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FOREWORD

It is known that the corrosion of metallic structures has a significant impact on the U.S. economy, including
infrastructure, transportation, utilities, production and manufacturing, and government. A 1975 benchmark study by
Battelle-NBS calculated the cost of corrosion to be $70 billion per year, which was 4.2 percent of the nation's gross
national product (GNP). Other studies, both in the United States and abroad, have addressed the cost of corrosion as
well.

A need was identified to carry out a systematic study to estimate the current impact of metallic corrosion on the
U.S. economy and to provide strategies to minimize the impact of corrosion. Through discussions between NACE
International (The Corrosion Society), members of Congress, and the U.S. Department of Transportation (U.S.
DOT), ar amendment for the cost of corrosion was included in the Transportation Equity Act for the 21st Century
(TEA-21), which was passed by the U.S. legislature in 1998. In the period from 1999 to 2001, CC Technologies
conducted the research, in a cooperative agreement with the Federal Highway Administration (FHWA).

In this study, the total direct cost of corrosion was determined by analyzing 26 industrial sectors in which
corrosion is known to exist and extrapolating the results for a nationwide estimate. The total direct cost of corrosion
was determined to be $276 billion per year, which is 3.1 percent of the U.S. gross domestic product (GDP). Indirect
costs to the user (society costs) are conservatively estimated to be equal to the direct costs. This means that the
overall cost to society could be as much as 6 percent of the GDP. Often, the indirect costs are ignored because only
the direct costs are paid by the owner/operator.

New technologies to prevent corrosion continue to be developed and cost-based corrosion management
techniques are available to further lower corrosion costs. However, cost-effective methods are not always
implemented. Better corrosion management can be achieved using preventive strategies at every level of
involvement {owner, operator, user, government, Federal regulators, and general public).

The preventive strategies include: (1) increase awareness of large corrosion costs and potential savings,
(2) change the misconception that nothing can be done about corrosion, (3) change policies, regulations, standards,
and management practices to increase corrosion cost-savings through sound corrosion management, (4) improve
education and training of staff in recognition of corrosion control, (5) advance design practices for better corrosion
management, (6) advance life prediction and performance assessment methods, and (7) advance corrosion
technology through research, development, and implementation.

This report will be of interest to government regulators and policy-makers involved in materials-related issues,
the general public, and practicing engineers concerned with materials of construction and process design.
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EXECUTIVE SUMMARY

INTRODUCTION

Previous studies have shown that corrosion is very costly and that it has a major impact on the economies of
industrial nations. A 1975 benchmark study by Battelle-NBS pointed out the severe impact on the United States
economy. The estimates based on the Battelle-NBS study are that the cost of corrosion in the United States alone
was approximately $70 billion, which was 4.2 percent of the gross national product (GNP). A limited study in 1995
updating the 1975 cost numbers estimated the total cast of corrosion at approximately $300 billion.

Through discussions between NACE International (The Corrosion Society), members of Congress, and the
U.S. Department of Transportation (U.S. DOT), an amendment for the cost of corrosion was included in the
Transportation Equity Act for the 21¥ Century (TEA-21), which was passed by the U.S. legislature in 1998. The
amendment requested a study be conducted in conjunction with an interdisciplinary team of experts from the fields
of metallurgy, chemistry, economics, and others, as appropriate. Subsequently, the Federal Highway Administration
(FHWA) initiated a systematic study to estimate the total economic cost of metallic corrosion and to provide
preventive strategies to minimize the impact of corrosion. In the period 1999 to 2001, CC Technologies conducted

the study in a cooperative agreement with FHWA and NACE International (The Corrosion Society).
OBJECTIVES AND SCOPE

The primary objectives of this study were to:

{1) develop an estimate of the total economic impact of metallic corrosion in the United States, and

(2) identify national strategies to minimize the impact of corrosion.
The work to accomplish these objectives was conducted through the following main activities:

s determination of the cost of corrosion based on corrosion control methods and services,
¢  determination of the cost of corrosion for specific industry sectors,
e extrapolation of individual sector costs to a national total corrosion cost,

e assessment of barriers to progress and effective implementation of optimized corrosion
control practices, and

e development of implementation strategies and recommendations for realization of cost
savings.

REVIEW OF PREVIOUS STUDIES

A critical review of previous national studies was conducted. These studies have formed the basis for much of
the current thinking regarding the corrosion costs to the various national economies. The earliest study was reported
in 1949 by Uhlig, who estimated the total cost to the economy by summing materials and procedures related to
corrosion control. The 1949 Uhlig report, which was the first to draw attention to the economic importance of
corrosion, was followed in the 1970s by a number of studies in various countries, such as the United States, the
United Kingdom, and Japan. The national study by Japan conducted in 1977 followed the Uhlig methodology. In
the United States, Battelle-NBS estimated the total direct cost of corrosion using an economic input/output
framework. The input/output method was adopted later by studies in two other nations, namely Australia in 1983
and Kuwait in 1995. In the United Kingdom, a committee chaired by T.P. Hoar conducted a natienal study in 1970
using a method where the total cost was estimated by collecting data through interviews and surveys of targeted

economic sectors.
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Executive Summary — Corrosion Costs and Preventive Strategies in the United States

Although the efforts of the above-referenced studies ranged from formal and extensive to informal and modest,
all studies arrived at similar estimates of the total annual cost of corrosion ranging from 1 to 5 percent of each
country’s GNP,

APPROACH

In the current study, two different approaches were taken to estimate the total cost of corrosion. The first
approach followed a method where the total cost is determined by summing the costs for corrosion control methods
and services. The cost of materials were obtained from various sources such as the U.S. Department of Commerce
Census Bureau, existing industrial surveys, trade organizations, industry groups, and individual companies. The
data collection for corrosion control materials and products relied heavily on surveys of relevant web sites. Data
collection of corrosion control services such as engineering services, research and testing, and education and training
was obtained primarily from trade organizations, educational institutions, and individual experts.

The second approach followed a method where the cost of corrosion was first determined for specific industry
sectors and then extrapolated to calculate a national total corrosion cost. Data collection for the sector-specific
analyses differed significantly from sector to sector depending on the availability of data and the form in which the
data were available. In order to determine the annual corrosion costs for the reference year of 1998, data were
obtained for various years in the last decade, but mainly for the years 1996 to 1999. Generally, for many of the
public sector categories, such as infrastructure and utilities, much of the informaticn is public and could be obtained
from government reports and other publicly available documents. In many cases, the advice of experts in the
specific industry sectors was sought in order to obtain specific relevant information, Discussions with industry
experts provided the basis of the industry sector data collection. Corrosion-related cost information from the private
industry sectors was mote difficult to obtain directly. This stemmed from the fact that either the information was
not readily available or could not be released because of company policies. In this case, information from publicly
available industry records on operation and maintenance costs was obtained, and with the assistance of industry
experts, corrosion-related costs were estimated.

The industry sectors for corrosion cost analyses were selected in order to achieve as broad a cross-section of
the U.S. economy as possible. The sectors were divided among five sector categories, i.e., infrastructure, utilities,
transportation, production and manufacturing, and government. The industry sectors represented approximately
27 percent of the U.S. gross domestic product (GDP). In the sector category of Infrastructure, the following
industry sectors were analyzed: highway bridges, gas and liquid transmission pipelines, waterways and ports,
hazardous materials storage, airports, and railroads. In the sector category of Utilities, the analyzed industry sectors
were: gas distribution, drinking water and sewer systems, electrical utilities, and telecommunications. For the
sector category Transportation, the analyzed industry sectors included: motor vehicles, ships, aircraft, railroad cars,
and hazardous materials transportation. For the sector category of Production and Manufacturing, some major
industry groups were selected. Although not all industries could be included, the analyzed industry sectors were:
oil and gas exploration and production; mining; petroleum refining; chemical, petrochemical, and pharmaceutical;
pulp and paper; agricultural; food processing, electronics; and home appliances. For the sector category of
Government, the analyzed industry sectors were: defense and nuclear waste storage.

ECONOMIC ANALYSIS

The total cost of corrosion was estimated by determining the percentage of the GDP of those industry sectors
for which direct corrosion costs were estimated, and subsequently extrapolating these numbers to the total U.S.
GDP. The direct cost used in this analysis was defined as the cost incurred by owners or aperators. The following
elements were included in these costs:

s additional or more expensive material used to prevent corrosion damage,

* labor attributed to corrosion management activities,
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Executive Summary — Corrosion Costs and Preventive Strategies in the United States

* equipment required because of corrosion-related activities,
¢ loss of revenue due to disruption in supply of product,

e loss of reliability, and

e lost capital due to corrosion deterioration.

For all industry sectors studied in this report, the direct corrosion costs were determined. However, for one
industry sector, highway bridges, a life-cycle cost analysis was performed in which both the direct and indirect costs
of corrosion were addressed. Indirect costs are incurred by individuals other than the owner or operator of the
structure. Measuring and valuing indirect costs are generally complex assessments, and several different methods
can be used to evaluate potential indirect costs. Owners or operators can be made to assume the costs through
taxation, penalties, litigation, or paying for clean-up of spills. In such cases, these expenses become direct costs. In
other cases, costs are assumed by the end user or overall economy. These indirect costs, such as traffic delays in the
case of bridge repair, are more difficult to turn over to the owner or operator of the structure. Once assigned a dollar
value, the indirect costs are included in the cash flow of the corrosion management of the structure and are treated
the same way as all other costs.

RESULTS

The two methods used in the current study to estimate the cost of corrosion to the United States are based on:
(1) the cost of corrosion control methods and services and (2} corrosion costs of specific industry sectors. Past
studies have indicated that the second method is more likely to incorporate all costs and that the first method is
likely to miss the significant cost of corrosion management, the cost for direct services related to the owner/operator,
and the cost of loss of capital due to corrosion.

Method 1 — Corrosion Control Methods and Services

With this method, the total annual direct cost of corrosion was estimated by adding the cost of control methods
and services. The corrosion control methods that were considered include protective coatings, corrosion-resistant
alloys, corrosion inhibitors, polymers, anodes, cathodic protection, and corrosion control and monitoring equipment.
Other contributors to the total annual direct cost that were reviewed in this report are corrosion control services {i.e.,
non-owner/operator services), corrosion research and development, and education and training.

Protective Coatings - Both organic and metallic coatings are used to provide protection against corrosion of
metallic substrates. These metallic substrates, mostly carbon steel, will corrode in the absence of the coating,
resulting in the reduction of the service life of the steel part or component.

According to the U.S. Department of Commerce Census Bureau, the total amount of organic coating material
sold in the United States in 1997 was 5.56 billion L (1.47 billion gal), at a value of $16.56 billion. The total sales
can be broken down into architectural coatings, product criginal equipment manufacturers (OEM) coatings,
special-purpose coatings, and miscellaneous paint products. A portion of each of these was classified as corrosion
coatings for a total estimate of $6.7 billion. It is important to note that raw material cost is only a portion of a total
coating application project, ranging from 4 to 20 percent of the total cost of application. When applying these
percentages to the raw materials cost, the total annual cost of coating application ranges from $33.5 billion to
$167.5 billion.

The most widely used metallic coating method for corrosion protection is galvanizing, which involves the
application of metallic zinc to carbon steel for corrosion control purposes. Hot-dip galvanizing is the most common
process, and as the name implies, it consists of dipping the steel member into a bath of molten zinc. Information
released by the U.S. Commerce Department in 1998 stated that about 8.6 million metric tons of hot-dip galvanized
steel and 2.8 million metric tons of electrolytic galvanized steel were produced in 1997. The total market for
metallizing and galvanizing in the United States is estimated at $1.4 billion. This figure is the total material cost of
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the metal coating and the cost of processing, and does not include the cost of the carbon steel member being
galvanized/metallized.

Merallizing is defined as the application of very thin metallic coatings for either active corrosion protection
(zinc or aluminum anodes) or as a protective layer (stainless steels and alloys). Application can be by flame
spraying or electroplating. Other advanced pracesses such as plasma arc spraying can be used for exotic refractory
metals for very demanding applications, but most of the advanced processes are not used for corrosion control. The
metallizing anode market ranges from $3 million to $10 million annually, and is also growing due to the recognition
by government agencies that life-cycle costs are significant if corrosion mitigation is not specified from the start.

Corrosion-Resistant Alloys — Corrosion-resistant alloys are used where corrosive conditions prohibit the use
of carbon steels and protective coatings provide insufficient protection or are economically not feasible. Examples
of these alloys include stainless steels, nickel-base alloys, and titanium alloys. According to U.S. Census Bureau
statistics, a total of 2.5 million metric tons of raw stainless steel was sold in the United States in 1997. With an
estimated cost of $2.20 per kg ($1 per 1b) for raw stainless steel, a total annual (1997) production cost of $3.5 billion
was estimated. It is assumed that all production is for U.S. domestic consumption. The total consumption of
stainless steel also includes imports, which account for more than 25 percent of the U.S. market. Thus, the total
consumption of stainless steel can be estimated at $7.3 billion.

Where environments become particularly severe, nickel-base and titanium alloys are used. Nickel-base alloys
are used extensively in the oil production and refinery and chemical process industries, where conditions are
aggressive. Furthermore, there is an increased use of these alloys in other industries, where high temperature and/or
corrosive conditions exist. With the average price for nickel-base alloys at $13 per kg in 1998, the total sales value
n the United States was estimated at $285 million.

The primary use of titanium alloys is in the aerospace and military industry, where the high strength-to-weight
ratio and resistance to high temperatures are properties of interest. However, titanium and its alloys are also
corrosion-resistant in many environments, and have therefore found application in oil production and refinery,
chemical process, and pulp and paper industries. In 1998, it was estimated that 65 percent of the titanium mill
products were used for aerospace and 35 percent for non-aerospace applications. The total annual consumption cost
for titanium and titanium alloys for corrosion control applications is estimated at $150 million.

The total 1998 consumption cost of the corrosion-resistant metals and alloys is estimated at $7.7 billion.

Corrosion Inhibitors - A corrosion inhibitor may be defined, in general terms, as a substance which when
added in a small concentration to an environment effectively reduces the corrosion rate of a metal exposed to that
environment. Inhibition is used internally with carbon steel pipes and vessels as an economic corrosion control
alternative to stainless steels and alloys, coatings, or non-metallic composites. A particular advantage of corrosion
inhibition is that it can be implemented or changed in situ without disrupting a process. The major industries using
corrosion inhibitors are the oil and gas exploration and production industry, the petroleum refining industry, the
chemical industry, heavy industrial manufacturing industry, water treatment facilities, and the product additive
industries. The largest consumption of corrosion inhibitors is in the oil industry, particularly in the petroleum
refining industry. The total consumption of corrosion inhibitors in the United States has doubled from
approximately $600 million in 1982 to nearly $1.1 billion in 1998.

Engineering Plastics and Polymers - In 1996, the plastics industry accounted for $274.5 billion in shipments.
It is difficult to estimate the fraction of plastics used for corrosion control, because in many cases, plastics and
composites are used for a combination of reasons, including corrosion control, light weight, economics, strength-to-
weight ratio, and other unique properties. While corrosion control is a major market for many polymers, certain
polymers are used mostly, if not exclusively, for corrosion control purposes. The significant markets for corrosion
control by polymers include composites (primarily glass-reinforced thermosetting resins), polyvinyl chloride (PVC)
pipe, polyethylene pipe, and fluoropolymers. The portion of polymers used for corrosion control is estimated at
$1.8 billion.
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Cathodic and Anodic Protection - The cost of cathodic and anodic protection of metallic structures subject to
corrosion can be divided into the cost of materials and the cost of installation and operation. Industry data have
provided estimates for the 1998 sales of various hardware components totaling $146 million. The largest share of
the cathodic protection market is taken up by sacrificial anodes at $60 million, of which magnesium has the greatest
market share. Major markets for sacrificial anodes are the water heater market and the underground storage tank
market. The costs of installation of the various cathodic protection (CP) components for underground structures
vary significantly depending on the location and the specific details of the construction. For 1998, the average total
cost for installing CP systems was estimated at $0.98 billion (range: $0.73 billion to $1.22 billion). The total cost
for replacing sacrificial anodes in water heaters and the cost for corrosion-related replacement of water heaters was
estimated at $1.24 billion per year; therefore, the total estimated cost for cathodic and anodic protection is
$2.22 biilion per year.

Corrosion Control Services - In the context of this report, services are defined as companies, organizations,
and individuals that are providing their services to control corrosion, while excluding corrosion-related activities that
owners/operators may do in-house. By taking the NACE International membership as a basis, a total number of
engineers and scientists who provide corrosion control services may be estimated. Based on a 16,000 membership
in 1998 and the assumption that 25 percent provides corrosion control services, a total services cost of $1.2 billion
was estimated.

Research and Development - It has been observed that over the past few decades less funding has been made
availabie for corrosion-related research and development, which is significant in light of the cost and inconvenience
of dealing with leaking and exploding underground pipelines, bursting water mains, corroding storage tanks, aging
aircraft, and deteriorating highway bridges. In fact, several government and corporate research laboratories have
significantly reduced their corrosion research staff or even have closed down their research facilities. Moreover,
less research and development funding has been available, both from government and private sources. An estimate
of an annual academic budget of $20 million was made; nc estimates were made of the cost of corporate or industry
corrosion-related research, which is likely to be much greater than the annual academic budget.

Education and Training - Corrosion-related education and training in the United States include degree
programs, certification programs, company in-house training, and general education and training. A few national
universities offer courses in corrosion and corrosion control as part of their engineering curriculum. Professional
organizations such as NACE International (The Corrosion Society) and SSPC (The Society for Protective Coatings),
offer courses and certification programs that range from basic corrosion to coating inspector to cathodic protection
specialist. NACE International offers the broadest range of courses and manages an extensive certification program.
In 1998, NACE held 172 courses with more than 3,000 students, conducted multiple seminars, and offered
publications, at a total cost of $8 million.

Summary - A total annual direct cost of corrosion by summing the costs of corrosion control methods and
services was estimated at $121 billion, which is 1.38 percent of the U.S. GDP of $8.79 trillion in 1998. The largest
portion (88.3 percent) of this cost is the organic coatings group at $107.2 billion. Notably, the categories of research
and development and education and training indicated unfavorably iow numbers.

Method 2 - Industry Sector Analysis

For the purpose of this study, the U.S. economy was divided into five different sector categories. Each of the
sector categories were then divided into specific industry sectors for a total of 26 sectors, as follows:

Infrastructure: Highway Bridges
Gas and Liquid Transmission Pipelines
Waterways and Ports
Hazardous Materials Storage
Airports
Railroads
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Utilities: Gas Distribution
Drinking Water and Sewer Systems
Electrical Utilities
Telecommunications

Transportation: Motor Vehicles
Ships
Aircraft
Railroad Cars
Hazardous Materials Transport

Production and Manufacturing:  Oil and Gas Exploration - Production
Mining
Petroleum Refining
Chemical, Petrochemical, and Pharmaceutical
Pulp and Paper
Agricultural
Food Processing
Electronics
Home Appliances

Government: Defense
Nuclear Waste Storage

Infrastructure — The U.S. infrastructure and transportation system allows for a high level of mobility and
freight activity for the nearly 270 million residents and 7 million business establishments. In 1997, more than
230 million motor vehicles, ships, airplanes, and railroad cars were used on 6.4 million km (4 million mi) of
highways, railroads, and waterways connecting all parts of the United States. The transportation infrastructure also
includes more than 800,000 km (approximately 500,000 mi) of oil and gas transmission pipelines, 8.5 million tanks
for hazardous materials storage, and 18,000 public and private airports. The annual direct cost of corrosion in the
infrastructure category is estimated at $22.6 billion.

Highway Bridges: Based on the National Bridge Inventory Database, there are 586,000 bridges in the United
States. Of this total, 435,000 bridges are made from steel and conventional reinforced concrete, 108,000 bridges are
constructed using prestressed concrete, and the balance is made using other materials of construction.
Approximately 15 percent of the bridges are structurally deficient, primarily due to corrosion of steel and steel
reinforcement. The dollar impact of corrosion on highway bridges is considerable. The annual direct cost of
corrosion for highway bridges is estimated to be $8.3 billion, consisting of $3.8 billion for the annual cost to replace
structurally deficient bridges over the next 10 years, $2.0 billion for maintenance and cost of capital for concrete
bridge decks, $2.0 billion for maintenance and cost of capital for concrete substructures (minus decks), and
$0.5 billion for maintenance painting of steel bridges. Life-cycle analysis estimates indirect costs to the user due to
traffic delays and lost productivity at more than 10 times the direct cost of corrosion.

Gas and Liguid Transmission Pipelines: There are more than 528,000 km (328,000 mi) of natural gas
transmission and gathering pipelines, 119,000 km (74,000 mi) of crude oil transmission and gathering pipelines, and
132,000 km (82,000 mi) of hazardous liquid transmission pipelines. For all natural gas pipeline companies, the total
investment in 1998 was $63.1 billion, from which a total revenue of $13.6 billion was generated. For liquid pipeline
companies, the investment was $30.2 billion, from which a revenue of $6.9 billion was generated. At an estimated
replacement cost of $643,800 per km ($1,117,000 per mi), the asset replacement value of the transmission pipeline
system in the United States is $541 billion; therefore a significant investment is at risk with corrosion being the
primary factor in controlling the life of the asset. The average annual corrosion-related cost is estimated at
$7.0 billion, which can be divided into the cost of capital (38 percent), operation and maintenance (52 percent), and
failures (10 percent).
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Waterways and Ports:_Tn the United States, 40,000 km (25,000 mi) of commercial navigable waterways serve
41 states, ircluding all states east of the Mississippi River. Hundreds of locks facilitate travel along these
waterways. In January 1999, 135 of the 276 locks had exceeded their 50-year design life. The oldest operating
locks in the United States are Kentucky River Locks 1 and 2. U.S. ports play an important role in connecting
waterways, railroads, and highways. The nation’s ports include 1,914 deep-water (seacoast and Great Lakes) and
1,812 along inland waterways. Corrosion is typically found on piers and docks, bulkheads and retaining walls,
mooring structures, and navigational aids. There is no formal tracking of corrosion costs in these structures. Based
on cost numbers obtained from the U.S. Army Corps of Engineers and the U.S. Coast Guard, an annual corrosion
cost of $0.3 billion could be estimated. It should be noted that this is a low estimate since the corrosion costs of
harbor and other marine structures are not included.

Hazardous Materials Storage: There are approximately 8.5 million regulated and non-regulated aboveground
storage tanks (ASTs) and underground storage tanks (USTs) for hazardous materials (HAZMAT) in the United
States. While these tanks represent a large investment, and good maintenance practices would be in the best interest
of the owners, federal and state environmental regulators are concerned with the environmental impact of spills from
leaking tanks. In 1988, the U.S. Environmental Protection Agency set a December 1998 deadline for UST owners
to comply with the requirement to have corrosion control on all tanks, as well as overfill and spill protection. Thus,
tank owners face considerable costs related to clean-up and penalties imposed by the government if they would not
be in compliance. Il is estimated that the annual cost of corrosion for ASTs is $4.5 billion and for USTs is
$2.5 billion, resulting in a total annual direct corrosion cost of $7.0 billion.

Airports: The United States has the world’s most extensive airport system, which is essential to national
transportation and the U.S. economy. According to 1999 Bureau of Transportation Statistics figures, there were
5,324 public-use airports and 13,774 private-use airports in the United States. A typical airport infrastructure is
complex, and components that might be subject to corrosion include the natural gas distribution system, jet fuel
storage and distribution system, deicing storage and distribution system, vehicle fueling systems, natural gas feeders,
dry fire lines, parking garages, and runway lighting. Generally, each of these systems is owned or operated by
different organizations or companies; therefore, the impact of corrosion on an airport as a whole is not known or
documented. However, the airports do not have any specific corrosion-related problems, that have not been
described elsewhere in this report.

Railrcads: In 1997, there were nine Class I freight railroads (railroads with operating revenues of more than
$256.4 million). These railroads accounted for 71 percent of the industry’s 274,399 km (170,508 mi) of railroad.
There were 35 regional railroads (those with operating revenues between $40 million and $256.4 million and/or
operating at least 560 km (350 mi) of railroad). The regional railroads operated 34,546 km (21.466 mi) of railroad.
Finally, there were 513 local railroads operating more than 45,300 km (28,149 mi) of railroad. The elements that are
subject to corrosion include metal members, such as rail and steel spikes; however, corrosion damage to railroad
components are either limited or go unreported. Hence, a corrosion cost could not be determined.

Utilities — Utilities form an essential part of the U.S. economy by supplying gas, water, electricity, and
communication. All utility companies combined spent $42.3 billion on capital goods in 1998, an increase of
9.3 percent from 1997. Of this tatal, $22.4 billion was used for structures and $19.9 billion was used for equipment.
The total annual direct cost of corrosion in the utility category is estimated to be $47.9 billion.

Gas Distribution: The natural gas distribution system includes 2,785,000 km (1,730,000 mi) of relatively
small-diameter, low-pressure piping, which is divided into 1,739,000 km (1,080,000 mi) of distribution main and
1,046,000 km (650,000 mi) of services. There are approximately 55 million services in the distribution system. A
large percentage of the mains (57 percent) and services (46 percent) are made of steel, cast iron, or copper, which
are subject to corrosion. The total annual direct cost of corrosion was estimated at approximately $5.0 billion.

Drinking Water and Sewer Systems: According to the American Waterworks Association (AWWA) industry
database, there is approximately 1,483,000 km (876,000 mi) of municipal water piping in the United States. This
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number is not exact, since most water utilities do not have complete records of their piping system. The sewer
system consists of approximately 16,400 publicly owned treatment facilities releasing some 155 million m

(41 billion gailons) of wastewater per day (1995). The total annual direct cost of corrosion for the nation’s drinking
waler and sewer systems was estimated at $36.0 billion. This cost was contributed to by the cost of replacing aging
infrastructure, the cost of unaccounted-for water through leaks, the cost of corrosion inhibitors, the cost of internal
mortar linings, and the cost of external coatings and cathodic protection.

Electrical Utilities: The electrical utility industry is a major provider of energy in the United States. The total
amount of electricity soid in the United States in 1998 was 3,240 billion GWh at a cost to the consumers of
$218 billion. Electricity generation plants can be divided into seven generic types: fossil fuel, nuclear,
hydroelectric, cogeneration, geothermal, solar, and wind. The majority of electric power in the United States is
generated by fossil and nuclear supply systems. The total annual direct cost of corrosion in the electrical utility
industry in 1998 is estimated at $6.9 billion, with the largest amounts for nuclear power at $4.2 billion and fossil fuel
at $1.9 billion, and smaller amounts for hydraulic and other power at $0.15 billion, and transmission and distribution
at $0.6 billion.

Telecommunications: The telecommunications infrastructure includes hardware such as electronics,
computers, and data transmitters, as well as equipment shelters and the towers used to mount antennas, transmitters,
receivers, and television and telephone systems. According to the U.S. Census Bureau, the total value of shipments
for communications equipment in 1999 was $84 billion. An important factor for corrosion cost is the additional cost
of protecting towers and shelters, such as painting and galvanizing. In addition, corrosion of buried copper
grounding beds, as well as galvanic corrosion of the grounded steel structures, contributes to the corrosion cost. For
this sector, no corrosion cost was determined because of the lack of information on this rapidly changing industry.
Many components are being replaced before physically failing because the technology has become obsolete in a
short period of time.

Transportation - The transportation category includes vehicles and equipment, such as motor vehicles,
aircraft, railroad cars, and hazardous materials transport, that make use of the U.S. highways, waterways, railroads,
and airports. The annual cost of corrosion in the transportation category is estimated at $29.7 billion.

Motor Vehicles: U.S. consumers, businesses, and government organizations own more than 200 million
registered motor vehicles. Assuming an average value of $5,000, the total investment Americans have made in
motor vehicles can be estimated at more than $1 trillion. Since the 1980s, car manufacturers have increased the
corrosion resistance of vehicles by using corrosion-resistant materials, employing better manufacturing processes,
and by designing corrosion-resistant vehicles. Although significant progress has been made, further improvement
can be achieved in the corrosion resistance of individual components, such as fuel and brake systems, and electrical
and electronic components. The total annual direct cost of corrosion is estimated at $23.4 billion, which is divided
into the following three components: (1) increased manufacturing costs due to corrosion engineering and the use of
corrosion-resistant materials ($2.56 billion per year), (2) repairs and maintenance necessitated by corrosion
($6.45 billion per year), and (3) corrosion-related depreciation of vehicles ($14.46 billion per year).

Ships: The U.S. flag fleet can be divided into several categories as follows: the Great Lakes with 737 vessels
at 100 billion ton-km (62 billion ton-mi), inland with 33,668 vessels at 473 billion ton-km (294 billion ton-mi),
ocean with 7,014 vessels at 563 billion ton-km (350 billion ton-mi), recreational with 12.3 million boats, and cruise
ship with 122 boats serving North American ports (5.4 million passengers). The total annual direct cost of corrosion
to the U.S. shipping industry is estimated at $2.7 billion. This cost is divided into costs associated with new
construction ($1.1 billion), with maintenance and repairs ($0.8 billion), and with corrosion-related downtime

($0.8 billion).

Aircrafi: In 1998, the combined aircraft fleet operated by U.S. airlines was more than 7,000, of which
approximately 4,000 were turbojets. The fleet includes the Boeing 707, DC-9, Boeing 727, DC-10, and the early
versions of the Boeing 737 and 747. At the start of the jet age (1950s to 1960s), little or no attention was paid to
corrosion and corrosion control. One of the concerns is the continued aging of the airplanes beyond the 20-year
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design life. Only the most recent designs (Boeing 777 and late version 737) have incorporated significant
improvements in corrosion prevention and conirol in design and manufacturing. The total annual direct cost of
corrosion to the U.S. aircraft industry is estimated at $2.2 billion, which includes the cost of design and
manufacturing (3$0.2 billion), corrosion maintenance ($1.7 billion), and downtime ($0.3 billion).

Railroad Cars: In 1998, 1.3 million freight cars and 1,962 passenger cars were reported to operate in the
United States. Covered hoppers at 28 percent make up the largest portion of the freight-car fleet, with tanker cars
making up the second largest portion at 18 percent. The type of commodities transported range from coal (largest
volume) to chemicals, motor vehicles, farm products, food products, and metallic and non-metallic ores and
minerals. Railroad cars suffer from both external and internal corrosion. It is estimated that the total annual direct
cost of corrosion is approximately $0.5 billion, divided over external coatings ($0.25 billion) and internal coatings
and linings ($0.25 biilion).

Hazardous Materials Transport: According to U.S .Department of transportation, there are approximately
300 million hazardous materials shipments of more than 3.1 billion metric tons annually in the United States. Bulk
transportation of hazardous materials includes overland shipping by tanker truck and rail car, and by special
containers that are loaded onto vehicles. Over water, ships loaded with specialized containers, tanks, and drums are
used. In small quantities, hazardous materials require specially designed packaging for truck and air shipment. The
total annual direct cost of corrosion for hazardous materials transport is more than $0.9 billion. The elements of the
annual corrosion cost include the cost of transporting vehicles ($0.4 billion per year), the cost of specialized
packaging ($0.5 billion per year), and the direct and indirect costs ($0.5 million per year and an unknown value,
respectively) of accidental releases and corrosion-related transportation incidents.

