environment or the composition of the steel deviates from the prescription
for improved corrosion resistance, the risk of decreased levels of performance is increased.

The corrosion that forms on weathering steels is more protective than that on common carbon

steels, since the corrosion layer on weathering steels forms a more dense, compact, protective layer which
screens the surface from corrosive atmospheric components. Weathering steels usually contain copper,
phosphorus, chromium, silicon, nickel, and manganese in controlled amounts.
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The effectiveness of weathering steels resisting corrosion can be decreased significantly in
environments in which the atmosphere is heavily polluted with SO2; when long, wet climatic periods do
not allow periodic drying; and when exposed to sheltered marine atmospheres (Mattsson, 1982). When
these occur, their corrosion rates approach those of the common carbon steels.

A comprehensive assessment of the performance of weathering steel in bridges was
sponsored by the American Association of State Highway and Transportation Officials in cooperation with
the Federal Highway Administration and published in 1984 (Albrecht and Naeemi, 1984). One conclusion
of this report was that the climatic conditions during the initial exposure can produce large differences
in corrosion penetration which do not disappear with increasing exposure time. The initial reactivity of
the steel with its environment affects its long-term corrosion behavior.

At inland corrosion test sites, sulfur compounds are believed to be largely responsible for
the severity of the observed corrosion. Corrosion rates were observed to be about 20 percent less at these
sites for skyward-looking surfaces than for groundward-looking ones because of the washing effect of
periodic rainfall. Corrosion was more severe at edges than on flat faces. Sheltered specimens exposed
to marine atmospheres typically lost two to three times as much weight due to corrosion as boldly
exposed specimens.

Continuously moist atmospheric conditions, especially with water of low pH, causes the
corrosion performance of weathering steels to be similar to that of other unalloyed steels. The time of
wetness is equivalent to the cumulative time during which the relative humidity exceeded a certain value,
and it is the most important factor promoting the atmospheric corrosion of metals.

In certain heavily polluted localized climates, especially those whose atmospheres contain
chlorides, weathering steels are generally not suitable. De-icing salts were identified as a major cause of
accelerated corrosion of weathering steel bridges. The oxide coating on salt-contaminated steel surfaces
contained large amounts of the nonprotective crystalline rust of the form ,-Fe-OOH.

Debris allowed to build up on weathering steel bridge surfaces tends to retain moisture and
promote crevice corrosion (Albrecht and Naeemi, 1984). Crevice corrosion of weathering steels occurs
in two stages. Before the protective oxide coating has formed on exposed surfaces, a differential aeration
cell is established between the steel within the crevice which is shielded from dissolved oxygen in the
electrolyte and the steel exposed to oxygen-bearing electrolyte. Inside the crevice, the weathering steel
becomes anodic and corrodes. In the second stage, the protective film covers exposed surfaces but not
those within crevices, setting up a galvanic cell between the active steel within the crevice and the passive
steel outside the crevice. This potential difference adds to the existing differential aeration cell to further
drive galvanic corrosion of the weathering steel within the crevice. Anions of any salts (particularly
chloride) and some corrosion products are electrochemically transported by the differential aeration cell
into the crevice, where anodically dissolved iron ions and salt anions form acidic salts. This lowers the
pH of the electrolyte within the crevice. High corrosion rates and pitting result from this combination of
high concentrations of anions, low pH, and low oxygen concentration. An example of crevice corrosion
was observed in a test installation of guardrails in Lansing, Michigan, where corrosion rates in crevices
reached up to six to seven times that of freely exposed surfaces (Albrecht and Naeemi, 1984).

When properly designed, bridge components of weathering steel exhibit only shallow pitting.
Mill scale is more noble than steel and is found to be a common cause of pitting, although it is usually
not significant, since the deep pits which form along cracks in the mill scale fracture and spall the mill
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scale so that surface homogeneity returns. When weathering steel components were installed with mill
scale and subject to covering with debris in damp environments, numerous pits developed in the cracks
in the mill scale. To avoid pitting in continuously damp locations, mill scale should be removed before
putting the weathering steel into bridge service. Installations free of mill scale could still develop pits
under trapped debris and moisture.