Production and Manufacturing - This category includes industries that produce and manufacture products of
crucial importance to the U.S. economy and the standard of living in the United States. These include oil
production, mining, petroleum refining, chemical and pharmaceutical production, and agricultural and food
production. The total annual direct cost of corrosion in this category was estimated to be $17.6 billion.

Oil and Gas Exploration and Production: Domestic oil and gas production can be considered to be a stagnant
industry, because most of the significant available onshore oil and gas reserves have been exploited. Qil production
in the United States in 1998 consisted of 3.04 billion barrels. The significant recoverable reserves left to be
discovered and produced are probably limited to less convenient locations such as in deep water offshore, remote
arctic locations, and difficult-to-manage reservoirs with unconsolidated sands. The total annual direct cost of
corrosion in the U.S. oil and gas production industry is estimated at $1.4 billion, made up of $0.6 billion for surface
piping and facility costs, $0.5 billion in downhole tubing expenses, and $0.3 billion in capital expenditures related to
corrosion.

Mining; In the mining industry, corrosion is not considered to be a significant problem. There is a general
consensus that the life-limiting factors for mining equipment are wear and mechanical damage rather than corrosion.
Maintenance painting, however, is heavily relied upon to prevent corrosion, with an annual estimated expenditure
for the coal mining industry of $0.1 billion.

Petroleum Refining: Petroleum is the single largest source of energy for the United States. The nation uses
twice as much petroleum as either coal or natural gas. The U.S. refineries represent approximately 23 percent of the
world’s petroleum production, and the United States has the largest refining capacity in the world, with
163 refineries. In 1996, U.S. refineries supplied more than 18 million barrels per day of refined petroleum products,
The total annual direct cost of corrosion is estimated at $3.7 billion. Of this total, maintenance-related expenses are
estimated at $1.8 billion, vessel turnaround expenses at $1.4 billion, and fouling costs are approximately $0.5 billion
annually.

Chemical, Petrochemical, and Pharmaceutical: The chemical, petrochemical, and pharmaceutical industries
play a major role in the U.S. economy by providing a wide range of products. The chemical industry includes those
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manufacturing facilities that produce bulk or specialty compounds by chemical reactions between organic and/or
inorganic materials. The petrochemical industry includes those manufacturing facilities that create substances from
raw hydrocarbon materials such as crude oil and natural gas. The pharmaceuticat industry formulates, fabricates,
and processes medicinal products from raw materials. The total annual direct cost of corrosion for this industry
sector is estimated at $1.7 billion per year (8 percent of total capital expenditures). No calculation was made for the
indirect costs of production outages or indirect costs related to catastrophic failures. The costs of operation and
maintenance related to corrosion were not readily available; estimating these costs would require detailed study of
data records of individual companies.

Pulp and Paper: The $163 billion pulp, paper, and allied product industry supplies the United States with
approximately 300 kg of paper per person per year. More than 300 pulp mills and more than 550 paper mills
support its production. The total annual direct cost of corrosion is estimated at $6.0 billion, with the majority of this
cost in the paper and paperboard-making industry, and calculated as a fraction of the maintenance costs. No
information was found to estimate the corrosion costs related to the loss of capital.

Agricultural: Agriculture operations are producing livestock, poultry, or other animal specialties and their
products, and producing crops, including fruits and greenhouse or nursery products. According to the National
Agricultural Statistics Service, there are approximately 1.9 million farms in the United States. Based on a 1997
- census, the total value of farm machinery and equipment is approximately $15 billion per year. The two main
reasons for replacing machinery or equipment include upgrading old equipment and substituting because of wear
and corrosion. Discussions with people in this industrial sector resulted in an estimate of corrosion costs in the
range of 5 percent to 10 percent of the value of all new equipment. The total annual direct cost of corrosion in the
agricultural production industry is estimated at $1.1 billion.

Food Processing: The food processing industry is one of the largest manufacturing industries in the United
States, accounting for approximately 14 percent of the total U.S. manufacturing output. Sales for food-processing
companies totaled $265.5 billion in 1999. Because of quality-of-food requirements, stainless steel is widely used.
Assuming that the stainless steel consumption and cost in this industry is entirely attributed to corrosion, a total
annual direct cost of corrosion is estimated at $2.1 billion. This cost includes stainless steel usage for beverage
production, food machinery, cutlery and utensils, commercial and restaurant equipment, appliances, aluminum cans,
and the use of corrosion inhibitors.

Electronics: Corrosion in electronic components manifests itself in several ways. Computers, integrated
circuits, and microchips are now an integral part of all technology-intensive industry products, ranging from
aerospace and automotive to medical equipment and consumer products, and are therefore exposed tc a variety of
environmental conditions. Corrosion in electronic components are insidious and cannot be readily detected;
therefore, when corrosion failure occurs, it is often dismissed as just a failure and the part or component is replaced.
Particularly in the case of consumer electronics, devices would become technologically obsolete long before
corrosion-induced failures would occur. However, capital-intensive industries, with significant investment in
durable equipment with a considerable number of electronic components, such as the defense industry and the
airline industry, tend to keep the equipment for longer periods of time, and corrosion is likely to become an issue.
Although the cost of corrosion in the electronics sector could not be estimated, it has been suggested that a
significant part of all electronic component failures are caused by corrosion.

Home Appliances: The appliance industry is one of the largest consumer product industries. For practical
purposes, two categories of appliances are distinguished: "Major Home Appliances” and "Comfort Conditioning
Appliances.” In 1999, a total of 70.7 million major home appliances and a total of 49.5 million comfort
conditioning appliances were sold in the United States, for a total of 120.2 million appliances. The cost of corrosion
in home appliances includes the cost of purchasing replacement appliances because of premature failure due to
corrosion. For water heaters alone, the replacement cost was estimated at $460 million per year, using a low
estimate of 5 percent of the replacement being corrosion-related. The cost of internal corrosion protection for all
appliances includes the use of sacrificial anodes ($780 million per year), corrosion-resistant materials (no cost
estimate), and internal coatings (no cost estimate). The cost of external corrosion protection using coatings was
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estimated at $260 million per year. Therefore, the estimated total annual direct cost of corrosion in home appliances
is at least $1.5 billion.

Government - Federal, state, and local governments play important roles in the U.S. economy with a 1998
GDP of approximately $1.1 trillion ($360 billion federal, $745 billion state and local). While the government owns
and operates large assets under various departments, the U.S. Department of Defense (DOD) was selected for
analysis because of its significant impact on the U.S. economy. A second government sectors elected is nuclear
waste storage under the U.S. Department of Energy (DOE).

Defense: The ability of the DOD to respond rapidly to national security and foreign commitments can be
adversely affected by corrosion. Corrosion of military equipment and facilities has been, for many years, a
significant and ongoing problem. The corrosion-related problems are becoming more prominent as the acquisition
of new equipment is decreasing and a large degree of reliability of aging systems is expected. The data provided by
the military services (Army, Air Force, Navy, and Marine Corps) indicate that corrosion is potentially the number
one cost driver in life-cycle costs. The total annual direct cost of corrosion incurred by the military services for both
systems and infrastructure was estimated at $20 billion,

Nuclear Waste Storage: Nuclear wastes are generated from spent nuclear fuel, dismantled nuclear weapons,
and products such as radio pharmaceuticals. The most important design item for the safe storage of nuclear waste is
effective shielding of radiation. Corrosion is not considered a major issue in the transportation of nuclear wastes due
to the stringent packaging requirements and the relatively short duration of the transport. However, corrosion is an
important issue in the design of the casks used for permanent storage with a design life of several thousand years. A
1998 total life-cycle cost analysis by DOE for the permanent disposal of nuclear waste in Yucca Mountain, Nevada,
estimated the total repository cost by the construction phase (2002) at $4.9 billion, with an average annual cost
(from 1999 to 2116) of $205 million. Of this cost, $42.2 million is corrosion-related.

Summary of Total Cost - The cost of corrosion was estimated for the individual economic sectors discussed
above. The total cost due to the impact of corrosion for the analyzed sectors was $137.9 billion per year. Since not
all economi: sectors were examined, the sum of the estimated costs does not represent the total cost of corrosion to
the entire U S. economy. By estimating the percentage of U.S. GDP of the sectors for which corrosion costs were
determined and extrapelating the cost numbers to the entire U.S. economy, a total cost of corrosion of $276 billion
was estimated. This is approximately 3.1 percent of the nation's GDP. The indirect corrosion costs (i.e., the costs
incurred by other than owners and operators as a result of corrosion) are conservatively estimated to be equal to the
direct cost; ziving a total direct plus indirect cost of $352 billion {i.e., 6 percent of the GDP). Evidence of the large
indirect corrosion costs are: (1) lost productivity because of outages, delays, failures, and litigation; (2) taxes and
overhead on the cost of corrosion portion of goods and services; and (3) indirect costs of non-owner/operator
activities.

The current study showed that the technological changes have provided many new ways to prevent corrosion,
as well as the improved use of available corrosion management techniques. However, better corrosion management
can be achieved using preventive strategies in non-technical and technical areas. These preventive strategies
include: (1) increase awareness of large corrosion costs and potential savings, (2) change the misconception that
nothing can be done about corrosion, (3) change policies, regulations, standards, and management practices to
increase corrosion cost-savings through sound corrosion management, (4) improve education and training of staff in
recognition of corrosion control, (5) advance design practices for better corrosion management, (6) advance life
prediction and performance assessment methods, and (7} advance corrosion technology through research,
development, and implementation.

While corrosion management has improved over the past several decades, the United States is still far from
implementing optimal corrosion control practices. There are significant barriers to both the development of
advanced technologies for corrosion control and the implementation of those technological advances. In order to
realize the savings from reduced costs of corrosion, changes are required in three areas: (1) the policy and
management framework for effective corrosion control, (2} the science and technology of corrosion control, and
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(3) the technology transfer and implementation of effective corrosion control. The policy and management
framework is crucial because it governs the identification of priorities, the allocation of resources for technology
development, and the operation of the system for implementation.

Incorporating the latest corrosion strategies in industry management and government policies, as well as
advances in science and technology, are required. It is necessary to engage a larger constituency comprised of the
primary stakeholders, government and industry leaders, the general public, and consumers. A major challenge
involves disseminating corrosion awareness and expertise that is currently scattered throughout government and
industry organizations. In fact, there is no focal point for the effective development, articulation, and delivery of
COITOSION COSt-Savings programs.

Therefore, the following recommendations are made:

1. Form a committee on “corrosion control and prevention” under the National Research Council.
Develop a national focus on corrosion control and prevention,
Improve policies and corrosion management.

Accomplish technological advances for corrosion cost-savings.

Al

Implement effective corrosion control.
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INTRODUCTION

Previous studies have shown that corrosion is very costly and has a major impact on the economies of
industrial nations. A 1975 benchmark study by Battelle-NBS pointed out the severe impact of corrosion on the U.S.
economy.'” The estimates based on the Battelle-NBS study report that the annual cost of corrosion in the United
States alone was approximately $70 billion, which was between 4 and 5 percent of the gross national product
(GNP). A limited study in 1995, updating the 1975 cost numbers, estimated the total annual cost of corrosion at
approximately $300 billion.® This staggering total corrosion loss resulted from equipment and structure
replacement, loss of product, maintenance and repair, the need for excess capacity and redundant equipment,
corrosion control, designated technical support, design, insurance, and parts and equipment inventories. During the
same time period that the original Battelle-NBS study was conducted, other national studies, such as in the United
Kingdom,” Japan,”’ Australia,”” and Kuwait," investigated their respective corrosion costs. While all these studies
emphasized the financial losses due to corrosion, no systematic study was conducted to investigate preventive
strategies with cost-benefit considerations.

Through discussions between NACE International (The Corrosion Society), members of Congress, and the
U.S. Department of Transportation (U.S. DOT), an amendment for the cost of corrosion was included in the
Transportation Equity Act for the 21* Century (TEA-21), which was passed by the U.S. legislature in 1998. The
amendment states:

IN GENERAL - The Secretary shall make a grant to conduct a study on the costs and
benefits of corrosion control and prevention. The study shall be conducted in conjunction

with an interdisciplinary team of experts from the fields of metallurgy, chemistry,
economics, and others, as appropriate.

Subsequently, the Federal Highway Administration (FHW A) initiated a systematic study to estimate the total
economic cost of metallic corrosion and to provide preventive strategies to minimize the impact of corrosion. A
major focus of this study was on various econemic secters, with an emphasis on infrastructure, utilities,
transportation, production and manufacturing, and government.

lce Technologies Laboratories, Inc., Dublin, OH.
? Federal Highway Administration, Turner-Fairbank Highway Research Center, McLean, VA.
3 Case Western Reserve University, Cleveland, OH.




Corrosion Costs and Preventive Strategies in the United States

BACKGROUND

Review of Previous Studies (Appendix A)

In this section of the report, a critical review of previous nationai studies on the cost of corrosion is presented.
These studies have formed the basis for much of the current thinking regarding the cost of corrosion to the various
national economies, and have led to a number of other national studies”® that are currently being performed. A
detailed description of these national studies is given in Appendix A.

In the past, cost of corrosion studies have been undertaken by several countries. The earliest study was
reported in 1949 by Uhlig,"? who estimated the total cost of corrosion to the economy by summing material and
procedure costs related to corrosion control. The 1949 Uhlig report, which was the first to draw attention to the
economic significance of corrosion, was followed in the 1970s by a number of studies in various countries, such as
the United States,”” the United Kingdom,” and Japan.” The national study by Japan conducted in 1977 followed
the Uhlig methodology. In the United States, the Battelle-NBS study estimated the total direct cost of corrosion
using an economic input/output framework. The input/output method was adopted later by studies in two other
nations, namely Australia in 1983" and Kuwait in 1995.) In the United Kingdom, a committee chaired by T P.
Hoar conducted a national study in 1970 using a method similar to the one used by Uhlig. The Hoar study estimated
the total cost of corrosion by collecting data through interviews and surveys of targeted economic sectors.

Although the efforts of the above-referenced studies ranged from formal and extensive to informal and modest,
all studies estimated the total annual cost of corrosion as ranging from 1 to 5 percent of each country’s GNP.

In the following sections, the three main methods used by the previous studies are described:

1. The cost of corrosion protection products and services with indirect costs (costs to others)
included - United States, 1949 (Uhlig study)"” and Japan.“”

2. The direct cost of corrosion products and services by sectors (no indirect costs included); data
were based on surveys and experts judgments - United Kingdom, 1970 (Hoar study).”

3. Input/output analysis - United States, 1978 (Battelle/NBS study),” Australia,”” and Kuwait.®

These previous studies are important in that they confronted the difficult problems in assessing the cost of
corrosion and subsequently arrived at judgments regarding the most helpful approach. They each contributed to the
current knowledge of estimating the cost of corrosion.

1. Corrosion Protection Products and Services

The 1949 study, “The Cost of Corrosion in the United States” by H.H. Uhlig,"” was the earliest effort to
estimate the U.S. national cost of corrosion. This study attempted to measure the costs of corroding structures to
both the owner/operator {direct cost) and to others (indirect cost). The total cost of corrosion to owners/operators
was estimated by summing the cost estimates for corrosion prevention products and services used in the entire U.S.
economy, such as coatings, inhibitors, corrosion-resistant metals, and cathodic protection, and multiplied these totals
by their respective prices. Three items were selected as examples to estimate the cost 10 private consumers/users:
domestic water heater replacement, automobile internal combustion engine repairs, and replacement of automobile
mufflers. Adding up both direct and indirect costs, the annual cost of corrosion to the United States was estimated
to be $5.5 billion or 2.1 percent of the 1949 GNP.

This method was adapted in a later study to estimate the total cost of corrosion in Japan. That study estimated
the national cost of corrosion at $9.2 billion (1974), which was equivalent to | to 2 percent of the Japanese GNP.
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2. Direct Cost of Corrosion Products and Services by Sectors

The Hoar study (United Kingdom, 1970)*” took a different approach from the Uhlig method to determine the
national corrosion cost in the United Kingdom. The study identified the sources for the cost of corrosion by sectors
of the economy. It estimated the direct expenditures (costs to owner/operator) in each economic sector. Indirect
costs were not included in the study. Information was gathered by interviewing corrosion experts who worked in
companies and agencies, and by surveys on expenditures for corrosion protection practices. Corrosion experts
estimated corrosion costs and the potential savings based on their experiences for major economic sectors. The
costs by sector were totaled for the whole economy. The study estimated the annual total corrosion cost in the
United Kingdom to be approximately 3.5 percent of their GNP.

3. Input-Output Analysis

The Battelle-NBS study (United States, 1978)" used an economic input/output analysis to estimate the cost of
corrosion for the United States. In the input/output model, the U.S. economy was divided into 130 industrial sectors.
For each industry sector, estimates were made on the costs of corrosion prevention, as well as for the cost of repair
and replacement due to corrosion.

The following direct costs (cost to owner/operator of the structure) were included in the study:

»  replacement of equipment or buildings,

¢ loss of product,

* maintenance and repair,

®  excess capacity,

¢ redundant equipment,

*  corrosion control, such as inhibitars, and organic and metallic coatings,
® engineering research and development testing,

*  esign,

* insurance, and

* parts and equipment inventory.

The input-output analysis was invented by Wassily Leontief, who received a Nobel Prize in 1973 for
developing the model. The input-output model is a simplified general equilibrium model of an economy showing
the extent to which each sector uses inputs from the other sectors to produce its output — and thus showing how
much each sector sells to other sectors. The input-output model shows the increase in economic activity in every
other sector that would be required to increase the net production of a sector. For example, if a certain amount of
paint were required for corrosion prevention, the input-output model would show the total activity through all the
sectors in order to produce this amount of paint. Since a U.S. input-output matrix was constructed by the
Department of Commerce from the census of manufacturers, it represented the actual structure of the U. 8.
economy. The economic input-output analysis explicitly accounts for all the inputs within the sector and the rest of
the economy inputs to produce a product or service by using the input-output matrices of a national economy.

The standard annual input-output matrix has embedded in it the cost of corroesion in a specific year. The study
identified the elements of various sectors that represented corrosion expenditures, such as coatings for steel
pipelines. The coefficient of coatings for the steel pipelines were then modified so that, for example, pipelines spent
nothing on coatings since the only purpose of coatings is to prevent corrosion. Once the particular coefficients in
the steel pipeline column were modified, the column was re-normalized to add up to one. This new matrix
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represented the world without corrosion. With the new matrix, the level of resources used to produce the GNP in a
world of corrosion would produce a higher GNP than in a world without corrosion.

The Battelle-NBS study collected data on corrosion-related changes in resources (material, labor, energy,
required value added to produce a product or service), capital equipment and facilities, and replacement rates for
capital stock of the capital items. The total cost of corrosion was defined as “the increment of total cost incurred
because corrosion exists.” The study therefore asked, “what cost would not be incurred if corrosion did not exist?”

It developed three “worlds” for its analysis as follows:

World I: real world of corrosion (year 1975 was modified to full employment level of
economic activity),

World II: ~ hypothetical world without corrosion (to establish a baseline), and

World IlI:  hypothetical world in which the economically most effective corrosion prevention is
practiced by everyone.

The input-output model was constructed to describe these three economies. The total national cost of corrosion
was defined as the difference between the GNP of World 1 and the GNP of World II. In terms of the Battelle-NBS

study, the standard input-output matrix represents World 1,

The Battelle-NBS study divided the total cost into avoidable and unavoidable costs. The avoidable cost of
corrosion is the difference between the GNP of World I and the GNP of World I1I, or it is the “cost which is
amenable to reduction by the most economically efficient use of recently available corrosion control technology.”
Unavoidable cost of corrosion is the difference between the GNP of World 11 and the GNP of World ITI or “the cost

that is not amenable to reduction by presently available technology.”

The final results of the Battelle-NBS study, after adjustments by NBS to the Battelle report, for the base year of
1975 were:

s the total U.S. cost of metailic corrosion per year was estimated to be $70 billion, which
comprised 4.2 percent of the GNP in 1975, and

* 15 percent or $10 billion was estimated to be avoidable by the use of the most economically
effective presently available corrosion technology.

An uncertainty of +30 percent for the totat corrosion cost figure was estimated, while greater uncertainty was
estimated for the avoidable costs.

OBJECTIVES AND SCOPE

The objectives of the current cost of corrosion study were to:

(1) develop an estimate of the total economic impact of metallic corrosion in the United States, and

(2) identify national strategies to minimize the impact of corrosion.

The scope of the study is restricted to metallic corrosion. The study provides an overall estimate of the total
cost of corrosion in the United States and discusses the economic effects of corrosion prevention strategies.
Furthermore, the study provides detailed descriptions of individual industry sectors that have a significant impact on

the U.S. economy.
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The work involved to accomplish the above-stated objectives was conducted through the following main
activities:

o determination of the cost of corrosion based on corrosion control methods and services,
e  determination of the cost of corrosion for specific industry sectors,
e extrapolation of individual sector costs to a national total corrosion cost,

¢ assessment of barriers to progress and effective implementation of optimized corrosion
control practices, and

e development of implementation strategies and recommendations for realization of
cost-savings.

Total Cost of Corrosion: The total cost of corrosion in the United States is estimated by using two entirely
different methods. The first method estimates the cost of corrosion by adding the costs of corrosion control methods
and services. The second method estimates the total cost by extrapolating the corrosion costs of representative
industrials sectors to the entire U.S. economy. Past studies have shown that the second method is more likely to
incorporate all costs and that the first method is likely to miss the significant cost of corrosion management, the cost
for direct services related to the owner/operator, and the cost of loss of capital because of corrosion.

Corrosion Cosis for Specific Industry Sectors: The costs for individual industry sectors are examined, and
estimates are made for total annual direct corrosion costs for the sectors as well as for individual aspects within the
sectors. The sectors are divided among five sector categories: Infrastructure, Utilities, Transportation, Production
and Manufacturing, and Government.

Barriers to Progress and Effective Implementation: The various strategies and policies that are or can
potentially be relevant to corrosion control and management are examined. The importance of subjects such as
education, training, corporate and public awareness, and tax policies as related to corrosion is discussed.

Implementation and Recommendations: Suggestions are made to implement the findings of the research to
improve corrosion control and management practices in a cost-effective manner.

APPROACH

Various aspects of the previous studies are relevant to the current study, such as the methods to determine the
total cost of corrosion and the cost elements that make up the total cost. Elements and approaches from the Battelle-
NBS report (United States, 1975),"? the Hoar report (United Kingdom, 1971),”” and the Uhlig report (United
States, 1952)"'? were used to define the approach for the current study.

In order to achieve the objectives of the project, a sysiematic approach to data collection, sector selection, and
economic analysis was adopted. The data collection and analysis served both the total costs of corrosion and the
specific sector studies.

Data Collection

In the current study, two different approaches were taken to estimate the total cost of corrosion. The first
approach followed the Uhlig method where the total cost was determined by summing the costs for corrosion
products and services. The second approach consisted of data collection for specific economic sectors.

The costs of corrosion control products and services were obtained from various sources such as the U.S.
Department of Commerce, Census Bureau, existing industrial surveys, trade organizations, industry groups, and
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individual companies. The data collection for corrosion control products relied heavily on surveys of relevant web
sites. Data collection of corrosion control services, such as engineering services, research and testing, and education
and training, was obtained primarily from trade organizations, educational institutions, and individual experts.

Data collection for the sector-specific analyses differed significantly from sector to sector depending on the
availability of data and the form in which the data were available. In order to determine annual corrosion costs, it
was attempted to obtain data for the years 1996 to 1999, with an emphasis on 1998. Generally, for many of the
public sectors, such as infrastructure and utilities, much of the information is public and can be obtained from
government reports and other publicly available documents. In many cases the advice of experts in the specific
sectors was sought in order to obtain relevant information. Discussions with industry experts provided the basis of
the industry sector data collection. Corrosion-related cost information from the private industry sectors was more
difficult to obtain directly, because either the information was not readily available or could not be released because
of company policies. In this case, information from publicly available industry records on operation and
maintenance costs was obtained and, with the assistance of industry experts, corrosion-related costs could be
estimated.

In a few cases, very detailed industry data formed the basis for data collection. For example, in the case of the
electric utility industry, specific information on the corrosion fractions of capital and operation/maintenance could
be obtained from one specific utility. These detailed data could be extrapolated to the entire utility industry using
published industry data. A separate project with the Electric Power Research Institute allowed for this detailed data
collection approach.” b

Economic Analysis Methods (Appendix B)

The cost of corrosion can be defined in different ways depending on what is included and who is affected. In
past studies, different definitions of the cost of corrosion have been used, and have therefore arrived at different
estimates. In the current study, the total direct corrosion cost for each sector was estimated and major cemponents
contributing to this cost were analyzed. In addition, preventive strategies for corrosion control were described for
the individual sectors. The objective of the current study was to obtain a measure of the cost of corrosion for the
target year 1998. The cost of corrosion is defined as the corrosion fraction of design, manufacturing, operation and
maintenance, technology development, and asset value loss.

While emphasis is placed on current corrosion costs, in some cases, changes in the cost of corrosion could be
addressed by examining changes in corrosion control practices over the last few decades. This allows placing
current practices into perspective within the sector’s history and demonstrating achievements to date.

For other sectors, the economic analysis demonstrated how the current cost of corrosion may be lowered by
implementing optimal corrosion management practices. Where possible, data on alternative designs, materials, and
maintenance practices were gathered and analyzed, as well as data on the service life of structures.

Three important concepts that are frequently used in the analysis of the results are corrosion management,
life-cycle costing (LCC), and cost-benefit analysis. Corrosion management includes all activities through the
lifetime of a structure that are performed to prevent corrosion, repair its damage, and replace the structure. These
activities include design, manufacturing, maintenance, inspection, repair, rehabilitation, and removal. The LCC of a
structure is defined as the cost that includes all cash expenditures to the end of the structure’s life, including
construction cost, the cost of maintenance, and the cost of outages. The design with the lowest life-cycle cost will
provide the service at the lowest cost. A cost-benefit analysis goes a step further than the life cycle cost analysis,
because it includes the benefit generated by spending money on corrosion issues. In some cases, prevention of
corrosion failures is justified at a very high cost, while in other cases, a corrosion failure may have minimal impact
and simply replacing a part at a low cost is the most economical solution. Cost-benefit analysis considers both sides
of this economic balance.
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The annual cost of corrosion consists of both direct costs and indirect costs. The direct costs related to
corrosion are made up of two main components:

1. The costs of design, manufacturing, and construction:

» material selection, such as stainless steel to replace carbon steel,
e additional material, such as increased wall thickness for corrosion allowance,

s  material used to mitigate or prevent corrosion, such as coatings, sealants, corrosion
inhibitors, and cathodic protection, and

¢ application, including the cost of labor and equipment.

2. The cost of management:

¢ corrosion-related inspection,

» corrosion-related maintenance,
e repairs due to corrosion,

s replacement of corraded parts,

¢ inventory of backup components,

rehabilitation, and

loss of productive time.,

Using highway bridges as an example, the optimized contribution of each of the contributing components is
calculated through life-cycle cost analysis and characterized by the annualized value. The selection of alternative
approaches to controlling the cost of corrosion is therefore based on annualized values of initial or capital costs as
well as maintenance over the life of the structure and its replacement. Typically, an owner/operator will base
decisions on a direct-cost analysis.

Indirect costs are incurred by others than just the owners or operators of the structure. Measuring and
determining the value of indirect costs are generally complex assessments; however, several methods, such as risk-
based analyses, can be used to evaluate these costs. Owners and operators can be made to assume the costs through
taxation, penalties, litigation, or paying for clean-up of spilied products. In such cases, the costs become direct
costs. However, there are some indirect costs, such as traffic delays due to bridge repairs and rehabilitation that are
more difficult to turn over to the owner or operator of the structure. These become indirect costs to the user, but can
have a significant impact on the overall economy due to lost productivity.

Once assigned a dollar value, the indirect costs are included in the cash flow of the corrosion management of
the structure and are treated in the same manner as all other costs. Including indirect cost into the life-cycle cost
analysis of alternative corrosion control approaches is important so that the cost of corrosion to the whole society
can be minimized. If only direct costs are included, the design with the lowest cost to the owner may not necessarily
be the one with the lowest cost to society. (See Appendix D, Highway Bridges, for an example cost analysis
including indirect costs.)

Method for Determination of the Cost of Corrosion in Industry Sectors

While a general approach for corrosion cost calculations was followed, it was recognized that each of the
individual industry sectors had its own economic characleristics, specific corrosion problems, and methods to deal
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with these problems. For example, in one sector, the corrosion mechanisms may be well understood, but this know-
how is not sufficiently implemented. For some sectors, a multitude of reports were found describing the
mechanisms of corrosion in detail for that particular area. However, the multitude of mechanisms may be hard to
generalize, and cost data were not available. In those cases, a "best estimate” had to be made based on experts’
opinicns. In other cases, a convenient multiplier was determined, and a cost per unit was calculated. By multiplying
the cost per unit by the number of units used or made in a sector, a total cost could be determined. It was found that
by analyzing each sector individually, a corrosion cost could be determined using a calculation method appropriate
for that specific industry sector. After the costs were calculated, the components of the cost determined which
Bureau of Economic Analysis (BEA) industry category would be the best match for correlating that industry sector
to a BEA subcategory.

Correlation Between BEA Categories and Industry Sectors in the Current Study

The basic method used for extrapolating the cost analysis performed in the current study to the entire gross
domestic product (GDP) was to correlate categories defined by the BEA to the industry sectors that were analyzed in
the current study. For clarification, BEA “categories” and “subcategories’” are used to specify BEA classifications,
and “industry sectors” is used to classify industries that were analyzed for the current study.

BEA Categories

Each BEA category represents a portion of the U.S. Gross Domestic Product (GDP). Tn 1998, the total GDP
was $8.79 trillion, divided into the major BEA categories as follows: Services {20.90 percent), Finance, Insurance,
and Real Estate (19.22 percent), Manufacturing (16.34 percent), Retail Trade (9.06 percent), State and Local
Government (8.48 percent), Transportation and Utilities (8.28 percent), Wholesale Trade (6.95 percent),
Construction (4.30 percent), Federal Government (4.10 percent), Agriculture (1.45 percent), and Mining
(1.20 percent). These figures are summarized in table 1 and graphically shown in figure 1.

Table 1. Distribution of 1998 U.S. gross domestic product for BEA industry categories.

GDP
$ x billion percentage

Services 1,837.2 20.90
Finance, Insurance, and Real Estate 1,689.4 19.22
Manufacturing 1,435.9 16.34
Retail Trade 796.8 9.06
State and Local Government 745.1 8.48
Transportation and Utilities 727.9 8.28
Wholesale Trade 610.9 6.95
Construction 378.1 4.30
Federal Government 360.7 4.10
Agriculture 127.3 1.45
Mining 105.6 1.20
Statistical Discrepancy -24.8 -0.28

TOTAL GDP $8,790.1 100%
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Figure 1. Distribution of 1998 U.S. gross domestic product for BEA industry categories.

Industry Sectors Selected for Current Study

The selection of industry sectors and analysis approach of the current study was based on the great impact of
the transportation infrastructure in the U.S. economy. Therefore, it was decided to emphasize this part of the
research on topics related to transportation infrastructure and types of conveyance utilizing the infrastructure for
carrying goods and traffic.

It is further known that corrosion plays a major role in production and manufacturing. Machinery is used 1o its
maximum potential by increasing parameters such as manufacturing speed, temperature, or stresses. In addition,
producers continue to use existing equipment as long as possible, in many cases well beyond the original design life.
The benefits of faster production and longer equipment life come at a cost to maintenance and repair due to
corroding and deteriorating materials in aging equipment. To address these issues, several separate sectors were
analyzed in the category of manufacturing and production.

The U.S. Government is responsible for special branches of the economy that are not covered in the private
indusiries. The expected impact of corrosion in the maintenance of defense systems is very large, and in the
packaging of nuclear waste for long-term storage the issue of corrosion must be addressed. Both defense and
nuclear waste storage were addressed in separate sectors. In addition, federal and state governments build and
maintain highways and bridges, which will be addressed in the Infrastructure category.

The criteria in the selection process included a variety of applications, diversity of economic parameters,
magnitude of corrosion impact, and availability of data. Table 2 shows the list of 26 industry sectors that were
analyzed in the current study, which were divided into 5 sector categories (not to be confused with the BEA
categories).
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In the sector category of Infrastructure, the following industry sectors were analyzed: highway bridges, gas
and liquid transmission pipelines, waterways and ports, hazardous materials storage, airports, and railroads. In the
sector category of Utilities, the analyzed industry sectors were: gas distribution, drinking water and sewer systems,
electrical utilities, and telecommunications. For the sector category of Transportarion, the analyzed industry sectors
included: motor vehicles, ships, aircraft, railroad cars, and hazardous materials transportation. For the sector
category of Production and Manufacturing, the analyzed industry sectors were: oil and gas exploration and
production; mining; petroleum refining; chemical, petrochemical, and pharmaceutical industry; pulp and paper;
agricultural; food processing; electronics; and home appliances. For the sector category of Government, the
analyzed industry sectors were: defense and nuclear waste storage.

Table 2. Summary of the industry sectors analyzed in the current study.

SECTOR CATEGORY 26 ANALYZED INDUSTRY SECTORS
Highway Bridges
Gas and Liquid Transmission Pipelines

Waterways and Ports
Hazardous Materials Storage

Infrastructure

Airports

Railroads

Gas Distribution

Drinking Water and Sewer Systems
Electrical Utilities

Telecommunications

Motor Vehicles

Ships

Transportation Aircraft

Railroad Cars

Hazardous Materials Transport

Oil and Gas Exploration and Production
Mining

Petroleum Refining

Chemical, Petrochemical, Pharmaceutical
Production and Manufacturing | Pulp and Paper

Agricultural

Utilities

Food Processing
Electronics
Home Appliances
Defense

Government

Nuclear Waste Storage

The basis for selecting the industry sectors was, in part, to represent those areas of industry for which corrosion
is known to exist. This was accomplished by examining the Specific Technology Groups (STGs) within NACE
International (The Corrosion Society). Table 3 shows the listing of current STGs. Each STG has various Task
Groups and Technology Exchange Groups. It can be expected that these groups are formed around those industrial
areas that have the largest corrosion impact, because the membership of NACE represents industry corrosion
concerns.

10
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A comparison of the industry sectors (table 2) with the STGs (table 3) shows that the industry sectors selected
for analysis :n the current study cover most industries and technologies represented in NACE's STGs. One
exception was noted: the absence of an industry sector that would represent the NACE STG of “Building Systems.”
Some of the NACE STGs do not have a direct sector related to them; however, those STGs are generally covered in
the section on Corrosion Control Methods and Services (see Appendix C) in this report.

Table 3. Summary of specific technology groups in NACE International.

NACE SPECIFIC
TECHNOLOGY GROUP SPECIFIC TECHNOLOGY GROUP NAME
NUMBER
01 Concrete and Rebar
02 Protective Coatings and Linings — Atmospheric
03 Protective Coatings and Linings — Immersion/Buried
05 Cathodic/Anodic Protection
06 Chemical and Mechanical Cleaning
09 Measurement and Monitoring Techniques
10 Nonmetallic Materials of Construction
11 Water Treatment
31 Qil and Gas Production — Corrosion and Scale Inhibition
32 Oil and Gas Production — Metallurgy
33 0il and Gas Production — Nonmetallics and Wear Coatings (Metallic)
34 Petroleum Refining and Gas Processing
35 Pipelines, Tanks, and Well Casings
36 Process Industry — Chemicals
37 Process Industry — High Temperature
38 Process Industry — Pulp and Paper
39 Process Industry — Materials Applications
40 Aerospace/Military
41 Energy Generation
43 Land Transportation
44 Marine Corrosion and Transportation
45 Pollution Control, Waste Incineration, and Process Waste
46 Building Systems
60 Corrosion Mechanisms
61 Corrosion and Scaling Inhibition
80 Intersociety Joint Coatings Activities

Correlation Between BEA Categories and Industry Sectors

Table 4 shows BEA categories and corresponding industry sectors analyzed in the current study. Table 4 also
shows the relative percentage of the GDP represented by each category or industry sector. Many of the current
study’s industry sectors fall into the two BEA categories of Manufacturing and Transportation and Utilities.

The table shows that 27.54 percent of the U.S. GDP was covered in the industry sectors analyzed in the current
research. This is a significant portion of the economy. As mentioned earlier, the dollar values determined for each
individual sector represent only the portion of corrosion cost that is considered to be a direct cost to the
owner/operator of a structure, utility, or infrastructure. The indirect cost to users that may be affected by outages or
the impact of unreliability of equipment is not included in these estimates.

I
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Table 4. Correlation between BEA categories and the analyzed industry sectors.

PERCENT PERCENT
BEA CATEGORY OFGDP | \NALYZED INDUSTRY SECTORS | OF GDP
(as reported (as reported by
by BEA) BEA)
Services 20.90 Motor Vehicles — repair 0.92
Finance, Insurance, and Real Estate 19.22 - -
Motor Vehicles — new production 1.22
Electronics* -
Home Appliances 0.29
Food Processing 1.42
Manufacturing 16.34 Pulp and Paper 1.70
Hazardous Materials Storage
Chemical, Petrochemical, 2.55
Pharmaceutical
Petroleum Refining 0.37
Retail Trade 9.06 - -
State and Local Government 8.48 Highway Bridges** 7.74
Hazardous Materials Transport 1.24
Railroad Cars
Railroads 0-47
Ships
Waterways and Ports 016
i?mgafts 1.00
Transportation and Utilities 8.28 1IPOT
Gas and Liquid Transmission Pipelines
Gas Distribution 241
Drinking Water and Sewer Systems
Electrical Utilities
Telecommunications* -
Wholesale Trade 6.95 - -
Construction 4.30 - -
Defense**
Federal Government 4.10 Nuclear Waste Storage™ 3.40
Agricultural, Forestry, and Fishing 1.45 Agricultural 1.45
- Mining 0.32
Mining 120 Oil and Gas Exploration and Production 0.88
Statistical Discrepancy -0.28
GDP TOTAL: 100% COVERED GDP TOTAL: 27.54%

* No cost of corrosion was estimated for these industry sectors, although corrosion impact was discussed.

**The percentages of GDP reported in these ficlds are for the entire state and local governments, while excluding state and
local government enterprises, and for the entire federal government, while excluding federal government enterprises. The
anatyzed sectors Highway Bridges, Defense, and Nuclear Waste Storage account for only a fraction of the entire

government percentages.

Table 5 shows a more detailed correlation between BEA categories and industry sectors analyzed in this study.
This table shows all BEA subcategories, the value each contributes to the U.S. GDP, and the correlation between the
analyzed industry sectors and the BEA subcategories.

12
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Table 5. Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories.

Gross Domestic Product

BEA Categories ;;;‘8' C"le;;cd Nﬁn‘(‘:‘:;;ﬁea Dg:;;fd BEA Subcategories Appendix Industry Sectors
$ x billion| $ x billion | $ xbillion | $ x billion
Agricultural, Ferestry, and Fishing 127.3 127.3 127.3 Farms, agricultural services X Agricultural
Mining 105.6 105.6 28.2 M‘etal, coal, and no.nmetallic minerals T M-ining : .
77.4 Qil and gas extraction S Oil and Gas Exploration and Production
107.2 Motor vehicles and equipment 72% of N (*}  |Motor Vehicles
25.7 Miscellancous manufacturing industrics AA Home Appliances
124.8  [Food and kindred products Y Food Processing
55.1 Paper and allied products W Pulp and Paper
0632 . . G Hazardous Matenals Storage
168.4 Chemtcals and allied products
87.5% of V (**) [Chemical, Petrochemical, Pharmaceutical
55.1 Rubber and miscellaneous plastics products 12.5% of V (**) |Chemical, Petrochemical, Pharmaceutical
329 Petroleum and coal products u Petroleum Refining
172.8 Electronic and other electric equipment Z (Ar*E) Electronics
414 Lumber wood products - -
Manufacturing 1435.9 24.1 Fumiture and fixtures - -
38.2 Stone, clay, and glass products - -
54.1 Primary metals industry - -
102.2 Fabricated metals products - -
7729 150.8 Industrial machining and equipment - -
59.2 Other transportation equipment - -
571 Instruments and related products - -
16.8 Tobacco products - -
254  |Textile mill products - -
25.8 Apparel and other textile products - -
94.0 Printing and publishing - -
4.2 Leather and leather goods - -
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Table 5. Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories (continued).

Gross Domestic Product

Total

Covered

Non-Covered

Detailed

BEA Categories 1998 GDP GDP GDP BEA Subcategories Appendix Industry Sectors
$ x billion | $ x billion { $ x billion | § x billion
. 109.3 Trucking and warchousing R Hazardous Maternials Transport
254  [Railroad transportation Q Rai]road Cars
1 Railrcads
16.2 Local and interurban passenger transit - -
14.1 Water transportation 0 Ships
F Waterways and Ports
4635.3 . . r Aircraft
88.2  [Transportation by air .
Transportation and Utilities 7219 H Airports
6.1 Pipclines, except natural pas 68% of E (***) 1Gas and Liquid Transmission Pipelines
32% of E (***) |Gas and Liquid Transmission Pipelines
206.0 Electric, gas, and sanitary services ! Gas Disuibution
K Drinking Water and Sewer Systems
L Elcctrical Ualities
2626 234.1 Communication, incl. telephone, radio, TV M (Fe¥dy Telecommunications
- 28.5  {Transportation services - -
80.9 80.9 Auto repair services and parking 28% of N (*)  |Motor Vehicles
76.0 _{Hotels and other lodging places - -
354 Personal services - -
447.1 Business services - -
24.5 Miscellaneous repair services - -
28.8 [Motion pictures - -
. 72.2 Amusement and recreation - -
FSHVIC% 18372 1,756.3 492.6 Health services - -
116.4  |Lcgal services - -
06.7 Educational services - -
57.1 Social services - -
54.0  |Membership organizations - -
251.5 Other services - -

14.0

Private households




ST

Table 5. Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories (continued).

Gross Domestic Product
. Tatal Covered | Nen-Covered | Detailed
BEA Categories BEA Subcategories Appendix Industry Sectors
& 1998 | GDP GDP GDP 8 ppe i
$ x billion | $ x billion | $ xbillion | $ x billion
Construction 378.1 378.1 378.1 - -
Wholesale Trade 610.9 610.9 610.9 - -
Retail Trade 796.8 796.8 796.8 - -
Finance, Insurance, and Real Estate| 1,689.4 1,689 4 1,689.4 - -
Statistical Discrepancy S .2 S ISR WO £ - T MUUUCc. - SO - -
BB Del
) 298.6 298.6 General government cose
Federal 360.7 cC Nuclear Waste Storage
o ) 62.1 621  [Government enterprises - -
680.7 o 680.7 General government DD Highway Bridges
State and Local 7451 R -
644 64.4 Government enterprises -
Non-
TOTAL | Covered TOTAL
GDP GDP Covered GDP
B Ghp
$8,790.1 $2,421.6 $6,368.5 $8,790.1
100% 27.55% 72.45% 100 %

*Based on the cstimated cost of corrosion of motor vehicles found in the sector analysis, 72% is assigned to Manufacturing Motor Vehicles and Equipment, while 28% is assigned to Auto
Repair Services and Parking.

**12.5% of the total value of shipments in the Chemical, Petrochemical, and Pharmaceutical industry is for Plastics Matcrial and Resin Manufacturing (11.0%) and Synthetic Rubber
Manufacturing (1.5%).

***Based on the mileage of transmission and gathering pipelines (328,000 km gas and 154,000 km o0il), 32% of the corrosion costs of transmission pipelines is assigned to liquid fines, and 68%
to pas lines.

***++Placed in non-covered GDP, because the sector analysis for Electronics and for Telecommunications resulted in “no estimate made.”
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Estimating Total Cost of Corrosion

The method used for the extrapolation of corrosion cost per industry sector to total corrosion cost was based on
the percentages of corrosion costs in the BEA categories. If a non-covered BEA category/subcategory was judged
to have a significant corrosion impact, then an extrapolation was made for that non-covered BEA subcategory by
multiplying its fraction of GDP by the percentage of corrosion costs for subcategeries that were judged to have a
similar corrosion impact. If a non-covered sector was judged to have no significant corrosion impact, then the direct
corrosion cost for that non-covered sector was assumed to be zero.

RESULTS

Two different methods are used in the current study to determine the total cost of corrosion to the United
States. Method 1 is based on the Uhlig method"'® where the costs of corrosion control materials, methods, and
services are added up. Method 2 analyzes in detail the specific industry sectors that have a significant impact on the
national economy. The percentage contribution to the nation’s GDP is estimated, and the total cost of corrosion
would then be expressed as a percentage of the GDP by extrapolation to the whole U.S. economy. Itis noted that
this extrapolation is non-linear because most of the analyzed sectors have more corrosion impact than the non-
analyzed industrial sectors.

Method 1 — Corrosion Control Methods and Services (Appendix C)

The Uhlig method"'” estimates the total cost of corrosion control methods and services. The corrosion control
methods that were considered include protective coatings, corrosion-resistant alloys, corrosion inhibitors, polymers,
anodic and cathodic protection, and corrosion control and monitoring equipment. Other contributors to the total cost
that were reviewed in this report include corrosion control services, corrosion research and development, and
education and training. A detailed description of this approach is presented in Appendix C.

Protective Coatings

Both organic and metallic coatings are used to provide protection against corrosion of metallic substrates.
These metallic substrates, mostly carbon steel, will corrode in the absence of the coating, resulting in the reduction
of the service life of the steel part or component.

Organic Coatings

According to the U.S. Department of Commerce Census Bureau, the total amount of organic coating material
sold in the United States in 1997 was 5.56 billion L (1.47 billion gal), at a value of $16.56 billion."® The total sales
can be broken down into architectural coatings, product original equipment manufacturing (OEM) coatings,
special-purpose coatings, and miscellaneous paint products. A portion of each of these can be classified as corrosion

coatings.

The architectural coatings, at a value of $6.2635 billion, are those applied on-site to new and existing residential,
commercial, institutional, and industrial buildings. A small percentage of these are used as primers and undercoats,
and may be classified as corrosion coatings. According to the 1997 Census Bureau data, the total cost for corrosion-
related architectural coatings was estimated at $486 million. This value was approximately 8 percent of the
$6.265 billion total spent on architectural coatings in 1997.

OEM coatings are factory-applied to manufactured goods as part of the manufacturing process. There is an
element of decoration in OEM finishes; however, the primary function of OEM coatings applied to steel is corrosion
control, either for weathering resistance or flash rust protection. The total market value of corrosion-related OEM
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coatings is estimated at $3.797 billion, which represents approximately 66 percent of the total OEM coatings market
of $5.751 billion in 1997.

Special-purpose coatings include heavy industry corrosion coatings as well as marine and automotive
refinishing coatings. The market value of corrosion-related special-purpose coatings is estimated at $2.298 billion,
representing 79 percent of the $2.896 billion special-purpose coatings market in 1997. The greatest portion of
special-purpose corrosion coatings is the automotive finishing industry at $1.302 billion.

The final category of miscellaneous allied paint products includes paint/varnish removers, thinners, pigment
dispersions such as art supplies, and putties. The contribution to corrosion protection from this category includes
only thinners used in non-architectural solvent-based coatings. Solvent-based corrosion coatings account for
75 percent of the solvent-based coating market. It is therefore estimated that the amount of thinner used in corrosion
control applications is 75 percent of the thinner sold at $118 million. This value accounts for 7 percent of the
$1.648 billion of allied paint products in the market.

Summarizing the corrosion coating portions from each of the above-described categories provides a total
estimate of $6.7 billion for all corrosion markets in the paint industry, which is approximately 41 percent of the total
$16.5 billion value of shipments of paint and allied products in 1997.

The raw material cost of any coating application, while significant, is only a portion of the cost of a coating
application project. Different studies have shown that the material cost fraction of the coating material ranges from
4 to 20 percent of the total cost of application."**¥ Using these figures, the total cost of application of the
$6.7 billion in coatings is estimated to range from $33.5 billion to $167.5 billion for the entire coating industry in the
United States. This cost figure does not include the costs of performance testing, personnel costs for time spent
specifying coating products and application procedures, overhead for handling of bids and contracts, and other
support services that are necessary for coating application. Moreover, the total cost does not include the costs of
downtime, lost production, or reduced capacity during maintenance painting. The total annual direct cost (product
cost plus application cost) of organic coatings for corrosion control ranges from $40.2 billion to $174.2 billion
(average $107.2 billion).

Metallic Coatings

The most widely used metallic coating method for corrosion protection is galvanizing, which involves the
application of metallic zinc to carbon steel for corrosion control purposes. Information released by the U.S.
Department of Commerce in 1998 stated that approximately 8.6 million metric tons of hot-dip galvanized steel and
2.8 million metric tons of electrolytic galvanized steel were produced in 1997."% The total market for metallizing
and galvanizing in the United States is estimated at $1.4 billion. This figure includes the total material cost of the
metal coating and the cost of processing. It does not include the cost of the carbon steel member being
galvanized/metallized.

Metallizing is defined as the application of very thin metallic coatings for either active corrosion protection
(zinc or aluminum alloys) or as a protective layer (stainless steels and alloys). Common application techniques
include flame-spraying, electroplating, and electrolyses plating. Other advanced processes such as plasma arc
spraying can be used for exotic refractory metals for very demanding applications; however, most of the advanced
processes are not used for corrosion control purposes. The metallizing anode market ranges from $5 million to $10
million annually."® The total cost of metallic coatings for corrosion control is therefore estimated at $1.41 billion.

Corrosion-Resistant Metals and Alloys

Corrosion-resistant alloys are used where corrosive conditions prohibit the use of carbon steels and protective
coatings provide insufficient protection or are economically not feasible. These alloys include stainless steels,
nickel-base alloys, and titanium alloys.
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According to U.S. Census Bureau statistics, a total of 2.5 million metric tons of raw stainless steel was sold in
the United States in 1997.%" With an estimated cost of $2.20 per kg (31 per Ib) for raw stainless steel, a total annual
production cost of $5.5 billion (1997) was estimated. It is assumed that all preduction is for U.S. domestic
consumption."® The total consumption of stainless steel also includes imports, which account for more than
25 percent of the U.S. market. The total consumption of stainless steei can therefore be estimated at $7.3 billion.

Where environments become particularly severe, nickel-base alloys and titanium alloys are used. Nickel-base
alloys are used extensively in the oil production and refinery and chemical process industries, where conditions are
aggressive. Furthermore, there is an increased use of these alloys in other industries where high temperature and/or
corrosive conditions exist. The annual average price of nickel has steadily increased from less than $2.20 per kg in
the 1960s to about $4.40 per kg in 1998.? Chromium and molybdenum are also common alloying elements for
both corrosion-resistant nickel-base alloys and stainless steels. The price of chromium has increased steadily from
$2 per kg in the 1960s to nearly $8 per kg in 1998, while the price of molybdenum has remained relatively constant
at $5 per kg.?” With the average price for nickel-base alloys (greater than 24 percent nickel) at $13 per kg in 1998,
the total sales value in the United States was estimated at $285 million.®"

The primary use of titanium alloys is in the aerospace and military industries where the high strength-to-weight
ratio and the resistance to high temperatures are properties of interest. Titanium and its alloys however, are also
corrosion resistant to many environments, and have therefore found application in oil production and refinery,
chemical processes, and pulp and paper industries. In 1998, it was estimated that 65 percent of the titanium alloy
mill products were used for aerospace applications and 35 percent for non-aerospace applications.*®

In 1998, the domestic operating capacity of titanium sponge, which is the most common form of titanium, was
estimated at 21,600 metric tons per year. The total domestic consumption of titanium sponge was 39,100 metric
tons which, at a price of approximately $10 per kg, sets the total price at $391 million. In addition, 28,600 metric
tons of scrap was used for domestic consumption at a price of approximately $1 per kg, setting the total price at
$420 million. As mentioned previously, only 35 percent of mill products were for non-aerospace applications,
which leads to a titanium consumption price estimate of $150 million for titanium and titanium alloys with corrosion
control applications.

The total consumption cost of the corrosion-resistant stainless steels, nickel-base alloys, and titanium alloys in
1998 is estimated at $7.7 billion (§7.3 billion + $0.285 billion + $0.150 billion).

Corrosion Inhibitors

A “corrosion inhibitor” may be defined, in general terms, as a substance that when added in a small
concentration to an environment effectively reduces the corrosion rate of a metal exposed to that environment.
Because there are a number of mechanistic and/or chemical considerations when classifying inhibitors, it is difficult
to provide a more precise definition.

Inhibition is used internally with carbon steel pipes and vessels as an economic corrosion control alternative to
stainless steels and alloys, coatings, or non-metallic composites. A particular advantage of corrosion inhibition is
that it can be implemented or changed in siru without disrupting a process. The major industries using cotrosion
inhibitors are the oil and gas exploration and production industry, the petroleum refining industry, the chemical
industry, heavy industrial manufacturing industry, water treatment facilities, and the product additive industries.

The largest consumption of corrosion inhibitors is in the oil industry, particularly in the petroleum refining
industry.*® The use of corrosion inhibitors has increased significantly since the early 1980s. The total consumption
of corrosion inhibitors in the United States has doubled from approximately $600 million in 1982 to nearly

$1.1 billion in 1998.
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Engineering Plastics and Polymers

In 1996, the plastics industry accounted for $274.5 billion in shipments.®? It is difficult to estimate the
fraction of plastics used for corrosion control, because in many cases, plastics and composites are used for a
combination of reasons, including corrosion control, light weight, economics, strength-to-weight ratio, and other
unique properties.

While corrosion control is a major market for many polymers, certain polymers are used mostly, if not
exclusively, for corrosion control purposes. The significant markets for corrosion control by polymers include
composites (primarily glass-reinforced thermosetting resins), PVC pipe, polyethylene pipe, and fluoropolymers.
The fraction of polymers used for corrosion control in 1997 is estimated at $1.8 billion.

Cathodic and Anodic Protection

The cost of cathodic and anodic protection of metallic buried structures or structures immersed in seawater that
are subject to corrosion can be divided into the cost of materials and the cost of installation, operation, and
maintenance. Industry data have provided estimates for the 1998 sales of various hardware components, including
rectifiers, impressed current cathodic protection (CP) anodes, sacrificial anodes, cables, and other accessories,
totaling $146 million.*>?® The largest share of the CP market is taken up by sacrificial anodes at $60 million, of
which magnesium has the greatest market share. Major markets for sacrificial anodes are underground pipelines, the
water heater market, and the underground storage tank market. The costs of installation of the various CP
components for underground structures vary significantly depending on the location and the specific details of the
construction. For 1998, the average total cost for installing CP systems was estimated at $0.98 billion (range:
$0.73 billion to $1.22 billion), including the cost of hardware components.?” The total cost for replacing sacrificial
anodes in water heaters and the cost for corrosion-related replacement of water heaters was $1.24 billion per year;
therefore, the total estimated cost for cathodic and anodic protection is $2.22 billion per year.

Corrosion Control Services

In the context of this report, services are defined as companies, organizations, and individuals that are
providing their services to control corrosion. By taking the NACE International membership as a basis for this
section, a total number of engineers and scientists that provide corrosion control services may be estimated. In
1998, the number of NACE members was 16,000, 25 percent of whom are providing consulting and engineering
services as cutside consultants or contractors. Assuming that the average revenue of each is $300,000 (including
salary, overhead, benefits, and the cost to direct one or more non-NACE members in performing corrosion control
activities), the total services cost can be calculated as $1.2 billion. This number, however, is conservative since
many engineers who follow a career in corrosion are not members of NACE International.

Research and Development

It has been observed that over the past few decades less funding has been made available for corrosion-related
research and development, which is significant in light of the cost and inconvenience of dealing with leaking and
exploding underground pipelines, bursting water mains, corroding storage tanks, aging aircraft, and deteriorating
highway bridges. In fact, several government and corporate research laboratories have significantly reduced their
corrosion research staff or even have closed down their research facilities.

Corrosion research can be divided into academic and corporate research. NACE International has listed
114 professors under the Corrosion heading. Assuming an average annual corrosion research budget of $150,000,
the total academic research budget is estimated at approximately $20 million. No estimates were made for the cost
of corporate or industry corrosion-related research, which is likely to be much greater than the annual academic
budget.
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Education and Training

Corrosion-related education and training in the United States includes degree programs, certification programs,
company in-house training, and general education and training. A few national universities offer courses in
corrosion and corrosion control as part of their engineering curriculum. Professional organizations such as NACE
International (The Corrosion Society)®® and SSPC (The Society for Protective Coatings)®” offer courses and
certification programs that range from basic corrosion to coating inspector to cathodic protection specialist. NACE
International offers the broadest range of courses and manages an extensive certification program. In 1998, NACE
held 172 courses with more than 3,000 students, conducted multiple seminars, and offered publications, at a total
cost of $8 million.

Summary

A total annual direct cost of corrosion can be estimated by adding the individual cost estimates of corrosion
control materials, methods, services, and education and training. Where possible, the cost estimates were based on
-averages for the years 1997, 1998, and 1999. Table 6 shows that the total cost was estimated at $121 billion, or

1.381 percent of the $8.79 trillion GDP in 1998. It should be noted that in some categories, such as organic coatings
and cathodic protection, a wide range of costs was reported based on installation costs. When taking these ranges
into account, the total cost sum ranges from $54.2 billion to $188.7 hillion. The table shows that the highest cost is
for organic coatings at $107.2 billion, which is approximately 88 percent of the total cost. This cost includes the
cost of materials and the cost of preparation and application. Notably, the categories of Research and Development
and Education and Training indicate unfavorably low numbers.

Table 6. Summary of annual costs of corrosion contrel methods and services.

RANGE AVERAGE COST
MATERIAL AND SERVICES
($ x billion) (% x billion) (%)
Protective Coatings

Organic Coatings 402 -174.2 107.2 88.3
Metallic Coatings 14 14 1.2

Metals and Alloys 7.7 7.7 6.3
Corrosion Inhibitors 1.1 1.1 0.9
Polymers 1.8 1.8 1.5
Anodic and Cathodic Protection 0.73-1.22 0.98 0.8
Services 1.2 1.2 1.0
Research and Development 0.020 0.02 <0.1
Education and Training 0.01 0.01 <0.1
TOTAL | $54.16 — $188.65 $121.41 100%

Method 2 - Industry Sector Analysis

For the purpose of the Cost of Corrosion study, the U.S. economy was divided into 5 sector categories and
26 industrial sectors, selected according to the unique corrosion problems experienced within each of the groups. In
this study, the sector categories were: (1) infrastructure, (2) utilities, (3} transportation, (4) production and
manufacturing, and (5) government. The sum of the direct corrosion costs of the analyzed industrial sectors was
cstimated at $137.9 billion. Since these sectors only represent a fraction of the total economy, this cost does not
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represent the total cost of corrosion to the U.S. economy. In a later chapter, the total cost of corrosion will be
calculated based on the sector totals and a non-linear extrapolation as a percentage of the U.S. GDP. Figure 2 shows
the percentage contribution to the total cost of corrosion for the five sector categories analyzed in the current study.

Cost Of Corrosion

In Industry Categories Analyzed In Current Study
($137.9 BILLION)
Infrastructure
16.4%

Utilities
34.7%

Government
14.6%

Production &
Manufacturing

12.8% Transportation

21.5%

Figure 2. Percentage contribution to the total cost of corrosion for the five sector categories.

Infrastructure

The U.S. infrastructure and transportation system allows for a high level of mobility and freight activity for the
nearly 270 million residents and 7 million business establishments.®® In 1997, more than 230 million motor
vehicles, transit vehicles, ships, airplanes, and railroad cars using more than 6.4 million km (4 million mi) of
highways, railroads, and waterways connecting all parts of the United States were used. The transportation
infrastructure also includes more than 800,000 km (approximately 500,000 mi) of oil and gas transmission pipelines,
and 18,000 public and private airports. Figure 3 shows the annual cost of corrosion in the Infrastructure category to
be $22.6 billion, which is 16.4 percent of the total cost of the sector categories examined in the study.

The Infrastructure category is divided into the following industry sectors: (1) highway bridges, (2) gas and
liquid transmission pipelines, (3) waterways and ports, (3) hazardous materials storage, (5) airports, and
(6) railroads.
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Infrastructure
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Figure 3. Annual cost of corrosion in the Infrastructure category.

Highway Bridges (Appendix D)

According to the National Bridge Inventory Database, the total number of
highway bridges in the United States is approximately 600,000, of which half
were built between 1950 and 1994. The materials of construction are concrete,
steel, timber, masonry, timber/steel/concrete combinations, and aluminum.

The vast majority of these structures built since 1950 are the
reinforced-concrete and steel bridges, and many are subject to significant
deterioration due to corrosion.

The elements of a typical bridge structure can be classified into two primary components, the substructure and
the superstructure. The substructure refers to the clements of the bridge that transfer the loads from the bridge deck
to the ground, such as abutments and piers. The superstructure refers to the elements of the bridge above the
substructure, including the deck, floor system (beams or stringers), supporting members (beams, trusses, frames,
girders, arches, or cables), and bracing. Other bridge elements that are subject to corrosion include guardrailing and
culverts. Bridge construction materials that are subject to corrosion include conventional reinforced concrete,
prestressed concrete, and steel. Of these three bridge types, steel has the highest percentage of structurally deficient
structures, followed by conventionally reinforced concrete and prestressed concrete. Overall, approximately
15 percent of all bridges are structurally deficient, with the primary cause being deterioration due to corrosion. The
mechanism is one of chloride-induced corrosion of the steel members, with the chlorides coming from deicing salts
and marine exposure.
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Significant advancement in corrosion prevention and control has been developed and put into practice over the
past 25 years for bridge structures. Methods used for corrosion control on bridges are specific to the type of bridge
construction and whether its intended use is for new construction or maintenance/rehabilitation of existing
structures. For new construction, the preferred primary corrosion protection system is fusion-bonded epoxy-coated
rebars in conjunction with a high-quality concrete. Solid stainless steel rebars and stainless steel-clad rebars are
under development. Furthermore, the combined use of epoxy-coated rebar and a corrosion-inhibiting admixture,
such as calcium nitrite, could serve as a reliable corrosion protection system. Research efforts are underway to
identify new inhibitors that are more or equally effective than calcium nitrite.