To avoid galvanic corrosion in weathering steel weldments, welding rod should be more
noble in the galvanic series than the base steel. While single pass welds may absorb enough alloying
elements from adjacent weathering steel base metal, multipass welds should be designed to utilize welding
rod compositions similar to the base metal for external or final weld passes for section thicknesses greater
than 0.25 in.

B.5 APPLICATION OF UNDERGROUND CORROSION EXPERIENCE TO

ENGINEERED BARRIER SYSTEM COMPONENTS

The experience with corrosion control of pipelines and other buried metallic structures
detailed in Section 3 and Appendix B illustrates both the successful application of corrosion-control
procedures and their limitations with respect to buried structures. While the materials to be used and the
environments anticipated for EBS components will be different from pipelines and other conventional
buried metallic components, the same principles of corrosion control and limitations to the application
of these principles apply to EBS components.

Approximately 270,000 Table B-1. Reported leaks in buried natural gas transmission
miles of buried natural gas pipelines in the United States in 1984-1986 (E0ber, 1988)
transmission pipelines
currently are in operation
in the United States, Average
alone. Nearly half of these Cause No./Yr Percentage
pipelines have been in Outside force or mechanical damage 62 38
operation for more than
40 yr, and all of the Corrosion 40 24
pipelines are made of one I
form or another of carbon Material Failure 26 16
o r l o w - a ll o y Construction 7 4
steels-materials that are
well known to be Other 29 18
susceptible to corrosion in
soils. Yet, despite the TOTAL 164 100
propensity of steels to
corrode in soils, only a relatively few corrosion-related pipeline failures have been reported. Table B-1
lists and categorizes leaks in natural gas transmission pipelines reported to the U.S. Department of
Transportation (DOT) during 1984-1986 (Eiber, 1988). Of the 164 incidents reported, only 40 (or
24 percent) were attributable to corrosion. In the period of 1970-1984, a total of 397 incidents were
reported; the specific causes of failures were not reported, but it was indicated that the percentage of
corrosion-related incidents was less than in the 1984-86 period (Eiber, 1988). In an effort to make a
comparison to pressure vessel reliability data, annualized expected failure rates are approximated in
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Table B-2 by considering the total 270,000 miles of pipeline to be the sum of 35.6 million individual
40-ft units. The resulting annual failure rates compare favorably to typical values of disruptive failure
rates for pressure vessels from Table 2-3 in this report.

Table 3-2. Comparison of approximated pipeline failure rates to range of pressure vessel
failure rates

Period of Service Pipeline Expected Range of Pressure Vessel
(Applies to Pipeline Failure Rate, Expected Failure Rates,

Data Only) Failures/40-ft Section-Yr Failures/Vessel-Yr

1970-1984 7.4 x 10-7

1984-1986 1.5x 10-6 2.1x10 to 4.2 xI-

The excellent record of industry in preventing corrosion in buried natural gas pipelines is
the result of a well understood material-environment combination, a mature corrosion-control technology
that is firmly based in scientific fundamentals (e.g., cathodic protection and coatings), a systematic
program of inspection and monitoring, and more than 100 yr of operating experience. This background
of experience, coupled with proper soil surveys and knowledge of other buried metallic systems, makes
it possible to construct new pipelines in which the probability of corrosion-related leaks is near zero.

However, even with the technology and experience available to control corrosion in natural
gas pipelines, corrosion-related failures do occur, albeit the incidence of such failures is very low, as the
above statistics indicate. Almost invariably, such corrosion-related failures result from environmental or
other conditions that either were previously unknown, not anticipated, or that developed during operation.
Stray current corrosion, as illustrated by a number of the case studies presented in Appendix B, is another
common problem that did not exist or has been overlooked during design and construction of pipelines.