For the protection of high-strength seven-wire strands encased in ducts in post-tensioned prestressed concrete
members, mix designs for corrosion-resistant grout for filling the ducts have been developed. Prompted by the
recent sudden collapse of two post-tensioned bridges in the United Kingdom and one in Belgium, the impact-echo
nondestructive examination (NDE) inspection technique was developed to detect voids in post-tensioned ducts. This
equipment is now commercially available. A complementary magnetic-based nondestructive technique for
assessing section loss in the high-strength steel strands in the ducts also has been developed.

For the rehabilitation of bridge decks, overlays, such as latex modified concrete, low-slump concrete,
high-density concrete, and polymer concrete, are most commonly used. Other methods that directly address the
corrosion problem are cathodic protection (CP) and electrochemical removal of chlorides. CP is a method used to
control the corrosion reactions, such that ongoing corrosion on the rebar is mitigated, thereby extending the life of
the protected component. Electrochemical removal of chlorides extracts the chlorides from the concrete, reducing
chloride levels to below the level that promotes corrosion, and thus extending component life.

Current CP technology for bridge decks has proven to be quite reliable and improved technology for
substructures is still being developed and tested. When properly applied and maintained, CP mitigates corrosion of
reinforcing steel and extends the performance life of a bridge. To date, more than 1.9 million m’ (>20 million ftz) of
reinforced and prestressed concrete structures have been protected with CP worldwide. However, CP remains an
underutilized technology for steel-reinforced concrete structures. Cooperative research with industry and states in
the development of durable CP anodes, monitoring devices, and installation techniques has led to application of
impressed-current CP systems on bridge decks as a routine rehabilitation technique. Titanium mesh anode, used in
conjunction with a concrete overlay to distribute protective current, is filling the need for a durable anode for use in
impressed-current CP of reinforced-concrete bridge decks. For CP of substructure members, especially those in a
marine environment, several sacrificial anode systems have been developed, including thermal-sprayed zinc,
thermal-sprayed aluminum-zine-indium (Al-Zn-In), zinc hydrogel, and a zinc mesh pile jacket system.

Through extensive fundamental research and evaluation of CP system field trials, significant advances have
been made in the technology of CP of prestressed concrete components. Concerns about (1) a loss of bond between
the prestressing steel and concrete, and (2) the possibility of hydrogen embrittlement of the steel, have been
alleviated by the establishment of criteria for qualification of prestressed concrete bridge components for CP.
Generally, sacrificial anode CP systems are considered safe for prestressed steel because they operate below the
threshold for hydrogen embrittlement. In addition, constant-current or constant-voltage rectifier impressed-current
CP systems have been used.

While there is a downward trend in the percentage of structurally deficient bridges (a decrease from 18 percent
to 15 percent between 1995 and 1999), the cost of replacing aging bridges increased by 12 percent during the same
period. In addition, there has been a significant increase in the required maintenance of the aging bridges, since
many of the 435,000 steel and conventional reinforced-concrete bridges date back to the 1920s and 1930s. Although
the vast majority of the approximately 108,000 prestressed-concrete bridges have been built since 1960, many of
these bridges will require maintenance in the next 10 to 30 years. Therefore, significant maintenance, repair,
rehabilitation, and replacement activities for the nation’s highway bridge infrastructure are foreseen over the next
few decades before current construction practices begin to reverse the trend.
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The dollar impact of corrosion on highway bridges is considerable. The annual direct cost of corrosion for
highway bridges is estimated to be $8.29 billion, consisting of $3.79 billion for the annual cost to replace
structurally deficient bridges over the next 10 years, $2.00 billion for maintenance and the cost of capital for
concrete bridge deck, and $2.00 billion for maintenance and the cost of capital for substructures and superstructures
(minus decks), and $0.50 billion for the maintenance painting cost for steel bridges. Figure 4 shows the cost of
corrosion for highway bridges relative to the other industry sectors in the Infrastructure category.

Life-cycle analysis estimates indirect costs to the user due to traffic delays and lost productivity at 10 times the
direct cost of corrosion. Although the user costs associated with bridge maintenance are greater than indirect costs
in other sectors, it illustrates the significant indirect costs associated with corrosion.

Infrastructure, $22.6 billion

Highway Bridges
37%

$8.3 billion

Gas and Liquid
Transmission Pipelines
3%

Hazardous Materials
Storage
31%

Waterways and Ports
1%
Figure 4.  Annual cost of corrosion of highway bridges.

Gas and Liquid Transmission Pipelines (Appendix E)

This sector includes 528,000 km (328,000 mi) of natural gas transmission and
gathering pipelines, 119,000 km {74,000 mi) of crude oil transmission and gathering
pipelines, and 132,000 km (82,000 mi) of hazardous liquid transmission pipelines.®'*
For all natural gas pipeline companies, the total gas-plant investment in 1998 was
$63.1 billion, from which a total revenue of $13.6 billion was generated. For liquid
pipeline companies, the investment was $30.2 billion, from which a revenue of
$6.9 billion was generated. By the year 2010, it is anticipated that the growth in the natural
gas market will require a $32.2 billion to $34.4 billion investment in a new pipeline and
storage infrastructure.®” At an estimated replacement cost of $643,800 per km
(81,117,000 per mi), the asset replacement value of the transmission pipeline system in the
United States is $541 billion; therefore, a significant investment is at risk with corrosion
being the primary factor in controlling the life of the asset.

24



Corrosion Costs and Preventive Strategies in the United States

The annual corrosion-related costs to the transmission pipeline industry are estimated at $5.4 billion to
$8.6 biltion. This can be divided into the cost of capital (38 percent), operation and maintenance (O&M)
(52 percent), and failures (10 percent). The average annual cost of corrosion of $7.0 billion is approximately
31 percent of the Infrastructure category (see figure 5).

Infrastructure, $22.6 billion

Gas and Liquid
Transmission Pipelines

$7.0 billion

Waterways and Ports
1%

Highway Bridges \
37%

Hazardous Materials

Storage
31%

Figure 5. Annual cost of corrosion of gas and liquid transmission pipelines.

Significant maintenance costs for pipeline operation are associated with corrosion control and integrity
management. The driving force for maintenance expenditures is to preserve the asset of the pipeline and to ensure
safe operation without failures that may jeopardize public safety, result in product loss, or cause property and
environmental damage. A recent survey of major pipeline companies indicated that the primary loss of cathodic
protection was due to the following two reasons: (1) coating deterioration {30 percent), and (2) inadequate cathodic
protection current (20 percent).(“) The majority of general maintenance is associated with monitoring and repairing
problems, whereas integrity management focuses on condition assessment, corrosion mitigation, life assessment,
and risk modeling, With a range of corrosion O&M cost of $3,100 to $6,200 per km ($5,000 to $10,000 per mi), the
total corrosion O&M cost ranges from $2.42 billion to $4.84 billion.

If corrosion is allowed to progress unchecked, the integrity of the pipeline will eventually be compromised.
Depending on the flaw size, the pipeline material properties, and the pressure, either a leak will form or a rupture
will occur. Typically, a rupture of a high-pressure natural gas pipeline results in a sufficient release of stored energy
to blow the pipeline out of the ground. An annual direct cost of corrosion-related accidents for both gas and liquid
pipelines is estimated to range from 8471 million to $875 million.

In the past few years, a number of well-publicized pipeline failures on both gas and liquid lines have focused
major attention on pipeline safety. Public safety concerns are the primary driving force for new regulation to
preserve the integrity of pipelines. One of the most significant requirements from a cost point of view is the
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requirement of regular pipeline inspections, such as hydrostatic testing, direct assessment, and in-line inspection
(ILI). During IL], an instrument or tool travels through the pipeline, measures the pipe wall thickness, and
determines the presence of flaws. The ability of this technique to detect flaws larger than a certain size (10 percent
of the pipe wall thickness) makes it valuable in finding flaws before they become critical; however, a major concern
is that this is not a preventive approach and if pursued at the expense of corrosion prevention, the pipeline will
continue to deteriorate and will eventually fail or be taken out of service. Both inspection and corrosion prevention
are therefore needed to safely operate and preserve the useful life of both gas and liquid pipelines.

Furthermore, corrosion prediction models need to be developed in order to determine and prioritize the most
effective corrosion preventive strategies. Development of new and improved inspection techniques are required to
expand the capabilities of in-line inspection of flaws that cannot be currently detected and to improve resclution of
existing tools.

Waterways and Ports (Appendix F)

In the United States, 40,000 km (25,000 mi) of commercial navigable
waterways serve 41 states, including all states east of the Mississippi River.
Hundreds of locks facilitate travel along these waterways. In 1998, the U.S.
Army Corps of Engineers owned or operated 276 lock chambets at 230 sites,
with lifts ranging from 1.5 m to 15 m (5 to 49 ft) on the Mississippi River and
up to 33 m (110 ft) at the John Daly Lock on the Columbia River.®® In
January 1999, 135 of the 276 chambers had exceeded their 50-year design
lives. The oldest operating locks in the United States, Kentucky River Locks 1
and 2, were built in 1839.%”

(335)

U.S. ports function as freight connections between ships and highway
and railroad networks. In 1997, the nation’s ports were nearly equaily divided
among deep-draft (ocean and Great Lake) and shallow-draft (inland waterway)
facilities, with 1,914 located along the coasts and the Great Lakes and 1,812
located along inland waterways. ¥

Corrosion is typically found in piers and docks, bulkheads and retraining
walls, mooring structures, and navigational aids. There is no formal tracking
of corrasion-related costs. The U.S. Army Corps of Engineers estimated annual corrosion-related costs for locks
and dams to be approximately $70 million at 5 percent of the O&M budget of $1.4 billion.®” Because of the aging
of the structures however, high replacement costs are anticipated due, in part, to corrosion. The annual corrosion
cost of ports and waterways owned and/or operated by public port authorities is estimated at $182 million.“”

The U.S. Coast Guard maintains navigational aids such as light structures, buoys, and other saltwater and
freshwater exposed structures. In 1999, the corrosion-related cost for maintaining these structures was estimated at
$41 million.*"

The total annual cost of corrosion for waterways and ports is $293 million ($70 million + $182 million +
$41 million). This must be a low estimate since the costs of harbor and other marine structures are not included.
Figure 6 shows that the $293 million is approximately 1 percent of the total Infrastructure category corrosion cost.
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Figure 6. Annual cost of corrosion of waterways and ports.

Hazardous Materials Storage (Appendix G)

There are approximately 8.5 million regulated and non-regulated
aboveground storage tanks (ASTs) and underground storage tanks (USTs) for
hazardous materials ([TAZMAT) in the United States, The regulated tanks
can be divided into two groups: Spill Prevention Countermeasure and Conirol
{SPCC)-regulated and Office of Underground Storage Tanks
{OUST)-regulated. A total of 2.5 million tanks fall under SPCC regulations,
0.75 million tanks fail under OUST regulations, and 5.25 million are
non-regulated tanks. HAZMAT tanks represent a large investment, and
maintaining their structural integrity for a longer life is in the best interest of their owners. The U.S. Environmental
Protection Agency (EPA) concerns itself with the environmental impact of spills from leaking tanks. In addition,
the tank operators should be concerned about the potential economic impact of penalties and clean-up costs.

The total cost of corrosion for storage tanks is $7.0 billion per year (ASTs and USTs). The cost of corrosion
for all ASTs was estimated at $4.5 billion per year. A vast majority of the ASTs are externally painted, which is a
major cost factor for the total cost of corrosion. In addition, approximately one-third of ASTs have cathodic
protection (CP) on the tank bottom, while approximately one-tenith of ASTs have internal linings. These last two
corrosion protection methods are applied to ensure the long-term structural integrity of the ASTs.

The cost of corrosion for all USTs was estimated at $2.5 billion per year. The largest costs are incurred when
leaking USTs must be replaced with new tanks. The soil remediation costs and oil spill clean-up costs are
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significant as well. In the last 10 years, the most common problem associated with USTs occurred at gasoline
service stations that did not have corrosion protection on their USTs.

Figure 7 shows that the $7.0 billion corrosion cost for HAZMAT storage is approximately 31 percent of the
total infrastructure cost of corrosion.

Infrastructure, $22.6 billion
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Figure 7. Annual cost of corrosion of hazardous materials storage.

In 1988, the EPA set a December 1998 deadline for UST owners to comply with the requirement to have
corrosion control on all tanks, as well as overfill and spill protection. As a result, the number of USTs has decreased
from approximately 1.3 million to 0.75 million in that 10-year period.“? A trend existed toward replacing smaller
tanks with larger ones. In addition, USTs were being closed, repaired, or replaced to achieve the necessary
compliance with regulations, while the number of confirmed HAZMAT releases increased.

Approximately 30 percent of the total number of HAZMAT tanks (8.5 million) is SPCC-regulated. The SPCC
program has increased the awareness that corrosion protection can work, that it prevents environmental problems,
and that substantial savings can be achieved over the lifetime of the tanks. The majority of the remaining
unregulated tanks are used for home heating oil, liquid propane gas, and kerosene. The level of corrosion awareness
is low with the owners of these tanks, and a mentality of “*bury it and forget it” is common. There is a significant
potential for a large number of relatively small spills that affect many sites. It is therefore recommended to develop
an approach to prevent and remediate corrosion with a similar approach as taken for the SPCC-regulated tanks.
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Airports (Appendix H)

The United States has the world’s most extensive airport system, which is essential to
national transportation. Airports, which are among the most important and widely used
facilities, play a major role in generating economic activity for the United States.
According to 1999 Bureau of Transportation Statistics figures, there were 5,324 public-use
airports and 13,774 private-use airports in the United States. The airports used by the
scheduled air carriers are virtually all public facilities run by an agency of a state or local
government, or a commission or port authority established by the state legislature. Since
airports resemble small cities, they are organized accordingly, with departments for
purchasing, engineering, finance, administration, etc.

A typical airport infrastructure is relatively complex, and components that might be

=W’ subject to corrosion include the natural gas distribution system, jet fuel storage and
distribution <.ystem deicing storage and distribution system, water distribution system, vehicle fueling systems,
natural gas feeders, dry fire lines, parking parages, and runway lighting. Generally, each of these facilities is owned
or operated by different organizations and companies, and the impact of corrosion on an airport as a whole is not
known or documented; however, the airports do not have any specific corrosion-related problems that have not been
described in other sectors, such as corrosion in water distribution lines, gas distribution lines, corrosion of concrete
structures, and aboveground and underground storage tanks.

Because of the diversity of airport facilities and different accountabilities, the costs due to corrosion are not
apparent and, therefore, cannot be addressed in a systematic manner. In order for airports to reduce and control their
corrosion costs, it is recommended that the airports establish databases that will allow engineers to track corrosion
and corrosion costs and raise awareness.

Railroads (Appendix I)

In 1997, there were nine Class 1 freight railroads (railroads with
operating revenues of $256.4 million or more).** These railroads accounted
for 70 percent of the industry’s 274,399 km (170,508 mi) operated. There
were 35 regional railroads (those with operating revenues between
$40 million and $256.4 million and/or operating at least 560 km (350 mi) of
railroad). The regional railroads operated 34,546 km (21,466 mi). Finally,
there were 515 local railroads (including switching and terminal railroads)
operating more than 45,300 km (28,149 mi) of railroad.

The elements that are subject to corrosion include metal members, such
as rail and steel spikes; however, corrosion damage to railroad components
are either limited or go unreported. Therefore, a cost of corrosion could not
be determined.

One area where corrosion has been identified is in electrified rail systems, such as those used for local transit
authorities. Stray currents from the electrified systems can inflict significant and costly corrosion on
non-railroad-related underground structures such as gas pipelines, waterlines, and underground storage tanks,

Utilities

Utilities form an essential part of the U.S. economy by supplying end users with gas, water, electricity, and
telecommunications. All utility companies combined spent $42.3 billion on capital goods in 1998, an increase of
9.3 percent from 1997.“ Of this total, $22.4 billion was used for structures and $19.9 billion was used for
equipment. Figure 8 shows the annual cost of corrosion in the Utilities category to be $47.9 billion, which is
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34.7 percent of the total cost of the sector categories examined in this study. The Utilities category is divided into
the following industry sectors: (1) gas distribution, (2) drinking water and sewer systems, (3} electric utilities, and
(4) telecommunications.
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Figure 8. Annual cost of corrosion in the Utilities category.

Gas Distribution (Appendix J)

The natural gas distribution system includes 2,785,000 km
(1,730,000 mi) of relatively small-diameter, low-pressure piping, which is
divided into 1,739,000 km (1,080,000 mi) of distribution main and
1,046,000 km (650,000 mi) of services.***® There are approximately
55 million services in the distribution system. The typical distribution of
piping diameters is between 40 mm and 150 mm (1.5 in and 6 in) for main
distribution piping and 13 mm to 20 mm (0.5 in to 0.75 in) for service piping.
A small percentage of mains and services is larger diameter pipe, typically for
commercial and industrial application.

Several different materials have been used for distribution piping. Historically, distribution mains were
primarily made of carbon steel pipe; however, since the 1970s, a large portion of the gas distribution main lines have
been made of plastic, mostly polyethylene (PE), but sometimes polyvinyl chloride (PVC). A large percentage of
mains (57 percent) and services (46 percent) are made of metal (steel, cast iron, or copper). The methods for
monitoring corrosion on the lines are the same as those used for transmission pipelines; however, leak detection is
the most widely used technique.
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The total cost of corrosion was estimated to be $5.0 billion, which is approximately 10 percent of the total
Utilities category cost of corrosion (see figure 9).
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Figure 9. Annual cost of carrosion of gas distribution.

Drinking Water and Sewer Systems (Appendix K)

According to the American Water Works Association (AWWA) industry
database, there is approximately 1.483 million km (876,000 mi) of municipal
water piping in the United States.” This number is not exact, since it was
found that most water utilities do not have complete records of their pipes. The
total pipe length, pipe materials, and pipe diameters, as well as installation dates
are often not known. The sewer system is similar in size to the drinking water
system with approximately 16,400 publicly owned treatment facilities releasing
some 155 million m® (41 billion gal) of wastewater per day during 1995.®

Americans consume and use approximately 550 L of drinking water per
person per day, for a total annual quantity of approximately 56.7 billion m’.
The treated drinking water is transported through 1.4 million km of municipal
water piping. The water piping is subject to internal and external corrosion,
resulting in pipe leaks and water-main breaks.

The total cost of corrosion for the drinking water and sewer systems
includes the cost of replacing aging infrastructure, the cost of unaccounted-for

water, the cost of corrosion inhibitors, the cost of internal cement mortar linings, the cost of external coatings, and
the cost of cathodic protection.
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In March 2000, the Water Infrastructure Network (WIN)“? estimated the current annual cost for new
investments, maintenance, operation, and financing of the national drinking water system at $38.5 billion per year,
and of the sewer system at $27.5 billion per year. The total cost of corrosion was estimated from these numbers by
assuming that at least 50 percent of the maintenance and operation costs are for replacing aging (corrosion)
infrastructure, while the other 50 percent would be for system expansions. This results in an estimated cost of
corrosion for drinking water systems of $19.25 billion per year and for sewer systems of $13.75 billion per year.

WIN stated that the current spending levels are insufficient to prevent large failure rates in the next 20 years.
The WIN report was presented in response to a 1998 study™ by AWWA and a 1997 study by the EPA. Those
studies had already identified the need for major investments to maintain the aging water infrastructure.

In addition to the costs for replacing aging infrastructure, there is the cost for unaccounted-for water. One city
reported a constant percentage of unaccounted-for water of 20 percent in the last 25 years, with 89 percent of its
main breaks directly related to corrosion. Nationally, it is estimated that approximately 15 percent of the treated
water is lost. The treatment of water that never reaches the consumer results in inflated prices (national lost water is
estimated at $3.0 billion per year) and extra capacity in treatment facilities to produce the lost water.

Adding these three major cost items results in a total annual cost of corrosion of $36.0 billion per year for
drinking water and sewer systems combined. The corrosion cost for drinking water and sewer systems is
approximately 75 percent of the total cost in the Utilities category {see figure 10).

Utilities, $47.9 billion
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Figure 10. Annual cost of corrosion for drinking water and sewer systems.

A major barrier to progress in corrosion management of drinking water and sewer systems is the absence of
complete and up-to-date information. Limited communication between water utilities limits the awareness of and
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the implementation of existing corrosion control technologies. The AWWA maintains partial records on the water
systems of its members, and the EPA collects data from voluntary questionnaires. However, most water utilities do
not maintair complete records of their entire buried pipeline system, and crucial information on pipe length and
diameter, pipe material, and date of installation is often missing. The lack of information is often exacerbated by a
lack of understanding and awareness of corrosion problems at the local level, and the limited time and funding
dedicated tc corrosion control. An attitude of “bury the pipe and forget about it” is common.

It is therefore recommended that a national resource expertise be created through, for example, the AWWA to
establish a clatabase where all water utilities submit records on their changes in their systems with the objective of
better understanding system growth. Dissemination of information will enhance the understanding of corrosion-
related issues and will enable the utilities to more accurately estimate pipe replacement rates and prioritize funding
for corrosion maintenance and aging system rehabilitation.

Electrical Utilities (Appendix L)

The total amount of electricity sold in the United States in 1998 was
3,240 billion gigawatt hours (GWh) at a cost to consumers of $218 billion.®”
Electricity generation plants can be divided into seven generic types: fossil
fuel, nuclear, hydroelectric, cogeneration, geothermal, solar, and wind. The
majority of electric power in the United States is generated by fossil fuel and
nuclear supply systems. The fossit fuel sector (including gas turbines and
combined cycle plants) is the largest, with a generating capacity of
approximately 488 GW, and a total generation of 2.2 million GWh in 1998,
In 1998, approximately 102 nuclear stations were operational, with a
generating capacity of 97.1 GW, and a total generation of 0.67 million GWh.

52)

Two different types of nuclear reactors are currently in use in the United
States, namely the boiling water reactor (BWR) and the pressurized water
reactor (PWR). The fuel for these types of reactors is similar, consisting of
long bundies of 2 to 4 percent enriched uranium dioxide fuel pellets stacked in
zirconium-alioy cladding tubes. The BWR design consists of a single loop in
which the entering water is turned directly into steam for the production of
energy. The PWR is a two-loop system that uses high pressure to maintain an
all- hqu1d-water primary loop. Energy is transferred to the secondary steam loop through two to four steam
generators. The PWR also uses a wet steam turbine. The electric power industry uses three different types of fossil
fuel power plants. The most common and widely used is the pulverized coal-fired steam power plant. Fuel oil can
be used instead of coal. Gas turbines are usually smaller units that are used for peak loads and operate only for a
few hours per day. Combined cycle plants using both steam and gas turbines are generally used for baseload
service, but also must be capable of addressing peak loads. Hydraulic power systems include both hydroelectric and
pumped storage hvdroelectric plants. In both processes, water is directed from a dam through a series of tapering
pipes to rotate turbines that create electricity. In principle, the potential energy held in the dam converts into kinetic
energy when it flows through the pipes. The concept behind the development of pumped storage plants is the
conversion of relatively low-cost, off-peak energy generated in the thermal plant into high-value, on-peak power.
Water is pumped from a lower to a higher reservoir when low-cost pumping is available from large, efficient
thermal plant generation. It is released during periods of high power demand and displaces the use of inefficient,
costly alternative sources of generation.

The total cost of electricity of $218.4 billion can be divided into operation and maintenance (0&M),
depreciation, and forced outages. The corrosion-related cost of forced outages in the nuclear power industry was
estimated at $670 million. The total cost of depreciation based on the 1998 Federal Energy Regulatory Committee
(FERC) Form No. 1 data was $35.7 billion. Based on the evaluation of depreciation by facility type, a percentage
due to corrosion was estimated. This cost percentage due to corrosion as part of the total utility depreciation in 1998
was 9.73 percent or $3.433 billion, with nuclear facilities at $1,546 million, fossil fuel facilities at $1,214 million,
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transmission and distribution at $607 million, and hydraulic and other power at $66 million. The corrosion portion
of the annual O&M cost was estimated at $698 million for fossil fuel, $2,013 million for nuclear facilities, and

$75 million for hydraulic power, for a total of $2,786 million. Thus, the total direct cost of corrosion in the electric
utility industry in 1998 is estimated at $6.889 billion per year. In comparison, an Electric Power Research Institute
(EPRI) study''? estimated the cost of corrosion to the user/consumer to be $17.27 billion per year, The cost to
consumers includes taxes, sales, administration, and profits. This analysis indicates that the indirect costs (to the
user, $17.27 billion minus $6.889 billion = $10.381 billicn) are 1.5 times the direct cost (to the owner/operator, $6.9
billion).

Because of the complex and often corrosive environments in which power plants operate, corrosion has been a
serious problem, with a significant impact on the operation of the plants. In the 1970s and the 1980s, major efforts
were spent on understanding and controlling corrosion in both nuclear and fossil fuel steam plants, and significant
progress was made. However, with the aging of several plants, old problems persist and new ones appear. For
example, corrosion continues to be a problem with elecirical generators and with turbines. Specifically, stress
corrosion cracking in steam generators in PWR plants and boiler tube failures in fossii fuel plants continue to be
problems. There are further indications that aging of buried structures, such as service water piping, has started to
result in leaks that cannot be tolerated.

Environmental requirements and deregulation of the power industry often result in less attention being paid to
corrosion and deterioration of materials of construction. If not addressed in a timely manner, these materials will
corrode to the point that major repair and rehabilitation are required. The cost of corrosion will then, in the near
future, increase significantly.

Figure 11 shows that the annual cost of corrosion in the electrical utilities sector to be $6.9 billion, which is
14 percent of the total cost of the Utilities categories.

Utilities, $47.9 billion

Electrical Utilities
14%

Gas Distribution
10%

"$6.9 billion

Water & Sewer
75%

Figure 11. Annual cost of corrosion in the electrical utilities industry.
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Telecommunications (Appendix M)

Telecommunications is an increasingly important part of modern society.
The telecommunications infrastructure includes hardware such as electronics,
computers, and data transmitters, as well as equipment shetters and the towers
used to mount antennas, transmitters, and receivers. Wired communication
systems include telephone and cable TV systems, while wireless
communication systems include items such as personal computer systems and
cellular telephones. According to the U.S. Census Bureau, the total value of
shipments for communications equipment in 1999 was $84 billion."” An
important factor to be considered for corrosion cost is the additional cost for
corrosion protection of towers and shelters, such as painting and galvanizing.
In addition, corrosion of buried copper grounding beds, as well as galvanic
corrosion of the grounded steel structures, contributes to the cost of corrosion.

For this sector, no corrosion cost was determined because of the lack of
information on this rapidly changing industry. Many components are being
replaced before physically failing, because they become obsolete technology
in a short period of time.

Transportation

The Transportation category includes vehicles and equipment used to transport people and products
(i.e., automobiles, ships, aircraft, etc.). Figure 12 shows the annual cost of corrosion in the Transportation category
to be $29.7 billion, which is 21.5 percent of the total cost of the sector categories examined in this study. The
Transportation category is divided into the following industry sectors: (1) motor vehicles, (2) ships, (3) aircraft,
(4) railroad cars, and {(5) HAZMAT transport.
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Figure 12.  Annual cost of corrosion in the Transportation category.
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Motor Vehicles (Appendix N)

U.S. consumers, businesses, and government organizations own more
than 200 million registered vehicles.®” Assuming an average value of $5,000,
the total investment Americans have made in vehicles can be estimated at more
than $1 trillion. Until the late 1950s, corrosion of motor vehicles was limited to
marine environments; however, with the increased use of deicing salts, vehicles
in the snowbelt regions began to corrode and literally fell apart within a few
years after purchase. In fact, in the 1970s, the cost incurred due to corrosion
was so high that in the Battelle-NBS study, the automotive industry sector was
singled out as being the main driving force of corrosion costs in the U.S.
economy.'"™® TIn the late 1970s, automobile manufacturers started to increase
the corrosion resistance of vehicles by using corrosion-resistant materials,
employing better manufacturing processes, and by designing more
corrosion-resistant vehicles through corrosion engineering knowledge.

Because of the steps taken by the manufacturers, today’s automobiles have very
little visible corrosion and most vehicles survive structurally until the vehicle
wears out mechanically. However, the total annual cost incurred is high and
much can be done to further reduce the cost.

The total cost of corrosion to owners of motor vehicles is estimated at $23.4 billion per vear or 79 percent of
the Transportation category (see figure 13). This cost is divided into the following three components: (1) increased
manufacturing costs due to corrosion engineering and the use of corrosion-resistant materials ($2.56 billion per
year), (2) repairs and maintenance necessitated by corrosion ($6.45 billion per year), and (3) corrosion-related
depreciation of vehicles ($14.46 billion per year).
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Figure 13. Annual cost of corrosion in the motor vehicle industry.
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Twenty-five years ago, corrosion was of obvious concern to the general public because of visible rusting of car
bodies and frames. Because there is generally no extensive car body corrosion being observed in less than 10 years,
it is commonly believed that corrosion is not a consumer problem anymore. While there exist few opportunities to
further improve the corrosion resistance of the body of motor vehicles, some areas for improvement in individual
systems must be mentioned. These include fuel and brake systems, as well as electrical and electronic systems.
Many failures of the latter components are due to corrosion, but because damage is not visible, there is very little
public outcry and components are merely replaced. However, manufacturers are slowly upgrading and protecting
electrical and electronic components from the environment to ensure a longer life.

Ships (Appendix O)

The size of the shipping industry over water can be measured by the
number of miles that ships sail and the tons of cargo they hau! (ton-miles).
The U.S.-flag fleet can be divided into several categories as foliows: the Great
Lakes with 737 vessels at 100 billion ton-km (62 billion ton-mi), inland with
33,668 vessels at 473 billion ton-km (294 billion ton-mi), ocean with
7,014 vessels at 563 billion ton-km (350 billion ton-mi), recreational with
12.3 million boats, and cruise ships with 122 boats serving North American
ports (5.4 million passengers).®>

The annual corrosion-related costs of the U.S. marine shipping industry is estimated at $2.7 billion (see
figure 14). This cost is divided into costs associated with new construction ($1.12 billion), maintenance and repairs
(8810 millicn), and corrosion-related downtime ($785 million). Most ships that serve U.S. ports do not sail under
the U.S. flag, but under that of nations with less restrictive laws and taxation; therefore, it is difficult to estimate the
national cost of corrosion for this sector. Furthermore, the shipping industry is very diversified in terms of size,
cost, and cargo. Finally, the shipping industry is primarily a commodity industry where short-term profits are often
more important than long-term savings on assets.
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Figure 14, Annual cost of corrosion of ships.
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One of the most significant developments in corrosion control in the shipping industry is the development of
new long-lasting coatings that require less maintenance and repair than the traditional coatings. Further
improvement in corrosion control exists in the manufacturing of double-hulled oil tankers. As a result of the
Exxon Valdez oil spill in Prince William Sound, Alaska (March 24, 1989), oil tankers of a certain size must now be
constructed with double-wall hulls. The first generation of these oil tankers experienced significant corrosion
problems that were not anticipated in the design stage.

Aircraft (Appendix P)

In 1998, the combined aircraft fleet operated by U.S.
airlines was more than 7,000, of which approximately 4,000
were turbojets.®® At the start of the “jet age” (1950s to the
1960s), little or no attention was paid to corrosion and
corrosion control. These aircraft, which include the Boeing
707, DC-9, Boeing 727, DC-10, and the earlier versions of
the Boeing 737 and 747, are characterized by a design that
primarily addresses strength and fail-safety. The second
generation of jet aircraft built in the 1970s and the 1980s
incorporated some corrosion control, but the emphasis was
placed on the incorporation of damage tolerance standards
into the design. This generation of aircraft include the B-737
(-300, -400, -500); B-747-400; B-757; B-767; MD-81, -82, and -83; MD-88; MD-11; and F-100. The third
generation of jet transpott aircraft includes the Boeing 777 and the new generation Boeing 737. In addition to key
characteristics of the first- and second-generation aircraft, the third-generation aircraft are characterized by the
incorporation of significant improvements in corrosion prevention and control in the design.

The annual (1996) corrosion cost to the U.S. aircraft industry is estimated at $2.225 billion, which includes the
cost of design and manufacturing at $0.225 billion, corrosion maintenance at $1.7 billion, and downtime due to
corrosion at $0.3 billion (see figure 15), With the availability of new corrosion-resistant materials and an increased
awareness of the importance of corrosion to the integrity and operation of jet aircraft, the current design service life
of 20 years has been extended to 40 years without jeopardizing structural integrity and significantly increasing the
cost of operation.®”

One of the major concerns of the aircraft and airline industry is the continued aging of several types of aircraft
beyond the 20-year design service life. This aging of the fleet has been the subject of considerable attention by
industry and government for many years, and has resulted in increased maintenance efforts for the aging aircraft.
Due to the competitive nature of the airline industry however, corrosion maintenance is often not performed
adequately. This also may have been due to the lack of understanding of the corrosion process and the inability to
predict the nucleation and growth behavior of corrosion in airframe components. Hence, corrosion has not been
incorporated into the damage tolerance assessments, where, instead, a “find and fix” approach has generally
prevailed. This approach leads to extensive corrosion of both structural and non-structural components,
significantly increasing the cost of maintenance. This may, in the near future, have a significant impact on the
availability or downtime of the aging aircraft, further increasing the corrosion-related costs. Finally, as airframes
continue to age and are kept in service, corrosion will increasingly affect the structural integrity of these airframes.

While it is upon the airframe manufacturers to mitigate corrosion, the operators must have a corrosion control
program in place throughout the life of the airplane. The “find and fix™ approach must be complemented by an
approach based on an understanding of the corrosion process and the ability to predict and monitor its behavior.
Corrosion prediction models must be developed so that a cost-effective corrosion integrity program can be
developed. Moreover, there is a need for improved inspection and monitoring techniques to expand the capabilities
to detect and monitor corrosion and cracks beginning at an early stage.
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Figure 15. Annual cost of corrosion of aircraft.

Railroad Cars (Appendix Q)

{P

In 1998, 1.47 million freight cars were reported to operate in the
United States.”” Covered hoppers at 28 percent make up the largest
proportion of the freight car fleet, with tanker cars making up the second
largest proportion at 18 percent. The type of commodities transported range
from coal (largest volume) to chemicals, motor vehicles, farm products,
food products, and metallic and non-metallic ores and minerais. [t is

estimated that the total annual corrosion-related maintenance cost for
railroad cars is approximately $504 miliion ($258 million for external

coatings and $246 million for internal coatings and liners) (see figure 16).

Railroad freight cars typically suffer from both external and internal corrosion. While external corrosion,
primarily due to atmospheric exposure, is a concern, car appearance generally takes precedence. External corrosion
is controlled by application of direct-to-metal coating systems (epoxies with or without urethane coating). Certain
categories of cars, particularly tank cars, are leased by the shippers; therefore, the lessees often choose to apply an
exterior paint to address the aesthetics. Internal corrosion is caused by corrosive cargo, such as coal, salt, or various
acids.

The rate of corrosion has to be controlled in order to: (1) prolong the service life of the car, (2) prevent
contamination of the transported product, such as food products or high-purity chemicals, and (3) prevent hazardous
spills that could contaminate the environment and pose a public safety hazard. Protection from internal corrosion is
achieved by using organic coating systems or rubber linings. As an alternative, cars for certain corrosive cargo
services are manufactured from corrosion-resistant materials, such as aluminum or stainless steel, which raises the
price of a car twofold.
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Transportation, $29.7 billion
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Figure 16. Annual cost of corrosion of railroad cars.

When it comes to corrosion, there are a limited number of regulations imposed on the industry.®® Tank cars
are required to be periodically inspected for corrosion damage to the shell and the heads. The frequency of
inspection, the test techniques, and the acceptance criteria are left to the discretion of the owner/operator, The most
common inspection interval for cars transporting benign commodities is 10 years. Cars that are used in an
aggressive commodity service are typically inspected every 5 years.

Based on an industry survey, it was found that the railroad companies and shippers do not track
corrosion-related costs. Considering that there are 1.47 million freight cars in service today, there is a considerable
opportunity for the reduction of the corrosion-related costs in the railroad sector. However, in order to reduce these
costs, the industry must first make an attempt to estimate the magnitude of the problem by documenting the costs for
exterior and interior corrosion protection.

Hazardous Materials Transport (Appendix R)

it Each year, nearly 2 billion metric tons of hazardous materials
(HAZMAT) are produced in the United States 5% The amount of
HAZMAT shipments that are shipped each year is approximately 3 biilion
metric tons. Each shipment will be moved several times before reaching its
destination. Bulk transportation of HAZMAT includes overland shipping
by tanker truck and rail tank car, and by special containers that are loaded
onto vehicles. Over water, ships loaded with specialized containers, tanks,
and drums are used. In small quantities, HAZMAT requires specially
designed packaging for truck and air shipment.

g

The total cost of corrosion for HAZMAT transportation is at least $0.887 billion per year (see figure 17). The
elements of this cost include the corrosion-related cost of transport vehicles ($400 million per year), the cost of
specialized packaging ($487 million per year), and the direct cost of $0.5 million per year of accidental releases and
other corrosion-related transportation incidents. The indirect costs of releases are not known.
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Transportation, $29.7 billion
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Figure 17. Annual cost of corrosion for hazardous materials transport.

Production and Manufacturing

This group includes industries that produce and manufacture products of crucial importance to the economy
and the standard of living in the United States. These include gasoline products, mining, petroleum refining, various
chemical and pharmaceutical products, paper, and agricultural and food products. Figure 18 shows the annual cost
of corrosion in the Production and Manufacturing category to be $17.6 billion, which is 12.8 percent of the total cost
of the sector categories examined in this study. The Production and Mamufacturing category is divided into the
following industry sectors: (1) oil and gas exploration and production, (2} mining, (3) petroleum refining,

(4) chemical, petrochemical, and pharmaceutical, (5) pulp and paper, (6) agricultural production, (7) food
processing. (8) electronics, and (9) home appliances.
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Figure 18. Annual cost of corrosion in the Production and Manufacturing category.

QOil and Gas Exploration and Production (Appendix S)

Domestic oil and gas production can be considered to be a stagnant
industry, because most of the significant available onshore oil and gas
reserves have been exploited. Oil production in the United States in 1998
consisted of 3.04 billion barrels.*” The significant recoverable reserves lett
to be discovered and produced in the United States are probably limited to less
convenient locations such as in deep water offshore, remote arctic locations,
and difficult-to-manage reservoirs with unconsolidated sands. Materials and
corrosion conirol technology used in the traditional onshore production
facilities have not mgmﬁcantly changed since the 1970s. The material and corrosion control technology required for
the more difficult production locations must be more reliable due to the excessive cost of replacement or failure in
these locations. The commodity price of oil will continue to dictate whether or not these new developments will
even be considered.

The majority of cost-savings for any oil production facility is in the prevention of failure in one of the
production arteries, such as downhole tubing, surface pipelines, and production vessels.*? Downhole tubing,
surface pipelines, pressure vessels, and storage tanks in oil and gas production are subject to internal corrosion by
water, which is enhanced by the presence of CO; and H,S in the gas phase. Internal corrosion control is a major
cost item consideration. The total cost of corrosion in the U.S. oil and gas production industry is estimated to be
$1.372 billion annually, made up of $589 million for surface piping and facility costs, $463 million in downhoie
tubing expenses, and $320 million in capital expenditures related to corrosion. Figure 19 shows the annual
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corrosion cost for oil and gas production to be approximately 8 percent of the Production and Manufacturing
category.
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Figure 19. Annual cost of corrosion in the oil and gas exploration and production industry.

The relatively high costs associated with oil and gas production in the United States put the industry at a
distinct disadvantage compared to the Middle East and the former Soviet Union, where the only barriers to increased
production are investment capital and political complications. To remain competitive with the world market,
maintenance costs must be kept to a minimum. In addition, the conservative culture in the oil industry seldom
allows for new technology to be implemented. The use of corrosion-resistant alloys is currently limited by the high
capital investment associated with these materials, Furthermore, a large portion of the cost to control internal
corrosion lies in the use of corrosion inhibitors. Optimization of the inhibitor usage could be accomplished through
the use of more advanced inhibitor treatment schemes, such as active monitoring systems connected to inhibitor
pumps to adjust the dosage as corrosivity increases or decreases.

Mining (Appendix T)

Corrosion in the mining industry is not considered to be a significant
problem. In the few instances where corrosion is a concern, the mining
industry relies heavily on past experience and the knowledge of equipment
suppliers to quickly resolve any problems in order to maintain production.
There is a general consensus among mining engineers that the life-limiting
factors for mining equipment are wear and mechanical damage before
corrosion becomes an issue.®” Maintenance painting, however, is heavily
relied upon to prevent corrosion, with an average annual estimated expenditure
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for the coal mining industry of $93 million, which is a very small portion of the overall cost in the Production and
Manufacturing category (see figure 20).
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Figure 20. Annual cost of corrosion in the mining industry.

Petroleum Refining (Appendix U)

Petroleum is the single largest source of energy for the United States.
The nation uses twice as much petroleum as either coal or natural gas. The
U.S. refineries process approximately 23 percent of the world’s petroleum
production and represent the largest refining capacity in the world, with
163 refineries.®” Most refineries are concentrated on the West and Gulf
coasts, primarily because of access to major sea transportation and shipping
routes. The majority of refineries are concentrated in large, integrated
companies with multiple refining facilities. In 1996, U.S. refineries supplied
more than 18 million barrels per day of refined petroleum products, which is an increase of more than 3 million
barrels per day, compared with 1970. U.S. refineries rely on both domestic and foreign producers for crude oil.
Future refining capacity in the United States is predicted to increase slightly and to level off in the next 20 years.

The total annual cost of corrosion for the petroleum refining industry is estimated at $3.692 billion, which is
21 percent of the Production and Manufacturing category (see figure 21). Of this total, maintenance-related
expenses are estimated at $1.767 billion, vessel turnaround expenses at $1.425 billion, and fouling costs are
approximately $0.500 billion annually. The costs associated with corrosion control in refineries include both the
processing side and water handling. Corrosion-related issues regarding the processing side include the handling of
organic acids, referred to as naphthenic corrosion, and sulfur species, particularly at high temperatures, as well as
water carryover in processing vessels and pipelines. Water handling includes concerns with corrosives such as H,S,
CO,, chlorides, and high levels of dissolved solids.
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Figure 21. Annual cost of corrosion in the petroleum refining industry.

Increasing regulation and pressure from environmental groups have forced the refineries to implement
defensive strategies where little attention is paid to improved corrosion control. This is compounded by overseas
market forces, such as OPEC, which control the price of the feedstock oil. In a commodity-driven industry that is
struggling to compete in the world market, investment in more effective corrosion control strategies often takes a
backseat to across-the-board cost-cutting measures. The majority of pipelines and vessels in refineries are
constructed of carbon steel, and opportunities for significant savings exist through the use of low-alloy steels and
alloy-clad vessels, particularly as increasingly higher fractions of acidic crude qil are refined.

Chemical, Petrochemical, and Pharmaceutical (Appendix V)

For this sector, the cost of corrosion was estimated as a fraction of the
annual capital expenditures in the industry. The tota! capital expenditures for
the chemical industry are $15.06 billion, with $0.6 billion to $1.8 billion per
vear in corrosion costs. For the petrochemical industry, the total capital
expenditures are $1.84 billion, with $0.07 billion to $0.22 billion per year in
corrosion costs. For the pharmaceutical industry, the total capital expenditures
are $4.0 billion, with $0.18 billion to $0.53 billion per vear in corrosion costs.
Therefore, the three industries combined have total capital expenditures of
$21.30 billion in 1997, with $0.85 billion to $2.56 billion in annual corrosion
costs. The estimated average direct corrosion cost are $1.7 billion per year
(8 percent of the total capital expenditures).

No calculation was made for the indirect costs of production outages or indirect costs related to catastrophic
failures. The costs of operation and maintenance related to corrosion were not readily available; estimating these
costs would require detailed study of the data records of individual companies.

45



Corrosion Casts and Preventive Strategies in the United States

Figure 22 shows the annual corrosion cost for chemical, petrochemical, and pharmaceutical industry to be
approximately 10 percent of the Production and Manufacturing category.
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Figure 22. Annual cost of corrosion in the chemicai, petrochemical, and pharmaceutical processing industry.

Over the past few years, the chemical, petrochemical, and pharmaceutical industries have placed increasing
emphasis on minimizing corrosion failures by using corrosion-resistant alloys, corrosion monitoring, and
implementing planned maintenance. Many chemical companies are now using risk-based inspection models to
minimize the likelihood of failure in critical, often pressurized, equipment. Such models determine the risk level of
high-risk equipment based on the consequences and propensity of failure. The safety of surrounding infrastructure
in the proximity to the plant and public safety is taken into consideration.

Pulp and Paper (Appendix W)

The $165 billion in sales in the pulp, paper, and allied products industry
supplies the United States with approximately 300 kg of paper per person per
year.®® More than 300 pulp mills and more than 550 paper mills support its
production.

Paper production consists of a series of processes and can be roughly divided
into five major manufacturing steps: pulp production, pulp processing and chemical
recovery, pulp bleaching, stock preparation, and paper manufacturing. Each
manufacturing step has its own unique corrosion problems related to the size and

quality of the wood fibers, the amount of and the temperature of the processing
water, the concentration of the treatment chemicals, and the materials used for machinery construction. Examples of
corrosion affecting paper production are corrosion products polluting the paper and corrosion of the rolls scarring
the sheets of paper. Corrosion of components may result in fractures or leaks in the machines, resulting in
production losses and/or increased safety hazards.
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The total annual corrosion costs for the pulp, paper, and paperboard industry, as determined as a fraction of the
maintenance cost, is approximately $1.97 billion to $9.88 billion (average of $5.93 billion per year). These
estimates are between 1.2 percent and 6.0 percent of the total sales for the entire U.S. pulp and paper industry.
Figure 23 shows the annual corrosion costs for the pulp and paper industry to be approximately 34 percent of the
Production and Manufacturing category.

Different paper mills take different approaches to corrosion management. In the majority of the mills,
corrosion management is the responsibility of maintenance groups. The primary responsibility of these groups is to
ensure that production runs continuously for 24 hours per day, 7 days per week. Only a few mills have dedicated
corrosion engineers on staff, Particularly for those mills that have no dedicated corrosion engineers, it is
recommended that corrosion awareness be increased through organizations such as NACE International or the
Technical Association of the Pulp and Paper Industry (TAPPI).
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Figure 23. Annual cost of corrosion in the pulp and paper industry.

Agricultural Production (Appendix X)

Agricultural operations are producing livestock, poultry, or other
animal specialties and their products, and producing crops, including fruits
and greenhouse or nursery products.®® According to the National
Agricultural Statistics Service, there are approximately 1.9 million farms in
the United States.®” The eight major U.S. field crops are corn, sorghum,
barley, oats, wheat, rice, cotton, and soybeans. The major livestock are
poultry, cattle, hogs, and sheep.

Based on the 1997 Census, the total value of farm machinery and equipment is approximately $15 billion per
year. The two main reasons for replacing machinery or equipment include: (1) upgrading old equipment and
(2) substitution because of operational failure. Failure due to corrosion damage would be grouped into this
category; however, national data on the types of failures occurring in farm equipment were not found. Discussions
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with people in this industrial sector resulted in an estimate of corrosion costs in the range of 5 percent to 10 percent
of the value of all new equipment. This means that the total cost of corrosion in the agricultural production industry
is in the range of $0.75 billion to $1.5 billion per year, with an average of $1.12 billion per vear.

Corrosion control and prevention can be accomplished by keeping equipment clean and dry after each use,
applying corrosion-resistant materials or materials with a corrosion allowance, applying external coatings (paints) or
internal lining systems, or using cathodic protection. Strategies for maintaining and optimizing inspection programs
for agricultural equipment (i.e., minimizing safety concerns for fertilizer tanks) with a high corrosion risk need to be
developed. Development of new and improved inspection techniques is required to ensure the integrity of
agricultural equipment.

Figure 24 shows the annual corrosion cost for the agricultural sector to be approximately 6 percent of the
Production and Manufacturing category.
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Figure 24. Annual cost of corrosion of the agricultural industry.

Food Processing (Appendix Y)

The food processing industry is one of the largest manufacturing sectors
in the U.S. economy, accounting for approximately 14 percent of total U.S.
manufacturing output.“® According to composite statistics, sales for public
food processing companies totaled $265.5 billion in 1999. Food processing
equipment includes stoves, ranges, hoods, meat blocks, tables, counters,
refrigerators, sinks, dishwashing machines, and steam tables.

Product quality, health, and sanitation issues are major concerns in the
food processing mdustry The mdustry cannot tolerate corrosion products (i.e., heavy metals) in the manufactured

48



Corrosion Costs and Preventive Strategies in the United States

product. The industry, therefore, needs to account for corrosion control before production starts. The use of
stainless steel in food processing is required for corrosion control and prevention. The total estimated cost of
stainless steel for the food processing industry is $1.8 billion per year. This cost includes stainless steel used in
beverage production, food machinery, cutlery and utensils, commercial and restaurant equipment, and appliances.
The annual cost for aluminum cans is $250 million and the annual cost for corrosion inhibitors in the food
processing industry is approximately $50 million. Therefore, the total estimated cost of corrosion in this sector is
$2.1 billion per year. Figure 25 shows the annual corrosion cost for the food processing sector to be approximately
12 percent of the Production and Manufacturing category.
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Figure 25. Annual cost of corrosion in the food processing industry.

Maintenance management systems are implemented in food processing plants to monitor machine production
histories, downtime, and reliability to prioritize equipment and maintenance problems. Reliability-based
maintenance {RBM) teams are used in conjunction with maintenance management systems to predict maintenance
and root-cause analysis of food processing equipment failures. Strategic maintenance programs are part of the
plant’s overall vision of the future, which aims at boosting production efficiency.

Electronics (Appendix Z)

Corrosion in electronic components manifests itself in several ways. Computers,
integrated circuits, and microchips are now an integral part of all technology-intensive
industry products, ranging from aerospace and automotive to medical equipment and
consumer products, and are therefore exposed to 2 variety of environmental conditions.
Corrosion in electronic components are insidious and cannot be readily detected;
therefore, when corrosion failure occurs, it is often dismissed as just a failure and the
part or component is replaced.
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Because of the difficulty of detecting and identifying corrosion failures, the cost of corrosion is difficult to
determine. Arguably, in many instances, particularly in the case of consumer electronics, such devices would
become technologically obsolete long before corrosion-induced failures. In addition, while corrosion-related user
costs, due to irretrievable lost data, could be staggering, as the electronic information and data exchanges become
more intensive, most sensitive information is frequently backed up. Capital-intensive industries with significant
investments in durable equipment with a considerable number of electronic components, such as the defense
industry and the airline industry, tend to keep the equipment for longer periods of time, and corrosion is likely to
become an issue. Although the cost of corrosion in the electronics sector could not be estimated, it has been
suggested that a significant part of all electric component failures are caused by corrosion.

Home Appliances (Appendix AA)

%

The appliance industry is one of the largest consumer product industries.
For practical purposes, two categories of appliances are distinguished: Major
Home Appliances and Comfort Conditioning Appliances. In 1999, a total of
70.7 million major home appliances and a total of 49.5 million comfort
conditioning appliances were sold in the United States, for a total of 120.2
million appliances.

The average consumer buying an appliance is only marginally interested
in corrosion issues; therefore, during the useful life of the appliance, no
corrosion management is done by consumers. For example, very few people
realize that there is an anode in every water heater, and that this sacrificial bar
: of metal should be checked and, if necessary, teplaced with a new one, to
prevent water heater failure due to internal corrosion. The life expectancy of appliances is determined from past
experience and sales data. Improved corrosion design for appliances can increase their life expectancy. However, if
improved corrosion protection would mean the use of more expensive components for the appliances, then
consurners may not be interested.

A corrosion cost calculation was made for the sacrificial anodes in the 104 million water heaters in the United
States. The benefits of anode maintenance are longer tank life, less rust buildup, and savings on costly changeovers.
The increased life expectancy from anode maintenance can save money for consumers. However, a cost-benefit
analysis may show that the cost of replacing anodes could exceed the benefits of increasing the life expectancy of
water heaters. The annual cost of replacing water heaters was estimated at $460 million per year, the cost of anode
replacement was estimated at $780 million per year, and a hypothetical design improvement that would increase the
life expectancy of water heaters by 1 year was estimated to result in a savings of $778 million per year.

A corrosion cost calculation was also made for the annual coating costs of the 120.2 million newly purchased
major appliances in the United States. Based on an estimated installed cost of coatings of $2 per appliance, the total
cost is approximately $240 million per year. The cost of $2 is a marginal value in the average cost of appliances.
Therefore, this cost is probably worth spending because of the more appealing appearance of non-carroding
appliances. On the other hand, the internal components of appliances that are not directly visible to consumers
should be protected from corrosion as well. For example, the above calculation does not consider the application of
internal coatings, such as galvanizing steel, for a longer life.

The assumptions made in the anode calculations and the coating calculations are only approximations, and no
adjustment is provided for the use of corrosion-resistant materials in most appliances. The calculations are probably
not very accurate because of the great variety in appliances. Considering the great costs of appliances to consumers,
and the fact that the potential savings from longer life expectancies can be considerable, it is recommended that a
broad study, including a full analysis of statistical data, be performed to research the potential cost-savings related to
increased life expectancies of appliances,
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In summary, the cost of corrosion in home appliances is significant. The first cost is the purchase of
replacement appliances because of premature failures due to corrosion. It is evident that water heater replacement is
often attributed to corrosion. For water heaters alone, this cost was estimated at $460 million per year, using a low
estimate of 5 percent of the replacements being corrosion-related. The cost of internal corrosion protection for all
appliances includes the use of sacrificial anodes ($780 million per year), corrosion-resistant materials (no cost
estimate), and internal coatings (no cost estimate). The cost of external corrosion protection using coatings was
estimated at $260 million per year. Therefore, the estimated total annual cost of corrosion in home appliances is
$1.5 billion per year (3460 million + $780 million + $260 million).

Figure 26 shows the annual corrosion cost for the home appliance sector to be approximately 9 percent of the
Production and Manufacturing category.
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Figure 26. Annual cost of corrosion of the home appliance industry.
Government

Federal, state, and local governments play increasingly important roles in the U.S. economy, with a 1998 GDP
of approximately $1.105 triilion. While the government owns and operates large assets under various departments,
the U.S. Department of Defense {DOD) was selected because of its significant direct and indirect impact on the U.S,
economy. A second government sector that was selected is nuclear waste storage under the U.S. Department of
Energy (DOE). The cost of corrosion in these two sectors was used to estimate the cost of corrosion for the
Government category. This cost was $20.1 billion per year, which is 14.6 percent of the corrosion costs for all
sector categories (see figure 27).
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Figure 27. Annual cost of corrosion in the Government category.

Defense (Appendix BB)

The ability of the U.S. Department of Defense (DOD) to respond rapidly
to national security and foreign commitments can be adversely affected by
corrosion. Corrosion of military equipment and facilities has been, for many
years, a significant and ongoing problem. The effects of corrosion are
becoming more prominent as the acquisition of new equipment is slowing
down and as the service of aging systems and equipment is becoming
increasingly relied upon. The data provided by the military services (Army,
Air Force, Navy, and Marine Corps} indicate that corrosion is the number one
cost driver in life-cycle costs. The total annual cost of corrosion incurred by the military services for both systems
and infrastructure was estimated at $20 billion.®”

A considerable portion of the cost of corrosion to the Army is attributed to ground vehicles, including tank
systems, fighting vehicle systems, fire support systems, high-mability multipurpose wheeled vehicles (HMMWYV),
and light armored vehicles. Other systems that are affected by corrosion include firing platforms and helicopters.
Many of the Army systems are well beyond their design service lives and because of generally aggressive operating
environments, corrosion is becoming increasingly severe and costly. While often replacement of the aging systems
is not budgeted, insufficient use is being made of existing technology to maintain these systems in a cost-effective
manner. Even with the procurement of new equipment such as the HMMWYV, the use of corrosion-resistant
materials and design are often neglected in favor of quantity of procurement and system properties.

In recent years, the Air Force has experienced considerable corrosion problems. As with the commercial
aircraft industry, corrosion on airframes in the past has not been considered to have a significant impact on structural
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integrity; therefore, a “find and fix” approach has long been the preferred way to deal with corrosion in aircraft.
With no significant funding available for new system acquisition, the Air Force is forced to extend the operational
life of many of the aircraft, such as the KC-135 tanker, far beyond their design service life.

Because of their missions, the Navy and the Marine Corps have always operated in corrosive marine
environments. The Navy operates the fleet, as well as naval aircraft, and harbor and dock facilities. The fleet
consists of various types of surface ships and submarines that are continuously exposed to marine environments.
The primary defense against corrosion is the diligent use of protective coatings. In addition to protective coatings,
cathodic protection systems are used for corrosion protection of the underwater hull. In recent years, cost-effective
and durable paint systems have been introduced to replace what used o be very labor-inlensive and inferior paint
systems. Navy aircraft require constant maintenance due to operation in predominantly marine environments. As in
the Air Force, many aircraft systems are operating beyond their design service life, which leads to an increase in the
cost of corrosion maintenance.

The aging of military systems poses a unique challenge for maintenance and corrosion engineers in all four
services. A most serious problem facing the military is aging equipment with no immediate promise of replacement.
Therefore, there is a pressing need to develop corrosion maintenance programs that can carry the various aging
systems well into the 21¥ century. Such a program requires cooperation between all the services and the
commitment of system managers and maintenance personnel to succeed. In order to preserve the aging military
assets, a DOD-wide corrosion control and maintenance plan must be developed and implemented. An important
component of such a program is the gaining of awareness and recognition by all military personnel that corrosion is
an important factor in the life, readiness, and integrity of all military systems. Courses and training will be needed
to develop the knowledge to deal with corresion. Funding needs to be made available to develop predictive
corrosion models and new inspection and monitoring techniques that will enable system management to maintain
their systems in a cost-effective manner.

Nuclear Waste Storage (Appendix CC)

Nuclear wastes are generated from spent nuclear fuel, dismantled nuclear
weapons, and products such as radioactive pharmaceuticals. The most
important design item for the safe storage of nuclear waste is the effective
shielding of radiation and the prevention of leaking radioactive waste. In
order to minimize the probability of nuclear exposure, special packaging is
designed to meet the protection standards for temporary dry or wet storage, or
for permanent underground storage. The most common materials of
construction include steel and concrete. The wall thickness of the package is
generally thick in comparison to the contained volume. Currently, nuclear
waste is stored at temporary locations, including water basins in nuclear power
plants and at dry locations above ground. Deep underground storage in Yucca
Mountain, Nevada has been proposed as a permanent storage solution.

Corrosion is not considered a major issue in the transportation of nuclear wastes due to the stringent packaging
requirements and the relatively short duration of the transport;**® however, corrosion is an important issue in the
design of the casks used for permanent storage, which have a design service life of several thousand years. In 1998,
the Office of Civilian Radioactive Waste Management in DOE published an analysis of the total life-cycle cost for
the permarent disposal of radioactive waste in Yucca Mountain, Nevada."” This analysis was based on the most
current plaas, strategies, and policies. The total estimated repository cost by the construction phase (2002) was
estimated at $4.9 billion, with an average cost per year (from 1999 to year 2116) of $205 million. It is anticipated
that about 20 percent of this annual cost, or $42 million, is corrosion-related.
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Summary of Sector Studies

Table 7 shows the costs of corrosion for each industry sector analyzed in the current study. The dollar values
are rounded to the nearest $0.1 billion because of the uncertainty in the applied methods. The total cost of corrosion
in the analyzed sectors was $137.9 billion per year. Figure 28 shows the data in graphical form. The cost of
$137.9 billion was believed to be a very conservative estimate. In each sector, only the *major” corrosion costs
were considered. In addition, even major costs were left out when no basis for an estimate was found; most notable
were: (1) no operation and maintenance costs were included for the Chemical, Petrochemical, and Pharmaceutical
sector, (2) no capital costs were included for the Pulp and Paper sector, (3) no capital costs were included for the
Gas and Distribution sector, and (4) replacement costs were considered only for water heaters in the Home
Appliances sector. In most cases, conservative estimates were made when no basis was available; otherwise, most
notable was that only 5 percent of water heaters are replaced due to corrosion. Therefore, the total cost of corrosion
is a conservative value and is probably higher than that presented in this study.

Table 7. Summary of estimated direct cost of corrosion for industry sectors analyzed in this study.