A well-known example of an unknown failure mechanism is stress corrosion cracking of
natural gas transmission pipelines. On March 4, 1965, a catastrophic pipeline explosion resulting in the
loss of human life occurred in Natchitoches, Louisiana. After an exhaustive investigation, the failure was
attributed to stress corrosion cracks that had initiated on external surfaces and propagated through the pipe
wall thickness. Prior to this failure, stress corrosion cracking of carbon and low-alloy steels had been seen
only in boiling solutions of concentrated hydroxides and nitrates-environments that clearly do not occur
in soils-so no consideration of this failure mechanism had been taken in pipeline design.

The insidious nature of such sudden and unforeseen failures was recognized as a safety
problem of unknown magnitude. As a consequence, comprehensive research programs were initiated by
the gas transmission pipeline industry and a number of federal and other regulatory agencies to define
the factors responsible for cracking and to develop methods of detecting cracks. As a result, it is now
known that the cracking is caused by formation of carbonate-bicarbonate solutions under disbonded
coatings on external surfaces of cathodically protected pipelines. It also is now known that cracking is
strongly temperature dependent, and, consequently, cracks are far more likely to occur just downstream
of compressor stations where the pipe temperature is highest, than at other, cooler locations downstream
of compressors. Many other factors, including stress level, metal tensile strength, tensile stress level,
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variation in tensile stress level, and stress intensity also have been shown to affect stress corrosion crack

initiation and growth.

Knowledge and experience concerning pipeline stress corrosion cracking that have been

gained over the past 30 yr now allow pipeline designers to take steps to minimize the problem in new

pipelines and to predict the most likely locations of cracking in existing lines. In addition to a better

understanding of the failure mechanism, research also has produced improved nondestructive testing

methods to detect cracks before they reach the critical size required for catastrophic failure. The most

successful of these methods employs devices ("pigs") that are inserted into pipelines and traverse their

lengths; ultrasonic or other inspection equipment contained in the pigs is capable of detecting relatively

small cracks on external pipe surfaces. However, such devices currently cannot be inserted in many older

pipelines. In these cases, hydrostatic testing or visual inspection of uncovered pipelines is relied upon to

detect cracks, until modifications to accept pigs can be made to existing lines or other inspection methods

are perfected.

The relevance of corrosion-control experience in pipelines and similar buried steel structures

to EBS components is twofold. First, maintenance of corrosion damage within acceptable limits requires

(i) detailed knowledge of the environment that will be present in the repository throughout the

containment period, and (ii) a thorough knowledge of possible corrosion mechanisms for candidate alloys

in the anticipated environments. If either the environment or the corrosion response of a candidate alloy

to the anticipated environment is inadequately defined, then either the alloy should not be used or

additional steps to minimize corrosion damage should be taken.

Such corrosion-preventive steps might include use of multi-layer containment vessels made

of two or more alloys or materials with different corrosion responses, corrosion-resistant coatings,

cathodic protection systems, large-grained hydrophobic backfill adjacent to containers to promote drainage

of water away from containers, and/or environment-altering barriers. Such barriers could include

hydrophilic materials in the near-field environment around containers. These materials could absorb water

and prevent it from reaching container surfaces, thereby removing one of the primary constituents

necessary for metallic corrosion. Also, use of alkaline backfill materials (e.g., CUC0 3) could promote

a noncorrosive, mildly alkaline environment (approximately pH 9) adjacent to containers. However,

designers should use caution with such an approach, since some experimental studies suggest that, when

pH approaches 8, radionuclides desorb from many mineral surfaces (Hsi and Langmuir, 1985). Also,

effects on glass wasteforms should be carefully considered, since aqueous solutions with high (greater

than 9) or low (ess than 4) pH would substantially accelerate degradation of glass wasteforms (McElroy

and Hanson, 1986). The use of multi-layer containment vessels made of two or more alloys carries a risk

of galvanic corrosion of the more anodic material. However, this may be used to advantage. For

example, if a thin corrosion-resistant inner container is surrounded by a thicker carbon-steel container,
the carbon-steel container will corrode preferentially and thereby cathodically protect the inner container.

Attention also should be given to prevention of stray-current corrosion of containment

components that may be induced as a result of electrical systems installed during the construction or used

during insertion of containers into the repository or in conjunction with initial repository monitoring

systems. Similarly, consideration should be given to the potential corrosive effects of constituents that
may be introduced into the repository environment during construction, insertion of waste containers, or

at other times prior to final sealing. Such constituents may include air and corrosion-inducing bacteria,

as well as chemical species such as hydrocarbon exhaust components, battery acids, or ozone or other

compounds produced by interaction of air with large electric motors.
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The relevance of buried structures to EBS components is also represented by the occurrence
of corrosion-related failures in buried steel gas pipelines, which indicates that it has not been possible to
completely prevent corrosion in a very well understood buried metallic engineering system. Consequently,
it is considered unlikely that corrosion damage of EBS components can be completely prevented by the
use of alloys selected on the basis of their corrosion resistance to the anticipated environment. This is
particularly true in view of the very long design lifetime requirements for EBS components, uncertainty
with regard to the likelihood of environmental or other changes over the very long repository lifetime,
and the lack of a corrosion monitoring capability.

This anticipated inability to prevent corrosion damage of EBS components completely by the
use of corrosion-resistant alloys, alone, implies that additional steps to minimize corrosion damage, such
as those discussed in the immediately preceding paragraph, should be incorporated into the EBS design.
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STATISTICAL PROCESS CONTROL

Traditional QC endpoint inspection is very limited in its ability to prevent rejects in final products. Only

limited time is available for QC to witness all processes and inspections and, as a result, 100-percent

inspection is frequently precluded by testing only a statistical sample. Relying on individuals to take

personal responsibility even in cases where public safety is at stake is not certain, so systems requiring

extremely high reliability should not depend completely on the QC observer.

Traditional statistical QC methods use control charts and observations of parameters with known

distributions and control limits to evaluate the adequacy of control of a process. The control of a process

is compared to the capability of a process. Statistical sampling inspection allows relatively small samples

to be tested for acceptance or rejection of product at substantial cost savings (Thomas et al., 1985). These

techniques have been supplanted in recent years by more advanced techniques which yield products and

systems of greater reliability by controlling variance of a parameter when it is first measured, rather than

more coarsely controlling a parameter within tolerance limits.

Quality cannot be inspected into a process or product, and the concept of quality engineering has been

promoted by Taguchi (1993) and others to instead develop robust technologies which will be used in the

process or product. Taguchi links product quality to cost through the product loss function, which has

been formulated as

L(x) = k(x-m)2 (C-1)

where

L = loss in monetary units

m = point at which the characteristic should ideally be set

x = point at which the characteristic actually is set

k = constant which depends on the magnitude of the characteristic and monetary unit

The significance of this basic quadratic loss function is that, as the characteristic deviates from the ideal

value, the loss increases as the square of the deviation. This emphasizes the concept that good quality

means keeping the product characteristic at its target value instead of merely keeping the characteristic

within acceptable tolerance limits (Barker, 1990). Statistical analysis incorporates the average, x, and

standard deviation, s, into a single number, the expected loss (EL) function. The EL function is an

extension of the product loss function which incorporates the loss, s2 , due to deviation of the set point

from its ideal value in addition to the loss due to deviating from the set point:

EL = k[(i-m)2 + S2] (C-2)
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Taguchi identified the signal-to-noise ratio, S/N, in decibels, during his developmental work at Nippon
Telegraph and Telephone Co. (NTT) as a function of the inverse of the commonly used coefficient of
variance (S/i), as

S/N = 20 logl0 [Tfs] (C-3)

The SIN objective function is optimized as it is made larger. A 0.5-dB gain in S/N represents an
improvement of about 10 percent in characteristic response, with 25- to 50-percent improvements
corresponding to 1- to 2-dB changes. This simple formulation for S/N was developed for a particular type
of problem. Taguchi developed more than 70 forms of the S/N ratio, each corresponding to a particular
desired performance of the original response. Four common cases for specialized S/N types are (i) when
the original response is maximized (the previous case), (ii) when the original response is minimized,
(iii) when the original response equal to a target is best, and (iv) when the original response equal to the
nominal value is best (Barker, 1990). The concept of the SIN objective function could be used in
automated process control for HLW container fabrication to ensure that fabrication parameters are
controlled to achieve performance objectives (Taguchi, 1993).