ESTIMATED DIRECT
COST OF CORROSION
CATEGORY INDUSTRY SECTORS APPENDIX PER SECTOR
% x billion percent*
Highway Bridges D 8.3 37
Gas and Liquid Transmission Pipelines E 7.0 31
Infrastructure |Waterways and Ports F 0.3 1
(16.4% of total) |Hazardous Materials Storage G 7.0 31
Airporis H ok *¥
Railroads 1 ek ok
SUBTOTAL $22.6 100%
Gas Distribution J 5.0 10
Utilities Drinking Water and Sewer Systems K 36.0 75
(34.7% of total) |Electrical Utilities L 6.9 14
Telecommunications M i **
. SUBTOTAL $47.9 100%
Motor Vehicles N 234 79
Transportation Ships o 2.7 2
(21.5% of total) Antcraft P 2.2 7
Railroad Cars Q 0.5 2
Hazardous Materials Transport R 0.9 3
SUBTOTAL $29.7 100 %
0il and Gas Exploration and Production S 1.4 8
Mining T 0.1 1
Petroleum Refining U 3.7 21
Production and |Chemical, Petrochemical, Pharmaceutical \Y 1.7 10
Manufacturing  |Pulp and Paper W 6.0 34
(12.8% of total) |Agricultural X 1.1 6
Food Processing Y 2.1 12
Electronics Z il *x
Home Appliances AA 1.5 9
SUBTOTAL $17.6 100%
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Table 7. Summary of estimated direct cost of corrosion for industry sectors analyzed to this study (continued),

ESTIMATED DIRECT

CATEGORY INDUSTRY SECTORS APPENDIX | COST OF CORROSION
PER SECTOR
$ x billion percent®
Government  |Defense BB 20.0 99.5
(14.6% of total) Nuclear Waste Storage CC 0.1 0.5
SUBTOTAL $20.1 100%
TOTAL| $137.9

*Individual values do not add up to 100% because of rounding.
**Corrosion costs not determined.

Highway Bridges

Gas and Liquid Trans, Pipelines
Waterways and Ports

Hazardous Materials Storage
Airports”

Railroads*

Gas Distribution

Drinking Water and Sewer Systems
Electrical Utilities
Telecommunication*

Motor Vehicles

Ships

Aircraft

Railroad Cars

Hazardous Materials Transport
Oil and Gas Explor. and Production
Mining

Petroleum Refining

Chem., Petrochem., Pharmaceutical
Pulp and Paper

Agricultural

Food Processing

Electronics*

Home Appliances

Defense

Nuclear Waste Storage

$36.0

$0 $10 20 $30 $40
Cost of Corrosion per Analyzed Economic Sector (3 x billion)

*Not determined

Figure 28. Summary of estimated direct cost of corrosion for industry sectors analyzed in this study.

These data show that the highest corrosion costs are incurred by drinking water and sewer systems. The largest

value of $36.0 billion per year for both types of systems together is due to the extent of the water transmission and
distribution network in the United States. For the U.S. population of 265 million people, an average of S50 L

(145 gal) per person per day is used for personal use and for use in production and manufacturing. The metal piping
systems are aging and will require increased maintenance in the future. For the drinking water sector, large indirect
costs are expected as well, but are not quantified in the current study.
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The second largest corrosion cost ($23.4 billion per year) was found in the motor vehicles sector. With more
than 200 million registered vehicles, the corrosion impact consists of corrosion-related depreciation costs
(62 percent), corrosion-resistant materials of construction (10 percent), and the cost of increased maintenance
because of corrosion (28 percent). The indirect cost in this sector is expected to be large, especially because of the
time users of motor vehicles lose when having to deal with car maintenance and repair.

The third largest corrosion cost ($20 billion per year) was observed in defense systems. Reliability and
readiness are of crucial importance, and thus, military vehicles, aircraft, ships, weapens, and facilities must be
continuously maintained. A determining factor in the defense sector is the readiness for operation under any
circumstance and in corrosive environments such as seawater, swamps or wetlands, and in rain and mud.

Large corrosion costs were also found in the sectors for highway bridges {$8.3 billion per year), gas and liquid
transmission pipelines ($7.0 billion per year), electrical utilities (36.9 billion per year), pulp and paper ($6.0 billion
per year), and gas distribution ($5.0 billion per year). There were two factors that were important for these sectors:
(1) large number of units, and (2) severely corrosive environments. The following lists specific concerns regarding
corrosion for some of the sectors that have large corrosion costs:

o  The national system of highways requires many bridges to be maintained. With the
commonly used approach that bridges are constructed to have a design life, rather than “being
there forever,” the burden to maintain and repair this infrastructure will continue to grow
because of aging components.

s The network of transmission pipelines is quite large [779,000 km (484,000 mi)] and transports
potentially corrosive liquids and gas, which makes their operation sensitive to public opinion
related to environmental spills and highly publicized ruptures. Although pipelines have
proven 1o be the safest way 10 transport large quantities of product over long distances,
preventing corrosion costs is a significant cost.

o  The same argument for potential spills (0il) holds for the hazardous materials storage sector.
Corrosion protection is a significant cost per tank for both underground and aboveground
tanks, and the total number of HAZMAT storage tanks is estimated at 8.5 million.

+ Electrical utilities have large corrosion costs due to the effected operation and maintenance
costs, depreciation costs, and the cost of forced outages. The greatest cost is found for nuclear
power-generated plants, because of the higher inspection frequency in nuclear plants as
opposed to fossil fuel plants.

¢  The pulp and paper industry uses corrosive media to make pulp from wood. Changes in
processing conditions over the last decades have had a significant impact on the materials
used for construction. Paper quality and processing reliability are driving spending in this
sector.

In the following discussion, the individual sector analyses will be extrapolated to calculate total corrosion costs
in the United States.

DISCUSSION
Extrapolation to Total Cost of Corrosion

Since not all BEA industry categories were examined, the sum of the estimated direct corrosion costs of the
analyzed industry sectors does not represent the total cost of corrosion in the entire UU.S. economy. Table 8 shows
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how the corrosion costs of the analyzed sectors are distributed over the BEA categories and how the extrapolation
was executed to calculate the total cost of corrosion in the United States.

The impact of corrosion (total direct cost) showed large differences between the BEA industry categories (see
figure 29a). The largest impact is for the Transportation and Utilities, and Manufacturing. Construction is large as
well because it is extrapolated assuming the same corrosion impact as Transpertation and Utilities. If the direct
corrosion costs are expressed as a percentage of the GDP of the BEA industry category, the relative impact can be
shown (see figure 29b). The largest relative impact (in percent) is seen for the Transportation and Utilities,
Construction, Federal Government, and Manufacturing BEA categories.
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Table 8. Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 1).S. GDP for BEA industry categories.

Cost of .
. Non- Cost of .
Detailed | Covered Covered Co::os?on Corrasion for Ig-ggio«f:?:l‘ Ext(r:zspto::}ted
BEA Categories BEA Subcategories Appendix Sector Name GDP GDP GDP Covered y
per Sector GDP Corrosion
Sectors
$ x billion | $ x billion | $ x billion | $ x billien $ x billion % $ x billion
Agricultural, Korestry,| g, o ooricultural services X Agriculaural 1273 127.3 i1 1 0.86% i
and Fishing . N -1
Metal, coal, and non-metallic minerals T Mining 28.2 0.1
Mini i 3 i 105.6 1.5 1.42% 1.5
e Oil and gas extraction S Oil and Gas‘Explorallon 774 1.4
. and Production
Motor vehicles and equipment 72% of N (*) | Motor Vehicles 107.2 16.9
Miscellancous manufacturing industries AA Home Appliances 25.7 15
Food and kindred products Y Food Processing 124.8 2.1
Paper and allied products 55.1
A - W Pulp and Paper 6.0
Printing and publishing 94.0
G Hazardous Materials 663.2 70 389 587% 38.9
Chemicals and altied products Storage . 1684
Chemical, Petrochemical,
87.5% of V (**) . 1.5
Pharmaceutical
Rubber and miscellaneous plastics 12.5% of V (++) Chemical, P.etrochcnncal, 551 02
roducts Pharmaceutical
Petroleum and coal products U Petrolcum Refining 32.9 3.7
Electronics and other electric equipment Z (¥Fr*) Electronics 172.8 No I(;,lsat:;;mlc
Manufacturing
Lumber wood products - - 41.4
Furniture and fixtures - - 24.1
Stone, clay, and glass products - - 38.2
Primary metals industry - - 54.1
Fabricated metals products - - 1022 Same as in
- T - 7729 analyzed 453
Industrial machi d t - - 150.8 4
ndustrial machining and equipmen i sectors. 5.87%
Other transportation equipment - - 59.2
Instruments and related products - - 57.7
Tobacco products - - 168
Textile mill products - - 254
Apparel and other textile products - - 258
Leather and leather goods - - 4.2
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Table 8. Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 U.S. GDP for BEA indusiry categories (continued).

Cost of .
. n- of . Corr E
Detailed | Covered CNO od CCOSt . Corrosion for ¥ 9s10nf xtrapol:;ted
BEA Categories BEA Subcategories Appendix Sector Name GDP GDP over Orrosion | = Covered raction o Cost o
GDP  |per Sector GDP Corrosion
| Sectors | ]
$ x billion | $ x billion | $ x billion | $ x billion | $ x billion %o $ x billion
. . Hazardous Materials
Trucking and warchousing R Transport 109.3 09
Rai ars .
Railroad transportation ailroad Cars a6 95
: : I Railroads ' Na estimate
Local and interurban passenger transit made
. (0] Ships 27
Water transportation 14.1
F Waterways and Ports 03
P Aircraft 22
Transportation by air H Airports 88.2 4653 No estimate 61.5 13.22% 61.5
Transportation and - s and Lieer made
Utilities T S Jas an quli
Pipelines, except natural gas 68% of E (¥*+*) Transmission Pipelines 6.1 48
Gas and Liquid
Ak
32 of E(**%) Transmission Pipelines 22
Electric. G J Sani Servi ] Gas Distnbution 206.0 50
ectric, Gas, and Sanitary Services " Drinking Water and X o
Sewer Systems ’
L Electrical Utilities 6.9
Communicattons, inc. telephone, radio, TV] M (***4) Telecommunications 234.1 No estimate Same as in
made analyzed
262.6 - sectors: 347
Transportation services - - 285 - 13.22%
Auto repair services and parking 28% of N (*) | Motor Vehicles 80.9 809 6.5 6.5 8.03% 6.5
Miscellaneous repair services - - 245 24.5 - - Same as in 2.0
B analyzed
Amusement and recreation - - 722 122 - - sector: $.03% 58
Hotels and other lodging places - - 76.0
Personal services - - 554
Business services - - 4471
. Motion pictures - - 28.8
Services -—
Health services - - 492.6
Legal services - - 1164 1.659.6 - - 0.0% 0
Educational services - - 66.7
Social services - - 57.1
Membership organizations - - 54.0
QOther services - - 2515

Private househalds

14.0




Table 8. Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 U.S. GDP for BEA industry categories (continued).

09

Cost of .
D | Covre | 0| (S oo tor| ST | Eraplat
p ies i i GDP GDP
BEA Categories BEA Subcategories Appendix Sector Name 7! GDP |per Sector Covered GDP Corrosion
Sectors
§$ x billion | $ x billion | $ x billion | $ x billion | $ x billion % $ x billion
Same as in
Construction Construction - - 3781 378.1 ; i Utilities 50.0
' Category: )
13.22%
Wholesale Trade Wholesale trade - - ) B 6109 610.9 - - 0.0% 0
Retail Trade Retail trade - - 796.8 796.8 - - 0.0% 0
Finance, Insurance, Finance, insurance, and real estate - - 1,689.4 1,680.4 - - 0.0% 0
and Real Estate
Statistical Discrepancy| Statistical discrepancy - -24.8 248 - - 0.0% 0
BB Defense 200 20.0
Federal gencral government cns 298.6 298.6 ) 6.70% 20.1
Federal CC Nuclear Waste Storage 0.1 0.1
Federal government enterprises - - 62.1 62.1 - - 0.0% 0
State and local general government DD Highway Bridges 680.7 G6RO.7 8.3 8.3 1.22% 8.3
State and Local -
State and local government enterprises - - 64.4 64.4 - - 0.0% 0
TOTAL in
- TOT
TOTAL | Covered Non Sectors That .O AL
Covered | TOTAL in U.S.
GDP GDP GDP Were Econom
Analyzed y
$8,790.1 $2,421.6 $6,368.5 $137.9 $137.9 $275.57
27.55% 7245% 3.1% of GDP

*Based on the estimated cost of corrosion of motor vehicles found in the sector analysis, 72% is assigned to Manufacturing Motor Vehicles and Equipment, while 28% is assigned to Auto Repair
Services and Parking.

**]2.5% of the total value of shipments in the Chemical, Petrochemical, and Pharmaceutical industry is for Plastics Material and Resin Manufacturing (11.0%) and Synthetic Rubber
Manufacturing (1.5%).

**+*Based on the mileage of transmission and gathering pipelines (328,000 km for gas and 154,000 km for oil), 32% of the corrosion costs of transmission pipelines is assigned to liquid lines, and
68% to gas lines.

****+Placed in non-covered GDP, because the sector analysis for Electronics and for Telecommunications resulted in “no estimate made.”
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Figure 29a. Direct corrosion costs per BEA industry category.
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Figure 29b. Corrosion costs as a percentage of GDP per BEA industry category.
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The total cost of corrosion in the analyzed sectors was $137.9 billion per vear. This estimate was based on
detailed analysis of industrial sectors that are known to have a significant corrosion impact. The sum of these
sectors represented 27.55 percent of the GDP. Based on the procedure for extrapolation, which used the percentage
of cost of corrosion for BEA subcategories, an estimated total direct cost of corrosion of $275.7 billion per year was
calculated. This is 3.1 percent of the 1998 U.S. GDP.

Figure 30 illustrates the impact of corrosion on the nation’s economy. The purpose of this figure is to show the
relative corrosion impact (3.1 percent) with respect to the total GDP. In fact, corrosion costs are as great as or
greater than some of the individual categories, such as agriculture and mining.

Extrapolated
Corrosion Costs:
$276 billion, 3.1%

1998 U.S. Gross
Domestic Product
($8.79 trillion)

Figure 30. Diagram illustrating the impact of corrosion on the U.S. economy.

It must be noted that a straight, linear extrapolation is not recommended because of the expected lower overall
corrosion impact in some of the non-analyzed sectors (i.e., Wholesale Trade, Retail Trade, and Finance, Insurance,
and Real Estate). If one would proceed with the linear extrapolation, the $137.9 billion for 27.55 percent of GDP
would result in an estimate of total annual direct corrosion cost of $500.5 billion per year (5.8 percent of GDP) (see
figure 31). However, a doubling of the extrapolated direct costs may be justified if indirect costs would be taken
into account.

In comparison, the non-linear extrapolation shows a stepwise, cumulative calculation for total corrosion cost.
Table 9 shows a summary of the partial and cumulative fractions of the GDP for different industry categories, and
the corrosion cost that was analyzed and/or extrapolated for each. Figure 32 shows the non-linear extrapolation
graphically, and figure 33 shows the corrosion cost per BEA category.
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Figure 31. Ilustration of linear extrapolation of cost of corrosion based on the assumption that non-analyzed
sectors have a corrosion impact that is identical to the analyzed sectors,
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Figure 32. Tllustration of non-linear extrapolation of cost of corrosion based on assumption that non-analyzed
sectors have a different corrosion impact, depending on industry category.
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Table 9. Schematic for non-linear extrapolation graph.

Corrosion | Cumulative Cumulative
GDP GDP Corrosion
Cost GDP
Cost
% x billion % $ x billion e $ x billion

Agricultral, Forestry, 127.3 1.448 1.1 1.45 1.1

and Fishing

Mining 105.6 1.201 1.5 2.65 2.6

Manufacturing 663.2 7.545 38.9 10.19 41.5
ANALYZED Transportation and Utilities 465.3 5.293 61.5 15.49 103.0

Services 80.9 0.920 6.5 16.41 109.5

Federal Government 298.6 3.397 20.1 19.81 129.6

State and I.ocal Government 680.7 7.744 83 27.55 1379

Manufacturing 772.7 8.791 45.3 36.34 183.2

Transportation and Utilities 262.6 2.987 347 39.33 217.9

Services - Misc. Repair 24.5 0.279 2.0 39.01 2199

Services - Amusement 722 | 0821 5.8 40.43 225.7

and Recreation

Services - Other 1,659.6 18.880 59.31 2257

Construction 378.1 4.301 50.0 63.61 2757
EXTRAPOLATED

Wholesale Trade 610.9 6.950 70.56 275.7

Retail Trade 796.8 3.065 79.62 275.7

Finance, Insurance, 1,680.4 | 19.219 98.84 275.7

and Real Estate

Statistical Discrepancy -24.8 -0.282 98.56 2757

Federal Government 62.1 0.706 99.27 2757

State and Local Government 64.4 0.733 - 100.00 2757

TOTAL $8,790.1 | TOTAL $275.7

64




Corrosion Costs and Preventive Strategies in the United States

Extrapolated Corrosion Costs: $276 billion, 3.1% of GDP
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Construction
18.1%

Manufacturing
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Figure 33. Total direct corrosion costs for BEA categories.

The direct corrosion costs were estimated based on direct costs to the owners or operators. The indirect costs
incurred by other than owners or operators were not included in the cost estimates. Definitions of direct and indirect
costs are given in “Economic Analysis” (Appendix C). For one particular economic sector, i.e. Highway Bridges
{Appendix D), an attempt was made to estimate the indirect costs to users of bridges. An analysis of the indirect cost
for bridges indicated that the indirect cost due to traffic congestion during repairs, resulting in lost productivity, can
be 10 times or more greater than the direct bridge cost of corrosion. Analysis of electrical utilities indicated that the
indirect costs (taxes and overhead costs to the user) were 1.7 times the direct cost to the utility owner/operator.

At 3.1 percent of the GDP, the cost of corrosion to the U.S. economy is already significant if only based on the
direct cost of corrosion. However, the impact of corrosion can be significantly greater when indirect costs are
included. The assumption can be made that the indirect costs over the entire industry can be equal to, if not greater
than, the direct costs. This would result in a total direct and indirect impact of corrosion of approximately
$551.4 billion annually, or 6.3 percent of the GDP (see figure 34).
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Figure 34. Comparison of methods to determine total U.S. cost of corrosion.

Comparing the total impact of corrosion (direct costs + indirect costs), based on the extrapolated values from
the industry sector costs ($551.4 billion per year) ta the cost of products and services used for corrosion control
methods ($121 billion), shows a considerable difference in cost. This difference can be explained by the fact that in
the latter estimation, only materials and outside services are included. As demonstrated, a large portion of the cost
of corrosion is owner/operator corrosion management (not included in “outside services”) and indirect costs.

In the above analysis, a best effort was made to extrapolate without bias, so that neither a high nor a low cost
number would be achieved. However, it was decided to err on the conservative {low) side of the cost of corrosion
when estimating sector costs. The following provides specifics on the justification for the extrapolations made in
this study:

o  The sectors for Electronics and Telecommunications were arranged under the non-covered
portion of the GDP, because the sector analyses resulted in "no estimate made.” The average
percentage for Manufacturing was applied to extrapolate for Electronics and the average
percentage for Transportation and Utilities was applied to extrapolate for
Telecommunications.

o  The data from the analyzed sectors showed that it is justified to assign more weight (larger
percentage) to the economic categories of Transportation and Utilities (13.22 percent),
Manufacturing (5.87 percent), and Repair Services (8.03 percent) than to other categories.
For Manufacturing, sectors totaling $663.2 billion were analyzed in detail and extrapolated to
the non-analyzed $772.7 billion in this category. For Services, no other data were available
than the coarse estimate of 28 percent of the motor vehicles cost under Auto Repair Services
and Parking. It was judged that Miscellaneous Repair Services and Amusement and
Recreation may have the same impact (8.03 percent); therefore, those two categories were
extrapolated, while the corrosion impact in the other Services was assumed to be zero.
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Identifying corroding components in sectors related to Wholesale Trade, Retail Trade, and
Finance, Insurance, and Real Estate is difficult. In these categories with low corrosion impact
(no large capital investments in equipment and buildings that could be susceptible to
corrosion), the cost of corrosion was estimated to be zero. The same reasoning was used for
the category of Government (non-defense).

The BEA industry category Construction was extrapolated using the average percentage
determined for Transportation and Utilities. This category did not have an analyzed industry
sector. However, it was judged that the methods used to protect buildings from corrosion are
also used to protect buildings in power plants, airports, railroads, pipelines, drinking water,
sewage, and natural gas.

It was considered that categories such as Real Estate (for example, buildings in marine
environments, corrosion of parking garages, and corrosion of metallic siding) could possibly
be underestimated. After evaluating this issue, it was found that this would not be significant,
because Real Estate was listed in the BEA category under Finance, Insurance and Real Estate.
This can be interpreted to address the economical process of buying and selling real estate.
The extrapolation of Construction, using the average percentage for Transportation and
Utilities, is intended to include corrosion concerns in buildings and structures, for both new
construction and existing structures.

In the category Goverament no other corrosion impact was identified other than Defense and
Nuclear Waste Storage. One could suggest that a significant corrosion impact would have
been overlooked for the large number of government installations and buildings, and for
government vehicles (for example, postal service and police cars). However, all of these
items are considered to be covered sufficiently under Construction {(extrapolated to be

$50.0 billion in tablc 8) and Motor Vehicles.

In the current research, no extrapolation was made for Wholesale Trade and Retail Trade.
Only if it would be assumed that large additional inventory would be kept to replace corroded
itemns, then a cost of corrosion could be assigned. However, in today's business environment,
companies keep minimum inventory and work with the shortest possible lead-time for
ordering parts. It is known that the quantities of replacement equipment that are held in
inventory have decreased during the last decades. Therefore, no large corrosion cost 1s
expected for inventory. It is possible that the cost of lost time during the procurement of
replacements is significant, but that cost was not quantified in the current study. Because of
the absence of detailed data and the expected low corrosion cost, it was judged that assigning
zero corrosion cost would be reasonable.

Summary of Total Cost of Corrosion Calculation

The research presented in this report showed that the direct cost of corrosion in the United States was
approximately $275.7 billion per year, which is 3.1 percent of the GDP. The industrial areas with major corrosion
impact are the transportation and utilities industry; the manufacturing industry; and federal, state and local
governments. This percentage lies in the range that previous studies for various countries showed in the past.
However, the current study was more detailed and specified corrosion costs using two methods: (1) cost of
corrosion control methods and services, and (2) corrosion costs in individual industrial sectors. It is estimated that
the indirect cost to the end user can double the economic impact, making the cost of corrosion, including indirect
costs, $551.4 billion or more.

Of the corrosion control methods, paints and corrosion-control coatings make up the largest portion. Other
commonly used methods include the use of corrosion-resistant metals and alloys, the application of cathodic and
anodic protection, the use of corrosion inhibitors, and the use of polymers. The cost of corrosion-related services
was estimated to be small.
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The aging infrastructure of drinking water and sewer systems is critical, a large cost is incurred in the
corrosion-related depreciation of motor vehicles, and large costs are incurred for corrosion prevention maintenance
of critical defense equipment and vehicles. Highway bridges have large and increasing costs because of the aging
and expanding highway network. Gas and liquid transmission pipelines and natural gas distribution pipelines have
large corrosion costs because of environmental and safety considerations. A large corrosion cost is related to
aboveground and underground storage tanks for hazardous materials. Exterior and interior coatings, and cathodic
and anodic protection systems make up a significant portion of tank costs, and maintenance and repair of the large
number of tanks are expensive as well. The electrical utilities incur corrosion-related costs in operation and
maintenance, depreciation, and forced outages. The pulp and paper industry has significant corrosion costs because
of the environments used in the pulping processes and the restrictions on the use of chemicals and water.

Other industrial sectors were found to have significant corrosion cost as well. Ships and aircraft require
regular corrosion-related maintenance. The oil and gas industry has significant costs for exploration and production,
and the petroleum refining portions of their businesses, and for the previously mentioned pipelines. Various
manufacturing industries have corrosion costs, which are mostly related to the reliability and quatlity of the
production process. Forced outages must be prevented by the application of corrosion protection systems and the
use of preventive inspection and maintenance.

CONCLUSIONS
Preventive Strategies, Barriers, and Recommendations (Appendix DD)

The nation’s infrastructure is essential to the quality of life, industrial productivity, international
competitiveness, and security. Everything depends upon a functional, reliable, and safe infrastructure system,
including food, water, and energy needs; transportation for work; education and recreation; the production and
delivery of goods and services; communications; and the treatment and disposal of wastes. Each component of the
nation’s infrastructure, such as highways, airports, water supply, waste treatment, energy supply, and power
generation, represents a complex system and significant investments.

Corrosion is damage that results from the interaction of structures and materials with their environment. In
some cases, cortosion damage is tolerable and perhaps only leads to somewhat higher maintenance costs and
minimal losses; however, corrosion can result in catastrophic failures with loss of life and disruption of essential
services. In fact, corrosion is a primary cause of degradation and a principal threat to the nation’s infrastracture. As
documented in this report, the direct costs of corrosion represent 3.2 percent of the U.S. GDP, and the total costs to
society can be twice that or greater. The infrastructure replacement cost is a major driver in the economic impact of
corroston and can be greater still if corrosion prevention strategies are not properly employed. The opportunities for
savings through improved corrosion control are presented in every industrial sector and can be significant.

The principal challenges in realizing the significant savings that result from improved corrosion control include
an unfortunate lack of awareness of corrosion costs by the public and policy-makers, and a widely held
misconception that nothing can be done about corrosion. The opportunities and the challenges for better corrosion
control fall into two categories: First, there are technical issues for the realization of technological advances and the
implementation of those advances. Second, there are non-technical issues of perception regarding the policies and
the practices used for improved corrosion control. Strategies are presented for progress in both categories.

There is an increasing recognition and a growing shift in emphasis from the building of a new infrastructure to
the preservation and extended use of existing infrastructure. In Connecting America — 1999 Report to the Nation,”™
the Federal Highway Administrator noted that FHWA has shifted focus from constructing new highways to
preserving and operating existing highways. Increased capacity, greater safety, and a longer life are desired from
the existing infrastructure. The critical need for progress in preservation and extended use is also pertinent to the
“invisible” infrastructure (i.e., those components of the infrastructure that are not recognized by the public and
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whose performance is taken for granted until a failure or loss of service occurs). This “invisible” infrastructure
includes items such as water mains, gas and oil pipelines, power plants, and telecommunications systems.

The preservation and the extension of the useful life of existing infrastructure is a great challenge because of
the long lives that are desired. The operating life of critical components of the infrastructure is often extended well
beyond the original design service life. For instance, the Brooklyn Bridge was constructed in 1883. Furthermore,
there are cast-iron water mains that were constructed in the early 1900s and remain in service today. These water
mains continue to be a critical component for the municipal water supplies even after nearly 100 years of use.

While the focus may recently have shifted from building a new infrastructure to the preservation and extended
use of the existing infrastructure, the necessary changes in public attitudes; adjustments to the allocation of
resources; changes to the industrial, government, and academic institutions; and revisions to policies, practices, and
procedures have only just begun. The adjustments made to date do not adequately address the needs and
opportunities. There are great opportunities for increased integrity, durability, and savings; however, both systemic
and programmatic corrections are required so that these benefits can be realized.

In the remainder of this section, the opportunities for improved corrosion prevention and control for increased
integrity, durability, and savings are presented. Barriers to progress and the effective implementation of improved
corrosion control and prevention are identified, and implementation strategies are recommended.

Preventive Strategies

Prior studies, as well as the current study of the costs of corrosion, have found that there are significant
opportunities for major savings across the entire economy and within a wide range of industrial sectors.
Opportunitics for the U.S. infrastructure were emphasized in this study.

It is widely recognized that there is a significant annual shortfall between investment requirements and
available revenues for improvement of our public works infrastructure. The issue is addressed in Infrastructure for
the 21" Century, a report of the Committee on Infrastructure Innovation, National Research Council, 1987.7% A
framework for a research agenda for the technological improvement of the nation’s infrastructure is presented. This
study provides a solid underpinning for the current work on the impact of corrosion.

Improved corrosion control and management practices address the critical issue of our nation’s aging
infrastructure and the crucial shortfall between investment requirements and available revenues. There are
cost-effective corrosion management procedures that significantly extend the service life of existing systems and
reduce new construction and replacement requirements. Unfortunately, these preventive strategies often have not
been recognized and applied. Examples are presented in the sector studies for cast-iron water mains in municipal
water systems, underground storage tanks, and gas transmission pipelines. In addition, advanced design practices
for better corrosion management can extend the service life and reduce total life-cycle costs. Examples are
presented in the sector studies for highway bridges and for a major procurement of military (HMMWYV) vehicles.

The large corrosion costs and the potential for savings provide opportunities for government, industry, and
academia. Government and industry can reduce their costs from the direct impact of corrosion. This study has
estimated that the indirect costs of corrosion are equal to or greater than the direct costs (up to 10 times greater for
the life-cycle cost of bridges when loss of productivity due to traffic delays is considered) affecting government,
industry, and the public. Advanced technology comes from the research and development efforts of the government,
industry, and university laboratories. There are opportunities for focused studies and cross-disciplinary,
collaborative work.
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Preventive Strategies in Non-Technical Areas

Changes in non-technical areas are crucial to many corrosion cost-savings opportunities. Policy and
management practices set the framework for the decision-making and the resource allocations that ultimately favor
or restrict the effective implementation of sound corrosion management. Progress is required in the following areas:

Increase awareness of the significant corrosion costs and potential savings.

Change the misconception that nothing can be done about corrosion.

3. Change policies, regulations, standards, and management practices to increase corrosion
cost-savings through sound corrosion management.

4. Improve education and training of staff in the recognition and control of corrosion.

B3 =

Preventive Strategies in Technical Areas

Opportunities for increased integrity, durability, and savings have both technical and non-technical aspects.
The latter include the policy and management practices that determine the form and the substance of corrosion
control. Technological advances hold the answers to many of the corrosion cost-savings opportunities. Systemic
and programmatic changes are required for both the research and the development phases, as well as the technology
transfer and implementation phases. Progress is required in the following areas:

1. Advance design practices for better corrosion management.
2. Advance life prediction and performance assessment methods.
3. Advance corrosion technology through research, development, and implementation.

In the individual sector studies, numerous challenges and missed opportunities are presented. “Preventive
Strategies” (Appendix DD) addresses the issues, benefits, approach, and recommendations concerning these
opportunities.

Barriers

Barriers to Progress and Effective Implementation

While corrosion management has improved over the past several decades, the United States is still far from
implementing optimal corrosion control practices. There are significant barriers to both the development of
advanced technologies for corrosion control and the implementation of those technological advances. In order to
realize the savings from the reduced costs of corrosion, changes are required in three areas: the policy and
management framework for effective corrosion control, the science and technology of corrosion control, and the
technology transfer and implementation of effective corrosion control. The policy and management framework is
crucial because it governs the identification of priorities, the allocation of resources for technology development,
and the operation of the system for implementation.

Barriers to Improved Policy and Management

The following are barriers to more effective policy and management practices for improved corrosion
prevention and control:

Lack of awareness of significant corrosion costs and potential savings.
Fragmentation of funding and policy responsibilities.

Short-range and near-term mentality.

Negative impact of deregulation.
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Lack of Awareness of Significant Corrosion Costs and Potential Savings

The greatest barrier to progress in the policy and management areas regarding the high costs of corrosion and
the potential savings is a lack of awareness by the management and policy-makers. Corrosion costs are often not
recognized, and the impact of these costs on profitability and productivity are not considered. Moreover, too often
where major corrosion problems become apparent, cost-effective remedial methods and cerrosion control
technologies are not fully utilized.

Fragmentation of Funding and Policy Responsibilities

The policy and management decisions that concern the assessment of corrosion costs are scattered throughout
and across multiple organizations. There is no systematic approach to the consideration of corrosion costs and
potential savings. Changes to “business as usual” are impeded by organizational inertia. Because of this inertia,
existing specifications, regulations, and standards are not readily or quickly changed to incorporate cost-saving
technology.

Short-Range and Near-Term Mentality

The increasing attention and pressures on short-range performance and the next quarterly report do not favor
sound corrosion control practices. Well-conceived and irrefutable life-cycle cost-saving practices may not show
benefits in the short-term analysis. Favorable economic analysis of effective increased capital costs and preventive
maintenance for corrosion control require the consideration of life-cycle costs. Corrosion damage may be inevitable,
but it is seldom instantaneous. Today’s decisions, such as deferred maintenance, will result in definite and
irreversible damage.

Negative Impact of Deregulation

The deregulation of major industrial sectors has a great potential for a negative impact on cost-effective
corrosion control. Few of the barriers to the realization of corrosion cost-savings are lowered or removed by
deregulation. For example, deregulation typically results in fragmentation and increases the pressures on short-term
profit-making.

Barriers to Technological Advances for Corrosion Cost-Savings

The following are barriers to technological advances to reduce corrosion costs:

Fragmentation of organizations, responsibilities, and resources.
Corrosion problems are complex and multidisciplinary.
Erosion of corrosion research capabilities in the United States,
Negative image and perception.

Fragmentation of Organizations, Responsibilities, and Resources

Corrosion science and technology efforts are scattered throughout industrial and government organizations.
The advantage of this is that corrosion control can be integrated within a system’s approach to performance,
reliability, and durability. Unfortunately, these integrated efforts are rare, minimal, and scattered.
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Corrosion Problems Are Complex and Multidisciplinary

Materials science, electrochemistry, surface science, mechanics, and electrical expertise are all often required
to address corrosion issues. It is often difficult to assemble an effective team with expertise in these varied
disciplines. Problems arise when this varied expertise is not available and when there is inadequate funding to
support the effort. “Quick fixes™ are therefore used in solving corrosion problems and in making advances.

Erosion of Corrosion Research Capabilities in the United States

The laboratories and the institutions for corrosion research have been reduced and weakened. In many cases,
there are not enough laboratories and institutions left to effectively undertake a major single or collaborative effort.
Manufacturers call upon their suppliers for technological advances; however, suppliers have insufficient resources
and commitment. For example, all metal producers have severely reduced or eliminated their research and
development efforts. There have been major reductions and cemplete elimination of technical groups because of
downsizing and consolidation. Institutions such as the Electric Power Research Institute (EPRI) and the Gas
Research Institute (GRI), now the Gas Technology Institute (GTI), are under severe pressure 1o sustain funding or to
reduce their budgets. The programs of these industry-focused institutions are endangered. Few government
agencies have focused efforts in corrosion control commensurate with the magnitude of corrosion problems and
opportunities. Furthermore, there is no national agenda for improved corrosion control.

Negative Image and Perception

Corrosion is a negative, deterioration-inducing, and life-threatening phenomenon. Success with damage
prevention and life extension is not deemed as worthy of news releases or awards as are new designs and
construction. No awards are known to exist for successfully maintaining and preserving the life of a structure;
however, there are numerous awards for new designs and practices in architecture and civil engineering.

Barriers to the Implementation of Effective Corrosion Control

The following are barriers to the implementation of effective corrosion control to reduce corrosion costs:

e  Absence of a strong market incentive.
e Lack of presentation of corrosion technology in a usable form.
¢ Uncertainty in the calculation of savings.

Absence of a Strong Market Incentive

There is often a disparity between those who control corrosion costs and those who incur the costs. This can
lead to a mentality of “build it cheaper and fix it later” and a disregard for life-cycle costs. The situation is
exacerbated when the builder is not made responsible for the repair costs (for example, federal funds are used to
build bridges, yet state funds are used to maintain the bridges). This can lead to conflicts in the trade-off between
lower construction costs and higher maintenance costs. In addition, the indirect costs of corrosion, often borne by
the public, may not be allocated to the owner/operator. Conversely, the owner/operator cannot take credit for or
receive additional compensation for long-term savings.

Lack of Presentation of Corrosion Technology in a Usable Form

Progress is required in the presentation of corrosion science and technology to designers, engineers, and
operators in terms and formats that can be understood and effectively applied. Presently, information is not readily
available and usable by the decision-makers in the design, manufacture, and operation phases.
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Uncertainty in the Calculation of Savings

Greater uncertainty reduces confidence and increases the reluctance to incur additional initial costs with the
promise of increased savings later. The science and procedures of life prediction and performance assessment are
areas of active research that continue to evolve. Incorporation of corrosion damage into these models is a
particularly difficult challenge. While cost-benefit procedures are well established, there are no long-term
performance data (except for accelerated laboratory testing data) for new technologies for input into the calculations;
rather, estimates of performance under different operating scenarios are used (the uncertainty in these estimates can
be great).

Recommendations
An implementation strategy is needed for progress in three important categories:

s Policy and management framcwork to realize corrosion cost-savings.
¢ Technological advances for corrosion cost-savings.
* Implementation of more effective corrosion control.

The goal should be to develop and carry out a national agenda to reduce the economic impact of corrosion. No
simple solution or single strategy will accomplish this goal; rather, progress can be made on several fronts, any of
which will have significant benefits.

Advances in management and public policy, as well as advances in science and technology, are required. It is
necessary to engage a larger constituency comprised of the primary stakeholders, government and industry leaders,
the general public, and consumers. A major challenge involves disseminating corrosion awareness and expertise
that are currently scattered throughout government and industry organizations. In fact, there is no focal point for the
effective development, articulation, and delivery of corrosion cost-savings programs.

Two major recommendations are made below, followed by sets of recommendations in the areas of policy,
science, and implementation.

Recommendation to Form a Committee on Corrosion Control and Prevention of the
National Research Council

Several of the opportunities identified in this project are systemic and pertain to national interests above and
beyond particular economic sectors. While significant corrosion cost-savings programs in specific economic sectors
ot particular technologies can be realized, a national-level effort is recommended to address these issues for the
government, the public, and the scientific and engineering communities. Innovative means and programmatic
changes are required in order to make progress toward these goals on a national level. A National Research Council
(NRC) Committee is recommended in order to elicit the input and the participation of a wide range of stakeholders,
such as federal agencies, the industry and professional community, and the public.

The focus of a Committee on Corrosion Control and Prevention would be on the preservation and the extended
use of existing infrastructure and equipment. Representative major items include highway systems, drinking water
systems, gas and oil pipelines, electric power plants, airplanes, and automobiles. There are three facets of the
problem identified throughout this report that need to be addressed:

1. Policy and management framework, with special consideration of the effects of regulations,
funding and procurement methods, and tax policy.

73



Corrosion Costs and Preventive Strategies in the United States

2. Science and technological advances in the development of a national agenda of research
needs, assessment of facilities and expertise for conduct of research, and the recommendation
of budget and funding alternatives.

3. Technology transfer and implementation for more effective movement of research to practice;
cross-fertilization among industries; and education and training of managers, designers, and
operators.

Recommendation to Develop a National Focus on Corrosion Control and Prevention

A useful and appropriate organizational template for the national focus on corrosion prevention and control is
the National Cancer Institute (NCI). Corrosion is the cancer of our automobiles, airplanes, highway systems, and
other crucial infrastructure. The NCI Director identified the following functions for NCI. Corrosion terminology
was added in italics by the authors of this report.

e Conduct, coordinate, and support cutting-edge research and its application.

*  Build upon past discoveries and promote creativity and innovation.

e  Support development of, access to, and the use of new technologies.

s Disseminate cancer (corrosion) information.

¢  Support training and career development for cancer researchers (corrosion managers,
technicians, engineers, and scientists).

s Facilitate the movement of research findings into clinical (industrial) practice.

s  Maintain support mechanisms and collaborative environments to link scientists
{designers/engineers/operators) with their colleagues and with critical technological and
information resources.

¢ Develop strategies to define, improve, measure, and monitor the quality of cancer (corrosion)
prevention and care (corrosion control) and reduce disparities in outcomes.

NCI deals with all of the scientific, technological, policy, and educational issues to reduce losses due to cancer.
An analogous treatment of corrosion through the formation of a National Corrosion Center is required to reduce the
staggering cost of corrosion.

Recommendations for Improved Policy and Management

The following recommendations are made in the area of pelicy and management that will result in corrosion
Cost-savings:

¢ Establish a committee on corrosion control and prevention.

s Raise the awareness of the general public and policy-makers.

s Avoid a “build it cheap and repair it later” mentality.

s  Treat preventive maintenance and life-extension costs on the same hasis as new construction
and capital costs.

+ Raise awareness of “remedial treatment vs. replacement.”

¢  Overcome the barriers of fragmentation.

¢ Consider the consequences of corrosion.

¢ Change resource allocations to develop effective corrosion cost-savings technology.
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Establish a Committee on Corrosion Control and Prevention

This committee of the National Research Council will identify and promote innovative means and
programmatic changes for the preservation and the extended use of the existing infrastructure and equipment.

Raise the Awareness of the General Public and Policy-Makers

In order to raise the awareness of the general public and policy-makers, innovative means are required to
identify the large potential savings in corrosion costs and to change the misconception that nothing can be done
about corrosion. Efforts are required at the federal, state, and local levels to educate policy-makers and the financial
entities responsible for investment and resource allocation decisions.

Avoid a “Build It Cheap and Repair It Later”’ Mentality

Changes are required in policy management and financial procedures for corrosion control and maintenance to
avoid a “build it cheap and repair it later” mentality. Poor corrosion control practices result from mistaken and
short-term economics that further result in excessive costs later. Tax laws, budget allocations, and accounting
practices can bias decisions away from sound corrosion control.

Treat Preventive Maintenance and Life-Extension Costs on the Same Basis as New
Construction and Capital Costs

Sound corresion control extends service life and reduces the demand for new construction and replacement.
Preventive maintenance and life-extension projects should not be overlocked by budget allocation where they are
combined with routine maintenance costs and regular maintenance budgets. Equivalent treatment regarding budget
allocation, accounting practices, and taxation would put these viable and useful alternatives on more equal footing
and remove the present bias against life-extension projects.

Raise the Awareness of “‘Remedial Treatment vs. Replacement”

When corrosion problems are recognized, there is a common perception that all is lost and must be replaced.
However, sound technical, remedial treatments are often better economic practice than replacement and new
construction and should be considered. Policy and procurement procedures may not recognize the remedial option,
thereby removing a viable alternative from consideration. For example, cathodic protection extends the life of
bridges, parking garages, pipelines, storage tanks, and water mains. This technology has been applied to existing
structures after corrosion damage was discovered and has successfully mitigated further corrosion.

Overcome the Barriers of Fragmentation

Practices and procedures should be established to overcome fragmentation where the policy and management
decisions that determine corrosion contrel and costs are scattered throughout and across multiple organizations.
Government agencies, industry consortia, and technical associations can be effective communication conduits to
fragmented industries.

Consider the Consequences of Corrosion

Because corrosion can have a major effect on the useful life and the operating costs of a structure, the impact
of corrosion should be on the checklist of items to be considered for all major procurement and construction
projects. The goal is to use policies and management practices to enhance the implementation of corrosion
cost-savings, improve tax and financial practices to promote effective corrosion management, and increase
regulations and standards that effectively promote sound corrosion management.
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Change Resource Allocations to Develop Effective Corrosion Cost-Savings Technology

There needs to be a commensurate increase in resources (funds and staff) to balance the increased emphasis on
the preservation and extension of the use of existing structures. This includes resources for research;
implementation of research in practices, and education, training, and public awareness.

Recommendations for Technological Advances for Corrosion Cost-Savings

The following recommendations are made for technological advances that will result in corrosion cost-savings:

Develop a national agenda for corrosion research.

Reverse the loss of research capabilities for corrosion control in the United States.
Further research on performance assessment and life prediction.

Further research on preservation and life extension.

Further research on corrosion performance and the status of existing structures.
Promote collaboration through centers, networks, and consortia.

Develop a National Agenda for Corrosion Research

Topics that need to be considered in a national agenda for corrosion research include design practices for better
corrosion management; life prediction and performance assessment methods; improved understanding of corrosion
processes; detection and evaluation methods for corrosion damage; and advances in corroston control technologies,
such as protective coatings, corrosion-resistant materials, inhibitors/water treatment, and cathodic protection.

Reverse the Loss of Research Capabilities for Corrosion Control in the United States

Changes in the allocation of existing resources and an increase in allocations are required for further corrosion
research in the United States. A critical review and subsequent medifications to the policies that are
incentives/disincentives for the conduct of industrial research are required. Industrial laboratories have been
ravaged by corporate consolidation and downsizing. Few government agencies have corrosion research cfforts
commensurate with the magnitude of corrosion problems. Industry-focused institutions such as the Electric Power
Research Institute (EPRI) and the Gas Technology Institute (GTI) are under severe pressure and corrosion research
programs are endangered.

Further Research on Performance Assessment and Life Prediction

The effective determination of the remaining life of a structure and the effects of alternative operation and
repair options is the major challenge of corrosion science and engineering. The current models and methodologies
for life prediction and performance are rudimentary and lack sufficient accuracy and reliability for a number of
crucial applications. Progress is required in the fundamental understanding of corrosion processes, detection and
inspection techniques, material property and performance databases, and modeling of complex systems.

Further Research on Preservation and Life Extension

Research topics that should be further developed include life extension, remedial methods to control corrosion,
preventive maintenance, new designs and materials for existing structures, and alternative designs and materials for
existing structures and systems.
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Further Research on Corrosion Performance and the Status of Existing Structures

The scientific analysis of corrosion probiems and the evaluation of alternative remedial actions are hampered
by non-existent or inadequate data on real structures. Information is desired on service conditions, corrosive
environments, and performance over the life of the structure. Progress is required in both the methods and the
instruments to determine the current status of existing structures. Progress is additionally required in the
information systems to gather, analyze, and disseminate the data.

Promote Collaboration Through Centers, Networks, and Consortia

Progress on complex and interrelated corrosion problems can benefit from the efforts of scientists and
engineers from diverse disciplines working together in teams.

Recommendations for Implementation of Effective Corrosion Control

In addition to the recommended actions in policy and science matters, it is imperative to improve
implementation of existing and new technologies. The following are recommendations for the implementation of
effective corrosion control:

Change the contemporary design paradigm.

Implement the current knowledge.

Support national demonstrations of advanced corrosion control.

Identify emerging trends in corrosion controi.

Translate, disseminate, and promote advances in corrosion control.
Promote widespread use of effective corrosion control.

Build information systems to collect and share corrosion technology.
Provide education and training in the recognition and control of corrosion.
Provide training, education, and career development.
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Change the Contemporary Design Paradigm

There is a crucial need for a change in the design paradigm to include consideration of corrosion control as an

integral part of the design process. Designers routinely deal with the effects of structural loads (mechanical stresses)
and high-temperature effects (thermal stresses) on the strength and the performance of structures. The treatment of

corrosion (chemical stresses) in the design process is often inadequate. While technological advances for life
prediction and performance assessment will no doubt facilitate the treatment of corrosion through design in the
future, the availability of adequate tools is not the primary problem.

The primary problem is that corrosion is often not considered in the design phase of a structure. Consideration
needs to be given to the impact of corrosion on service life, the effects of corrosion on maintenance costs during the
life of a structure, the benefits of alternate materials of construction, and the effects of alternative methods of
corrosion control built into the structure and applied to the structure throughout its service life. Furthermore, a cost-
benefit analysis or life-cycle cost analysis provides a quantitative basis for the selection of design alternatives.

Implement the Current Knowledge

The state of knowledge for corrosion control is generally beyond current practices, primarily because the
decision-makers are not aware of either the magnitude of corrosion costs or the existence of effective corrosion
control options. To align practices more closely with the state of knowledge, communication needs to be improved
between policy-makers and technical staff familiar with corrosion control. In addition, policies and practices that
encourage and reward the use of sound corrosion control need to be developed and implemented.
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More effective transfer and implementation of corrosion control technology can be realized through the
encouragement of technology transfer among peers, support for innovation champions, through demonstrations and
experiments, by the dissemination of information on costs and benefits, and cooperative research and development
efforts. Successful technology development and implementation can be encouraged and realized with either a
centralized or a decentralized organization. FHW A programs for highway systems and the U.S. Department of
Agriculture’s Cooperative Extension Service are examples of centralized and decentralized organizations,
respectively, that have had major success in fostering the implementation of current technology.

Support National Demonstrations of Advanced Corrosion Control

National demonstration projects of advanced corrosion control should be supported as an effective means to
rapidly move advances in corrosion control into use on a broad basis. New systems are put into service under
controlled and well-monitored conditions. Results are subsequently disseminated to the affected community.

Identify Emerging Trends in Corrosion Control

Accurate and reliable information regarding incidents of corrosion failure, detection of corrosion damage, and
the efficacy of corrosion control methods can greatly benefit decision-making. Some industries have reasonable
information systems in place; however, many do not. Even where the information systems exist, great
improvements could be made to add more useful information relevant to corrosion control.

Translate, Disseminate, and Promote Advances in Corrosion Control

An effort should be made to translate, disseminate, and promote advances in corrosion control to decrease the
gap between scientific advances and implementation. The scientific advances in preventing, detecting, and treating
corrosion should be translated into procedures and methods applicable in service to preserve and extend the life of
existing structures.

Promote Widespread Use of Effective Corrosion Control

There is clearly a disparity in the application of effective corrosion control among industrial sectors and among
entities within an industrial sector. The overall goal is to identify the barriers that impede the application of
effective corrosion control and to take action to stimulate more widespread use of effective corrosion control.

Build Information Systems to Collect and Share Corrosion Technology

Emerging information technologies show great promise for the compilation and delivery of corrosion
technology in flexible and effective formats. Technical associations, such as NACE International, have been
particularly effective and efficient in the gathering, documentation, and dissemination of corrosion control
technotogy. Government-sponsored projects are recommended for the further development of these information
systems. Material property databases, performance/service experience, and literature compilations are extremely
beneficial in the development of information technology regarding corrosion control and management.

Provide Education and Training in the Recognition and Control of Corrosion

A particular problem in dealing with corrosion-related issues is that decision-makers simply do not have
information regarding corrosion control. Effective education and training tools are required to address this problem
at multiple levels, including-policy makers; production and finance managers; designers and engineers; and
operation, construction, and manufacturing staff. Partnerships between government and industry with technical
associations are a recommended approach in the development and the delivery of these tools. Input from the
management and business communities, as well as from the technical communities, is required.
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Provide Training, Education, and Career Development

The challenges of corrosion control continue to evolve as materials are used in more demanding applications
and in more hostile environments, as performance demands increase, and as service lives are extended to longer
periods. A well-trained and effective workforce is required t0 meet these challenges.
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APPENDIX A
REVIEW OF PREVIOUS STUDIES

JOE H. PAYER, PH.D.! AND GERHARDUS H. KOCH, PH.D.2

SUMMARY

In the past, cost of corrosion studies have been undertaken by several countries. The earliest study was
reported in 1949 by H.H. Uhlig, who estimated the total cost of corrosion by summing materials and method costs
related to corrosion control. The 1949 report was followed in the 1970s by a number of national studies in Japan,
the United States, and the United Kingdom. The study by Japan conducted in 1977 followed the Uhlig method. In
the United States, the Battelle-NBS study conducted in 1978 estimated the total direct cost of corrosion using an
economic input/output model. This model was later adapted by studies in two other nations, namely Australia in
1983 and Kuwait in 1995. In the United Kingdom, a study was conducted in 1970 using a method similar to the one
used by Uhlig; however, in the U.K. study, the total cost was estimated by collecting data through interviews and
surveys of targeted sectors. The table below summarized the total corrosion costs and percentage of gross national
product (GNP) of the respective economies. The table shows that the national costs of corrosion vary between
1.5 and 5.2 percent.

TOTAL ANNUAL PERCENT
COUNTRY | cORROSION COST | OFGNp | YPAR
USA $5.5 billion 2.1 1949
UK £1.365 billion* 3.5 1970
Japan $9.2 billion 1.8 1974
USA $70 billion 4.2 1975
Australia $2 billion 15 1982
Kuwait $1 billion 52 1987
W. Germany $6 billion 3.0 1967
Finland $54 million - 1965
India $320 million - 1960
*not reported in U.S. dollars
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INTRODUCTION

Cost of corrosion studies have been undertaken by several countries including, the United States, the United
Kingdom, Japan, Australia, Kuwait, Germany, Finland, Sweden, India, and China. The studies have ranged from
formal and extensive efforts to informal and modest efforts. The common finding of these studies was that the
annual corrosion costs ranged from approximately 1 to 5 percent of the Gross National Product (GNP) of each
nation. Several studies separated the total corrosion costs into two parts: (1) the portion of the total corrosion cost
that could be avoided if better corresion control practices were used and (2) those where savings require new and
advanced technology (currently unavoidable costs). Estimates of avoidable corrosion costs varied widely with a
range from 10 to 40 percent of the total cost. Most of the studies allocated corrosion costs to industrial sectors or to
categories of corrosion control products and services. All studies addressed direct costs. A common conclusion was
that the indirect costs, due to corrosion damage, often are significantly greater than the direct costs. The indirect
costs were more difficult to estimate.

Potential savings and recommendations in terms of ways to realize the savings were included in most of the
reports as formal results or as informal directions and discussion. Two of the most important and common findings
were:

1. better dissemination of the existing information through education and training, technical
advisory and consulting services, and research and development activities, and

2. the opportunity for large savings through more cost-effective use of currently available means
to reduce corrosion. Studies addressed only the magnitude of possible savings, but did not
identify the means of realizing such savings.

The review of prior studies on the costs of corrosion has provided useful background and direction for the
current study. Both technical content and methods were reviewed. Some specific areas where the prior studies were
useful include:

s development of a comprehensive list of corrosion cost elements to be used in the analysis of
total costs and costs to individual sectors,

¢ identification of categories in which to divide the total economy (this led to two sets of
subcategories to cstimate the total cost of corrosion, namely, a set of industrial sectors and a

list of corrosion control methods),
=  gathering of background and reference information on the costs of corrosion and corrosion

control methods, and
¢ identification of preventive strategies and recommendations for potential savings.

In the following section, previous studies on the cost of corrosion were reviewed. The review addresses the
methods used for data collection and economic analysis in each report. The findings of these studies are presented
to review the total costs of corrosion, as well as preventive strategies to reduce the costs of corrosion. The major
studies are reviewed in chronological order.

UNITED STATES (1949): THE UHLIG REPORT

The 1949 study, “The Cost of Corrosion in the United States” led by H.H. Uhlig,"" was the earliest effort to
estimate the costs of corrosion. The annual cost of corrosion to the United States was estimated to be $5.5 billion or
2.1 percent of the 1949 GNP. This study attempted to measure the total costs by summing up the cost for both the
owner / operator (direct cost) and for the users (indirect cost) of corroding components, The cost for the owners /
operators was estimated by summing up cost estimates for corrosion prevention products and services used in the
entire U.S. economy. The study estimated the total amount of corrosion prevention products and services through
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the whole economy (for example, coatings, inhibitors, corrosion-resistant metals and cathodic protection) and
multiplied it by their prices. The cost for private consumers / users were evaluated as costs due to domestic water
heater replacement, automobile internal combustion engine repairs, and replacement of automobile mufflers. An
advantage of the method is that the cost data are more readily available for well-defined products and services.

A breakdown of the direct costs by dollar amount and percentage of the total corrosion costs for corrosion
control is illustrated in table 1:

Table 1. Direct and indirect costs of corrosion.

ITEM COST PERCENT OF TOTAL
($ x million) | CORROSION COSTS
Paint 2,000 36
Metallic coatings & electroplate 472 9
- )
DIRECT COSTS Corrosion-resistant metals 852 5
Boiler and other water treatment 66 1
Underground pipe maintenance and
600 1
replacement
Domestic water heater replacement 225 4
INDIRECT COSTS Automaobile intel;réal f:ombustion engine 1,030 19
pairs
Automobile muffler replacement 66 1

UNITED KINGDOM (1970): THE HOAR REPORT

In March 1966, the U.K. Committee on Corrosion Protection was established by the U.K. Minister of
Technology under the chairmanship of T.P. Hoar. In 1970, the committee issued its report entitled Report of the
Committee on Corrosion and Protection.®)

The committee summarized its findings as follows: “We conservatively estimate the cost of corrosion as
£1,365 million per annum, which represents 3.5 percent of the gross national product of 1970. We believe that a
saving of approximately £310 million per annum could be achieved with better use of current knowledge and
techniques.” This represents savings of approximately 20 to 25 percent of the total national corrosion costs. The
reference year of the U.K. study was 1970.

The three most important findings of the Hoar report were:

1. the need for better dissemination of information on corrosion protection,
2. the need for more education in corrosion and protection, and
3. the need for an increased awareness of the hazards of corrosion.

It was further stated that to achieve a substantial savings, a number of improvements would have to be made on
a national scale, particularly in the field of education and information dissemination. Several firm recommendations
were outlined in the report.
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Method to Estimate Costs of Corrosion

The Hoar report (United Kingdom, 1970)? determined the cost of corrosion for industry sectors of the
economy. The cost of corrosion for each industry sector was subsequently added together to arrive at an estimate of
total cost of corrosion for the whole U.K. economy. The report identified the sources for the cost of corrosion by
sectors of the economy. It evaluated and summarized the direct expenditures (costs to owner / operator) in each
economic sector. Indirect costs (cost for user) were not included in the study.

Information was gathered by interviewing corrosion experts who worked in companies and agencies, and by
surveys on expenditures for corrosion protection practices. Corrosion experts estimated corrosion costs and the
potential savings based on their experiences with major economic sectors. Technical judgments and estimates of
industry experts were used extensively.

Information on education and research in the corrosion field was obtained by a questionnaire distributed to
universities and technical colleges. The inquiry into research and information dissemination was extended to
research associations, development associations, and government departments. Trade associations and professional
bodies assisted in the information gathering. Information gathered for a specific industry was used to estimate costs
in other similar industry sectors.

Corrosion Costs of Industry Sectors

The U K. national costs of corrosion by major areas of industry are presented in table 2. These costs include
direct costs of the industry and, in certain cases, those costs sustained by the users of the product due to maintenance
or replacementt. Costs from interactions among sectors were not included.

The study noted that the U.K. corrosion costs were substantial; however, these costs were not higher than
should have been expected based on the consideration of annual expenditures for corrosion protection technologies.
The annual expenditures in the United Kingdom on protective coatings, including the cost of application, were
estimated to be £772 million. In addition, approximately £620 million were estimated for annual expenditures on
corrosion-resistant materials such as austenitic stainless steels and non-ferrous alloys. It was noted that these costs
were not incurred solely for the purpose of corrosion resistance.

Table 2. U.K. national costs of corrosion by major area of industry.

ESTIMATED NATIONAL
INDUSTRIAL SECTOR CORROSION COSTS
(£ x million) (%)
Building and Construction 250 18
Food 40 3
General Engineering 110 8
Government Departments and Agencies 55 4
Marine 280 21
Metal Refining and Semi-Fabrication 15 1
0il and Chemical 180 13
Power 60 4
Transport 350 26
Water 25 2
TOTAL £ 1,365 100%
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Potential Savings

The Hoar report estimated that approximately 20 to 25 percent of the total corrosion costs could be saved by
better use of current knowledge of corrosion control. For each industry, the percentage savings ranged from
approximately 10 to 40 percent of the industry’s corrosion costs. The estimated potential savings by industry are

presented in table 3.
Table 3. Estimated potential savings of U.K. national costs by industry.
ESTIMATED ESTIMATED SAVINGS AS % OF
SECTOR HA R E
POTENTIAL SAVINGS | CORROSION COSTS | INDUSTRY CORROSION CHANGES REQUIRED TO
NAMES o - ACHIEVE SAVINGS
(£ x million) (£ x million) COSTS
. More awareness in selection,
Building and i .
. 50 250 20 specification control of corrosion
Construction -
protection
More awareness in selection of
Food 4 40 10 egquipment and protection
methods
Greater awareness of corrosion
General . R
. . 35 110 32 hazards in design stage and
Engineering
throughout manufacture
Government
inl defense it
Departments and 20 55 16 Mainly or? efense items by
. better design and procedures
Agencies
Marine 55 280 20 Impr-ove'd design, awareness, and
application
Metal Refini
Semi-Fabrication P P
Oil and Impro'ved eﬂ‘ecuvtcness in
. 15 180 8 selection of materials and
Chemical R
protection
Greater use of protection and
Power 25 60 42 improved awareness in design
stage
Change of exhaust system
Transport 100 350 29 material and improved awareness
in design stage
Water 4 25 16 lmprov'cd awareness of corrosion
rotection
TOTAL £310 £1,365

The potential savings were estimated with the assistance of the more “corrosion conscious” organizations,
(i.e., those companies and organizations that have substantial awareness of corrosion and practice conscientious
corrosion control). The estimates were judged to be conservative.
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Factors Bearing on Costs

The UK. committee and industrial organizations listed 16 factors that could lower the cost of corrosion. The
factors, in order of priority assigned by the combined judgment of experts, are presented below:

Better dissemination of existing corrosion control information.
Improved protective treatments.

Closer control over the application of existing protective measures.
Improved design with existing materials.

Greater awareness of corrosion hazards by the users.

Use of new materials.

Cost-effectiveness analysis of materials and protective treatments leading to procurement
based on total life-cycle costs.

8.  Previous feedback on service performance.

9. Improved specifications for protective treatments.

10. More basic research on corrosion mechanisms.

11. Tmproved communication between government departments.

12, Improved storage facilities.

13. Information on corrosion sensitivity of equipment.

14. Better nondestructive testing techniques.

15. Standardization of components.

16. More frequent or longer duration maintenance periods.

A aa e

The single most important factor considered necessary to reduce the costs of corrosion in the United Kingdom
was better dissemination of existing information on corrosion control.

The effect of taxation in the United Kingdom on the costs of corrosion was also considered. It was noted that
the taxation system encouraged a low capital investment and a high maintenance approach within some industries.
Maintenance costs effectively qualified for tax relief because these costs could be expensed in the year in which they
were incurred. Therefore, a company fully conscious of the consequences of corrosion may deliberately have
selected inferior materials for plant construction, resulting in a reduced capital outlay, but increased maintenance
costs. The Hoar report concluded that such a tax system, in fact, increased the cost of corrosion,

Preventive Strategies to Reduce Costs
The U.X. report discussed some preventive strategies in detail to reduce corrosion costs, including:

s information dissemination and corrosion awareness,
o  education and training, and
e research and development.