Experimental design methods determine why a characteristic value deviates from its ideal so that steps
can be taken to control the characteristic to the target value and thereby optimize quality. Factorial
experiment design achieves an optimum by employing orthogonality to study each factor contributing to
response independently and by detecting interactions among factors efficiently by fractional factorial
design of experiments. Parameter design is the process of choosing levels of factors to keep the response
on target with low variation, and tolerance design is the identification of quality sensitive components to
apply tolerances to them to meet the required level of variation of response. The internal stress method
(ISM) allows efficient identification of robust levels of each factor when all other factors are treated as
noise. Barker gives explanations and examples of applications of these principles in a translated version
of Taguchi's work (Barker, 1990), to which the reader is encouraged to refer for further information.

Potential noise factors, control and tuning factors, and appropriate performance criteria are identified.
Experimentation or simulation can then be used to maximize the functionability of the technology.
Decisions made during the first 20 percent of the design process generally determine 80 percent of the
product cost (Taguchi, 1993). Five manufacturing stages are identified: (i) technology development, (ii)
product planning, (iii) product design, (iv) design of the production process, and (v) management of the
production process (Taguchi, 1993). Economic evaluation of products is applied as a technical process
to engineering problems to improve product quality and control cost by parameter design. The concept
of quality loss is defined as the amount of functional variation plus the cost of negative effects of
defective products. Quality loss can be computed even when only one of a kind of a design is produced,
since the quality loss function is the mean square deviation of objective characteristics from their target
value, not the variance of products. Quality loss approximates the effects of all possible operational
conditions and noise conditions. Methods of parameter design reduce quality loss without increasing
product cost. Methods of tolerance design balance the cost of higher quality against total quality loss.
Objective characteristics of products during the manufacturing process are controlled by optimal quality
management methods. Targets for quality and cost should be developed by design departments instead
of being predetermined during new product planning. Taguchi describes five stages of product (or
production process) design: (i) system selection, (ii) parameter design, (iii) tolerance design, (iv) tolerance
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specifications, and (v) quality management for the production process. He differentiates between science

and engineering, in that science finds the best way to understand natural phenomena without regard to

cost, and engineering chooses the best of many available approaches to design with regard to quality and

cost. Taguchi defines productivity index and the inverse of productivity loss, which is defined as the sum

of quality loss and production cost. Quality engineering should seek to reduce sources of variation by

making systems of products or production processes less sensitive to sources of uncontrollable noise (or

outside influences) through parameter design. This is considered off-line QC, as opposed to on-line QC

methods which use tuning methods to ensure that objective product characteristics meet target

specifications. Further tying these methods to cost, Taguchi applies the economical safety factor, *,
defined as the square root of the average financial loss when the objective characteristic of products

exceeds the functional limits divided by the average financial loss when the objective characteristic just

exceeds tolerance specifications of production plans. Tolerance specifications are computed from the

economical safety factor and the functional limit (Taguchi, 1993).

With regard to the design of HLW packages, concepts discussed previously could be used to develop

targets for quality and cost during the design stage. Parameter design could be used to identify sources

of uncontrollable noise (or outside influences) in the fabrication process so that the production processes

could be made less sensitive to uncontrollable noise, thus reducing variations in quality. Experimental

design methods could be used to diagnose causes of deviation of a fabrication parameter from its target

value as well as to assist in tolerance design. If the concept of quality loss is applied to design and

fabrication of HLW packages, caution should be used when determining the cost of negative effects due

to defective units.
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