Information Dissemination and Corrosion Awareness

The Hear report found that a great amount of corrosion control information was available in the United
Kingdom, where its exchange between corrosion technologists was good. However, it was also concluded that only
certain industries, notably the il and chemical industries and the aircraft and nuclear power industries, paid
attention to corrosion in the design stage. These industries either needed to control corrosion to enable a process to
work or were vitally concerned with the avoidance of accidents arising from corrosion damage. Other industries
exhibited a wide range of corrosion awareness, ranging from excellent to deplorable. The less corrosion conscious
companies had little or no idea where to obtain information, even when corrosion became a pressing problem.
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Four principal reasons for corrosion problems were identified: (1) lack of foresight by management, (2) lack
of information dissemination, (3) minimization of initial capital outlay, and (4) lack of basic knowledge. The study
found that the dissemination of information on corrosion and protection was fragmented in many organizations
throughout the different industries. While several hundred sources of corrosion information were available,
companies that operated outside the chemical and metallurgical fields often did not know where to obtain advice on
corrosion and corrosion conirol. Moreover, the lack of awareness of corrosion resulted in the fact that assistance
was usually sought only after severe problems had been encountered.

The study concluded that the alleged “lack of foresight by management” was the result of information on the
economic aspects of corrosion and on the methods of corrosion prevention not being readily available to
management.

The study found that large companies in the chemical industry that formed a “materials of construction group”
led to a 30 percent reduction in corrosion costs. This was probably the result of the easy availability of full-time
corrosicn specialists and consultants.

Education and Training in Corrosion Protection

The study concluded that the education and training of scientists, technologists, and technicians in the
principles and practices of corrosion and protection were clearly of the utmost importance. The committee
extensively surveyed teaching and research programs at universities and polytechnic and technical colleges and
presented its findings in the report.

Research and Development

The study documented that research and development in corrosion and protection were carried out in academic
institutions, national laboratories, research associations, development associations, and industrial laboratories.
However, the study further found that there was too little cooperation and interchange of information between these
institutions. Such lack of cooperation and coordination could lead to excessive concentration on some aspects and
neglect of other important issues of corrosion.

Recommendations

In its recommendations, the U.K. report focused on dissemination of information and education regarding
corrosion and corrosion control. Four specific recommendations were made:

establish a national corrosion and protection center,

receive education and training,

provide better research opportunities and channels, and
develop closer links between technical and trade organizations.

Bowh -

National Corrosion and Protectio_n Center

The Hoar report concluded that there was a need for a focal point of all corrosion and protection interests in the
United Kingdom, The establishment of a National Corrosion and Protection Center could best meet this need. Such
a center should reinforce, rather than replace, existing organizations. Its function would be to encourage interaction
between institutions and coordinate existing knowledge and new research. The center could be organized so that
interaction between industry, education, and research can be stimulated, while maintaining independence from any
particular section of industry. The proposed center would greatly assist in the implementation of the Hoar report’s
other recommendations from education, research, and technical and trade organizations.
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Education

The Hoar report recommended that engineers, designers, and architects receive education in corrosion and
corrosion control during their undergraduate and professional training. In addition, short specialized courses and
ongoing training could be made available to those already employed in the industry.

Research

The Hoar report further recommended that more emphasis be placed on fundamental work on the methods of
corrosion protection. Cooperation and exchange of information must be encouraged between the research
departments of industry, research associations, development associations, national laboratories, and academic
institutions.

Technical and Trade Organizations

The report emphasized and encouraged further cooperation and closer links between technical societies and
trade associations dealing with corrosion control.

JAPAN (1977)

Japan conducted a survey of the cost of corrosion to its economy in 1977 through the Committee on Corrosion
and Protection.”’ The committee was chaired by G. Okamoto and was organized by the Japan Society of Cotrosion
Engineering and the Japan Association of Corrosion Control. Support for the study came from the Ministry of
International Trade and Industry.

Total Costs

The survey determined that the annual cost of corrosion to Japan was approximately 2.5 trillion yen
(US$9.2 billion) in 1974. Estimating Japan’s GNP at 136 trillion yen for the year 1974, the cost of corrosion was
the equivalznt of 1 to 2 percent of Japan’s GNP for 1974, The study included direct cost only. It was estimated that
the total costs would be much higher if indirect costs were included.

Method to Estimate Costs of Corrosion

Japan’s committee estimated the cost of corrosion: (1) by corrosion protection products and services, and (2)
by corrosion cost by industry sector. Questionnaires and interviews were used to gather data and information from
industry experts.

The Uhlig method determined the costs based primarily on the cost of corrosion protection products and
services, (e.g., coatings, inhibitors, corrosion-resistant materials, and cathodic protection). These results are
summarized in table 3. Total costs by this method were approximately 2.5 trillion yen (US$9.2 billion). Paints and
protective coatings accounted for nearly two-thirds of the corrosion costs. Surface treatments and
corrosion-resistant materials accounted for approximately one-quarter and one-tenth of the costs, respectively. All
other corrosion control methods considered accounted for less than 5 percent of the costs.
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Table 4, Costs to prevent corrosion by protection method.”’

CORROSION PROTECTION COST TOTAL CORROSION COSTS
METHOD (yen x billion) (%)
Paints and protective coatings 1,595 63
Surface treatment 648 25
Corrosion-resistant materials 239 9
Rust-prevention oils 16 1
Inhibitors 16 1
Cathodic protection 16 1
Research 22 1
TOTAL 2,551 yen 100%

The Hoar method was applied to determine the cost of corrosion by specific industry sector. The results are
summarized in table 5. Total costs by this method were approximately 1 frillion yen. Machinery and manufacturing
had the highest cost of corrosion, with more than 40 percent of the total costs. The study found corrosion costs to be
substantial for all of the sectors it considered.

Table 5. Costs to prevent corrosion by industry sector.”’

TOTAL CORROSION COST
INDUSTRY SECTOR CO‘(‘;:‘??&I;O?ST %)
Energy 60 6
Transportation 195 19
Building 175 17
Chemical industry 154 15
Metal production 27 3
Machinery and manufacturing 433 42
TOTAL 1,043 yen 100%

The difference between the total cost estimates of the two methods is quite large. The Uhlig method’s estimate
is 1.5 trillion yen higher then that of the Hoar method. This difference was partially due to omissions of some costs
by the second method. It is typically expected that the “industry sector analysis” (Hoar method) provides a higher
cost than the “materials and services” (Uhlig method).

For example, the cost to prevent corrosion in the food industry had not been calculated. The Uhlig method
estimated the cost of surface treatment for tin-coated steel (used for production of cans) at 79 billion yen. In
addition, the cost to prevent corrosion by using tin-free steel (TFS) (used for soft drink cans) was also not inciuded
in the Hoar method. Therefore, more than 100 billion yen were omitted in the food industry alone in the Hoar

method.

Another significant difference between the two estimation methods involved the treatment of painting costs in
the transportation industry (ship, railroad, and motor vehicle). The cost of painting to prevent corrosion was
estimated at more than 800 billion yen by the Uhlig method. By the second method, this cost was less than
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200 billion yen. Therefore, a difference of approximately 600 billion yen between the two methods resulted from
the treatmeni of the transportation industry. Furthermore, there was another significant difference (150 billion yen)
involving the building industry. Again, the estimates made by the Hoar method were lower.

However, even after accounting for such differences, the difference between the two methods was still on the
order of 400 billion ven. This difference was ascribed to the difficulties and uncertainties in the investigation of the
costs of corrosion.

Potential Savings
The study did not investigate, and therefore did not make any estimate of, the potential savings.
Recommendations

The study’s main conclusion was that corrosion costs to Japan were high, The study expressed hope that,
based on its findings, awareness of corrosion and its effects will increase in the factories, in transportation
equipment and facilities, and in daily life. Reducing the cost of corrosion could contribute not only to energy and
resources savings, but also to improved safety.

In order to increase the effectiveness of the cost of corrosion study, two areas of supplementary investigation
were recomrnended:

1. determine the indirect costs when a factory operation is stopped by a corrosion accident, and
2. determine the decrease in the cost of corrosion by full use of the known corrosion control
techniques and knowledge.

The report made recommendations in three areas to reduce the losses due to corrosion:

1. Interms of information dissemination, the following recommendations were made:
e establish a corrosion prevention service center of technical experts,
e increase communication among academic institutions and the industry, and
» enhance the training of engineers.

2. Interms of education, the study recommended building awareness for the saving of material
resources and conservation of the environment from elementary school to the university level.

3. Interms of research and development, the study expressed the need for monitoring and
inspection methods of equipment and machines for corrosion prevention control.

UNITED STATES (1978): THE BATTELLE-NBS REPORT

In response to a Congressional Directive, the National Bureau of Standards [NBS, now the National Institute of
Standards and Technology (NIST)] studied the cost of metallic corrosion in the United States. The analysis required
in the study was placed under contract to Battelle Columbus Laboratories (Battelle). The results of this work were
presented in two reports and a series of publications in Materials Performance.*®

The Battelle-NBS study was the first to combine the expertise of corrosion and economics experts to determine
the economic impact of corrosion on the U.S. economy. The study used a version of the Battelle National
[nput/Output Model to estimate the total corrosion cost. This model quantitatively identified corrosion-related
changes in the resources (i.e., materials, laber, and energy), changes in capital equipment and facilities, and changes
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in the replacement lives of capital items for entire sectors of the economy. The input/output model is abie to account
for both the direct effects of corrosion on individual sectors and the interactions among various sectors.

Total Costs

The final results of the Battelle-NBS study, after adjustments by NBS to the Battelle report, for the base year of
1975 were:

e the total U.S. cost of metallic corrosion per year was estimated to be $70 billion, which
comprised 4.2 percent of the GNP in 1975, and

¢ 15 percent or $10 billion was estimated to be avoidable by the use of the most economically
effective, presently available corrosion technology.

An uncertainty of + 30 percent for the total corrosion cost figure was estimated, while greater uncertainty was
estimated for the avoidable costs.

These final results were based on the NBS analysis of uncertainty in the Baitelle input/output model estimates
and adjustments to the Battelle results based on the uncertainty analysis. For reference, Battelle estimated the total
costs of metallic corrosion to be $82 billion, 4.9 percent of the $1.677 trillion GNP of the United States in 1975.
Approximately 40 percent of this (833 billion, 2 percent of GNP) was estimated to be avoidable.

Method to Estimate Costs of Corrosion

The Battelle-NBS study (United States, 1978)** used an input/output framework to estimate the cost of
corrosion for the U.S. economy. The U.S. economy was divided into 130 industrial sectors in the input/output
model. For each industry sector, the investigators asked experts to estimate the costs of corrosion prevention (use of
coatings, etc.) and the cost of repair and replacement due to corrosion.

The input-output (10) analysis was invented by Wassily Leontief, for which he received a Nobel Prize in 1973.
10 is a general equilibrium model of an economy showing the extent to which each sector uses inputs from the other
sectors to produce its output — and thus showing how much each sector sells to each other sector. The IO model
shows the increase in economic activity in every other sector that would be required to increase net production of a
sector by, for example, $1 million. If $1 million worth of paint were required for corrosion prevention, the IO
model would show the total activity through all the sectors in order to produce this amount of paint. Since the U.S.
10 matrix was constructed by the U.S. Department of Commerce based on the census of manufacturers in 1973, it
represents the actual structure of the U.S. economy at that time. The IO framework has been invaluable for
planning. For example, the IO framework has been utilized to estimate the total economic activity that will flow
from additional net purchases from a sector and the total economic loss due to closing an industrial facility.

Economic IO analysis explicitly accounts for all the direct’ (within the sector) and indirect’ (within the rest of
the economy) inputs to produce a product or service by using the 10 matrices of a national economy. Each sector of
the economy is a row (or corresponding column) of the IO matrix. The rows and columns are normalized to add up
to one. When selecting a column (industrial sector P), the coefficients in each row would tell how much input from
each sector is needed to produce $1 worth of cutput in industry P. For example, the column of the steel industry

3 The IO literature has different definitions for the terms “direct” and “indirect”. Direct inputs are those that are from within the
sector, while indirect inputs are those that are from other sectors. Only in describing the IO method in this paragraph do we use
direct input and indirect input as the IO literature defines them. For this document, direct costs refer to those costs incurred by
the owner / operator of the structure. Indirect corrosion costs are not incurred by the owner / operator but by other people,
companies, or organizations.
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specifies the quantities of each input purchased by the steel industry to make a ton of steel. For example, an IO
matrix might indicate that producing $1 worth of steel requires $0.15 worth of coal, $0.10 of iron ore, etc. (The
numbers 0.15, 0.10, etc. are called coefficients.) A row of the matrix specifies to which sectors the steel industry
sells its product. For example, steel might sell $0.13 to the automobile industry, $0.06 to the truck industry, etc. of
every dollar of revenue.

Elements were identified within the various sectors that represented corrosion expenditures, e.g., coatings for
steel pipelines. The coefficient of coatings for the steel pipelines was maodified so that, for example, pipelines spend
nothing on coatings, where the only purpose of coatings is to prevent corrosion. Once particular coefficients in the
steel pipelines column were modified, the column was renormalized to add to one. This new matrix represented the
world without corrosion. With the new matrix, the level of resources used to produce GNP in a world of corrosion
would produce a higher GNP in a world without corrosion.

The Battelle-NBS study collected data on corrosion-related changes in:

resources (material, labor, energy, value added required to produce a product or service),
capital equipment and facilities,

replacement rates for capital stock of the capital items, and

final demand for a product.

Based on these data, coefficients in the IO model were adjusted. Data were gathered through interviews with
knowledgeable individuals associated with a specific industry, review of the literature, and consultation of technical
experts. Technical judgment was used extensively.

In the study, the total cost of corrosion was defined as *...that increment of total cost incurred because
corrosion exists.” The study asked, “What cost would not be incurred if corrosion did not exist?” It developed three
“worlds” for its analysis as follows:

* WorldI: real world of corrosion (year 1975 was modified to full employment level of
economic activity);

e WorldII:  hypothetical world without corrosion (to establish a baseline); and

o  World IIl:  hypothetical world in which the economically most effective corrosion
prevention method was practiced by everyone.

The 10 model was constructed to describe these three “worlds”.

The study then determined the total national cost of corrosion as the difference between the GNP of World 1
and the GNP of World IL

The Battelle-NBS study further divided the total cost into avoidable and unavoidable costs, with the following
definitions for these two terms:

1. Avoidable costs of cotrosion is the difference between the GNP of World I and the GNP of
World I1I or “cost which are amenable to reduction by the most economically efficient use of
recently available corrosion control technology.”

2. Unavoidable costs of corrosion is the difference between the GNP of World II and the GNP of
World II or “those which are not amenable to reduction by presently available technology.”
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The following direct costs (cost to owner / operator of the structure) were included in the study:

replacement of equipment or buildings

loss of product

maintenance and repair

excess capacity

redundant equipment

corrosion controt (such as inhibitors, organic and metallic coatings)
engineering research and development testing
design

°  material of corrosion not for structural integrity
°  material of corrosion for product purity

°  corrosion allowance

°  special processing for corrosion resistance
insurance

e parts and equipment inventory

However, indirect costs (cost to others) of the structures were not included in the study.“

Corrosion Cost of Sectors

The Battelle-NBS study primarily used the 10 model to estimate the cost of corrosion to sectors. In addition to
the IO model, the report included limited-scope studies that focused on four areas: the federal government,
personally owned automobiles, the electric power industry, and loss of energy and materials. In the following, the
use of the 10 model for determining the cost of corrosion for individual sectors is discussed.

Sector Costs Based on the Input-Output Model

Based on the experts’ judgments, “industry indicators” (coefficients in the IO matrix) were calculated to
indicate the cost of corrosion for specific industrial sectors. These indicators reflected expert judgment as to how
much specific purchases could be reduced if there were no corrosion. The effects of corrosion were reflected in:

¢ changes to the materials inputs to produce products, e.g., coatings, corrosion inhibitors, and
corrosion-resistant materials,

o changes in the capital equipment and facilities of the industry due to corrosion effects on
replacement lives of equipment, and

¢ changes in other areas such as technical services.

The breakdown of industry indicators into its components is shown in figure | for two randomly selected
sectors, The areas of the circles are proportional to the magnitude of total costs and avoidable costs, respectively.
The centributions of four components to the corrosion costs are as follows:

Inputs: There are corrosion effects on inputs required to make a product. These effects include the costs of
coatings and plating for corrosion control, corrosion inhibitors, maintenance and repair, corrosion-resistant metals,

and cathodic protection.

4 Note that the Battelle report used different definitions for direct cost and indirect cost. We do not use the Battelle study’s
definition in this report. Even in describing the Battelle report, we use our definitions for these terms.
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Capital Replacement: Replacement of capital equipment and facilities in the industry is affected by corrosion
through changes in the replacement lives for the capital items, excess capacity, and redundant equipment.

Growth Capital: The costs of capital equipment and facilities for growth are affected by corrosion through
changes in the replacement lives for the capital items.

Value Added: Activity of the industry is affected by corrosion through changes of inputs, including costs of
research and development and technical services.

Sector 5.03 - Industrial Chemicals Sector 5.03 - Industrial Chemicais
Total Direct Cost ($ 690 MILLION) Avoidable Cost ($ 90 MILLION)
{ Life29-35
Capital = 2%
Replacement
Capital
ACapital = 2%
Growth
Capital
Value Inputs
Added { 20% Inhibitors Capital
25%A Tech, Service §0% M&R Life 29 - 35
78% A Capita}

Sector 19.03 - Public Utility Construction

' Sector 19.93 - Public Utility Construction
Total Direct Cost ($ 2,000 MILLION) Avoidable Cost ($ 315 MILLION)

Life 7.5- 12

Capital,
Replacement &

Growth Inputs

20% Metal Shift

6% Cathodic Protection
3% M&R
1% Coatings

Capital

Life 7.5- 12

Figure 1. Breakdown of industry indicators into its components, according to Battelle-NBS study.™
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In addition, the adjustments were made to account for changes in the use of corrosion control, maintenance and
repair, replacement lives of capital equipment, etc. The relative contributions of cost elements and the proportions
of the cost elements that can be avoided vary from sector to sector.

Once the coefficients (industry indicators) in the [O matrix are modified to reflect the absence of corrosion, the
10 matrix can now be used to indicate the inputs needed to produce the same bundle of goods and services that
consumers purchased in the world with corrosion. The 10 matrix will indicate a cost-savings, due to corrosion being
absent. In other words, we would need less input to produce the same output if there were no corrosion in the world.
Since the 10 matrix is in dollars, the savings (or the difference between the real world and the world without
corrosion) are immediately indicated.

The impact of corrosion is that, in comparison to the world without corrosion, the real world needs to spend
more on input to produce the same output. This additional input is the cost of corrosion. In the Battelle-NBS report,
this cost was determined on two different bases: as a percentage of sales and on a dollar basis. The highest total
costs of corrosion based on percent sales were attributed to mining, manufacturing, public utilities, and construction.
For the highest total cost on a dollar basis, the industry sectors with the largest corrosion costs were wholesale and
retail trade, automobile manufacturers, livestock, and petroleum refining,

The list of industries with the highest avoidable corrosion costs was considerably different from the list for
total costs. The highest avoidable corrosion costs based on percentage of sales were in industries such as livestock
and agriculture, mining, transportation, construction, and trade and business services. The list of industries with the
highest avoidable costs based on dollars included livestock and agriculture, transportation, construction, trade and
business services, food industry, and pulp and paper industry.

The analysis identifies sources of corrosion costs attributed to an industrial sector and the relative importance
of adjustments to the costs. It is apparent that the source of the corrosion costs varies significantly from industry to
industry. For example, the effect of the replacement lives of capital equipment and facilities account for nearly all
of the corrosion costs in the livestock, wholesale, and retail trade industries. For industrial chemicals, the largest
segment of total corrosion costs comes from inputs such as inhibitors/water treatment, and maintenance and repair,
while the largest segment for avoidable costs is due to the effect of the replacement lives of equipment. For public
utility construction, the largest segment of the total costs is from inputs such as corrosion-resistant materials, and
cathodic protection and coatings, while the effect of the replacement lives of equipment is the largest contributor to
avoidable costs.

Corrosion Costs Analysis of Four Special Areas

Separate from the 10 model, the Battelle-NBS study examined four specific areas of the economy, including
the federal government, personally owned automobiles, the electric power industry, and loss of energy and
materials. The findings for these four areas are summarized below.

Federal Government

The study focused on agencies that owned the greatest amount of capital equipment. Subsequently, a
government-wide estimate was obtained by scaling the data. The initial data were obtained from the U.S.
Department of Defense (DOD), the National Aeronautics and Space Administration (NASA), the U.8. Coast Guard,
the U.S. Government Services Administration (GSA), the Legislative Branch, and the National Bureau of Standards
[NBS, now National Institute of Standards and Technology (NIST)].

A total cost of corrosion to the federal government was estimated to be $8 billion, which was comprised of
capital costs of $6 billion and maintenance costs of $2 billion. These total corrosion costs represented
approximately 2 percent of the total federal budget ($400 billion). Of the total $8 billion cost, approximately
20 percent was estimated to be avoidable.

Al4



Appendix A — Review of Previous Studies

The capital costs of carrosion to the federal government resulted from redundant equipment due to corrosion
and the effects of cotrosion on the replacement lives of equipment and structures. The total federal capital in aircraft
was estimated to be $1935 billion, while the annual corrosion maintenance costs of aircraft was estimated at
$990 million. Lifetime in service was judged to be unaffected by corrosion; however, an increase of 5 to 8 percent
in aircraft downtime was judged to be the result of corrosion. Corrosion-related expenditures for the Coast Guard
and Navy were estimated to be $400 million for ships. This is 0.7 percent of the estimated federal capital in ships of
$56 billion. Buildings and structures comprise 36 percent of the total federal capital. An estimate of the corrosion
fraction of maintenance at DOD installations was used to calculate the DOD corrosion maintenance costs at
$280 million. The total federal real estate property corrosion maintenance costs were estimated to be $375 million
annually. Table 6 summarizes the total capital and corrosion maintenance costs for aircraft, ships, and buildings and
real estate.

Table 6. Total capital and maintenance costs for government assets.

TOTAL CAPITAL | MAINTENANCE COST
($ x billion) (8 x billion)
Aircraft 195 0.99
Ships 56 0.4
Buildings and Real Estate 144 0.655
TOTAL $395 $2.045

Personally Owned Automobiles

The totzl annual cost of corrosion for personally owned automobiles was determined to range from $6 billion
to $14 billion. Avoidable costs were estimated between $2 billion and $8 billion.

At the time of the study, the principal areas of corrosion in cars were associated with the degradation of iron
and steel components, which comprised approximately 80 percent of the weight of the automobile. The elements of
the automobile costs were: (a) the cost of built-in corrosion protection included in the purchase price, (b) the portion
of maintenance and operating costs attributable to corrosion, and (c) the cost of premature replacement of
automobiles due to corrosion.

The buiit-in costs of corrosion for automobiles were identified primarily as corrosion protection for steel body
panels such as metallic zinc coatings, paint, adhesives and sealants, non-ferrous metals, corrosion-resistant
materials, anc non-metals. The major operating and maintenance expenses for the owner of a car were body
corrosion, after-market rust-proofing, heat exchanger components, mufflers, and tail pipe corrosion. The greatest
impact on the cost of corrosion for automobiles was the adverse effect of corrosion on the cost of replacement of the
automobile, Sensitivity analysis showed that in both the IO model and in the focused sector study, the costof
replacement of automobiles dominated the total cost and avoidable cost-estimation. Since the automobile sector had
a significantly higher cost than any other sector, the cost of this sector was the single most significant driving factor
in estimating the total corrosion cost for the entire United States.

Electric Power Industry

The total corrosion costs to the electric power industry in the generation and distribution of power were
estimated to be about $4 billion. Of these costs, the annual corrosion-related maintenance expenditures were
estimated at $1.1 billion.
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Many power plants have planned outages of several hundred hours per year to maintain turbines and boilers.
In addition, excess capacity (more power generation plants and equipment) has been built in to account for these
outages and to produce the desired amount of electricity. A significant portion of the excess capacity of power
plants was ascribed to be due to corrosion, where corrosion-related excess capacity was assumed to be
approximately 10 percent of the total capital investment.

Two main segments of the electric power industry were considered: generation and transmission/distribution
of electricity. Five types of electric power generating plants were identified: fossil fuel, hydroelectric, nuclear,
geothermal, and solar. Corrosion costs varied considerably depending on the type of generation plant. The study
found that corrosion greatly increased the frequency and duration of outages, resulting in significant costs. For the
transmission and distribution of electricity, atmospheric corrosion and underground corrosion of buried structures
were found to be the primary contributors to corrosion costs.

Energy and Materials Losses

The output of the Battelle-NBS analysis was used to estimate the additional energy and materials consumed
because of metallic corrosion. Approximately 3.4 percent of the country’s energy consumption ($1.4 billion) was
related to corrosion. Within the energy sectors, the impact of corrosion was greater on coal usage than on petroleum
ot natural gas usage. Approximately one-sixth (0.6 percent of energy consumption or $0.23 billion) was estimated
to be avoidable.

Approximately 17 percent of the nation’s demand for metallic ores ($1.4 billion) resulted from corrosion, and
about one-eighth of that (2.1 percent of metallic ore demand or $180 miilion) was judged to be avoidable. Within
the materials sectors, the effects of corrosion were concentrated mainly on the metallic ores.

Potential Savings

The Battelle-NBS study found two sources of potential savings in terms of corrosion (technology
advancements and technology transfers). Approximately 15 percent of the total $70 billion ($10 billion) was
estimated to be avoidabie by more cost-effective use of currently available technology. The research found that
additional savings could be realized in the presently (1970} unavoidable costs by technology advancements in
corrosion control.

The amount of total costs and avoidable costs were found to vary greatly from sector to sector. Furthermore, it
was found that the distribution of cost elements was also sector-dependent (portion of costs due to changes in (a)
inputs to the praduction process, (b) replacement capital, (c) growth capital, and {d) value added).
Preventive Strategies

The scope of the Battelle-NBS study did not include the identification and analysis of preventive strategies to
mitigate the impact of corrosion on the U.S. economy.

Recommendations

The study did not make any specific recommendations, although it noted that the cerrosion costs could be
reduced significantly through broader application of existing corrosion control technology.
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Summary

The Baitelle-NBS study was undertaken to provide a reference to allow the economic impact of corrosion to be
compared with other factors affecting the U.S. economy. In summary, the following items were cited as
accomplishments of the Battelle-NBS study:

measure of the severity of corrosion costs,

indication of where and how the impacts of corrosion are felt,

useful method for the analysis of corrosion costs,

bibliography and database on corrosion economics,

reference point for the impact of corrosion against which the relative effect of other factors

affecting the economy can be measured,

®  basis for technological assessments to assess the economic effect of proposed means to reduce
corrosion costs, and

e identification of specific sectors where high affordable and presently unavoidable corrosion

costs are encountered.

It was further noted that new corrosion problems would arise in the areas of energy, environment, materials
conservation, and food production. As an example, new energy technologies that would utilize materials under
higher temperatures and pressures in highly corrosive environments were cited in which future costs of corrosion
were projected to rise substantially in some sectors.

AUSTRALIA (1983)

In 1982, the Commonwealth Department of Science and Technology commissioned a study to determine the
feasibility of the establishment in Australia of a National Center for Corrosion Prevention and Control. The
feasibility study included a determination of the annual cost of corrosion to Australia, a market survey of the need
for a National Center for Corrosion Prevention and Control, and a review of national corrosion centers in European
countries. The study considered the organizational structure, technical functions, and the financial structure for the
proposed center. The results were presented in a 1983 report entitled Corrosion in Australia The Report of the
Australian National Centre for Corrosion Prevention and Control Feasibility Study.\”

Total Costs

The sy concluded that the annual cost of corrosion to the Australian economy could amount to
AUSS$2 billion at 1982 prices, approximately 1.5 percent of Australia’s GNP in 1982. The report indicated that
improved technology transfer and implementation could potentially recover a large portion of the corrosion costs,
and that there was a clear need in Australia for the establishment of a national corrosion control center.
Furthermore, it was noted that the value of the savings to the Australian community from improved corrosion
control would make a worthwhile contribution to the nation’s economy.

Method to Estimate Costs of Corrosion

The Australian study was patterned after the Battelle-NBS study. An 10 model of the Australian national
economy was constructed to first represent the real world and secondly to represent the world of optimum corrosion
mitigation technology. Differences between the two scenarios were used as estimates of the avoidable costs of
corrosion and to indicate areas of potential savings.
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The study used statistical data from the Australian Bureau of Statistics and therefore did not perform any major
data collection. Preparation of a model of the complexity of the Battelle method was clearly beyond the scope of the
study.

It was noted that while these cost estimates were iarge, they did not include the cost to users and the cost of
distuption. For example, if a bridge corrodes, a disruption cost would accrue to the users of that bridge because of
its reduced capacity. Similarly, a high-pressure gas pipeline that fails due to corrosion would result in a disruption
cost to third parties dependent upon the delivery of gas. While that study did not quantify these costs, it noted that
corrosion could cause widespread problems within industries and the community. The results, both socially and
economically, could be alarming. For example, corrosion processes could cause gas pipelines to rupture, industrial
plants to fail, buildings to deteriorate, and aircraft to crash. Although the study did not quantify them, secondary
costs resulting from corrosion failures could also be large and, in many cases, affect third parties not associated with
the corrosion engineering system.

Potential Savings

The potential savings (avoidable costs) were estimated to be equal to the total corrosion costs at 1.5 percent of
Australia’s GNP in 1982. The study estimated that 35 percent of the total savings was due to personal consumption
expenditures; 55 percent was due to private fixed-capitai formation; and 5 percent was due to federal, state, and
local government expenditures.

Insufficient use of corrosion mitigation technology was one source of corrosion costs. The study concluded
that possible potential savings provided a valid economic argument for improving technology transfer and for the
creation of facilities for corrosion mitigation practices. Various industry sectors expressed that the creation of a
National Center for Corrosion Prevention and Control could lower the costs of corrosion. They expressed the need
for a review of national corrosion centers in European countries.

Preventive Strategies

The survey of Australian industry and government departments found considerable expertise in the corrosion
mitigation field within the various sectors. However, the study identified a need for a centralized organization,
which could coordinate the resources, technology transfer, and coordinate research facilities in the field of corrosion.

Recommendations

The primary conclusion of the study was that there is a clear need in Australia for the establishment of a
National Corrosion Control Center. The study identified three roles for such a center: consulting, research, and
education. The consulting role would entail quick advisory services and provide a technological information
resource center for both industry and government agencies. The research role would provide for long-term applied
research for corrosion-related problems. Finally, the educational role would support technology transfer and
training in corrosion control technologies.

KUWAIT (1995)

In 1992, Kuwait conducted an economic assessment of the total cost of corrosion to its economy using a
modified version of the Battelle-NBS 10 model. The results of this assessment were presented in a 1995 report.®
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Total Costs

The total cost of corrosion was estimated at about $1 billion (1987 dollars}, representing 5.2 percent of
Kuwait’s 1987 Gross Domestic Product (GDP). Avoidable corrosion costs were estimated at $180 million or
18 percent of the total cost.

Method to Estimate Costs of Corrosion

The Kuwait study was patterned after the Battelle-NBS 10 method. Data gathering and information required
for the model’s adjustments came from three sources:

1. data compiled from a survey specifically designed for industries in Kuwait,
2. judgment of experts in the field of corrosion in Kuwait, and
3. experience of other countries and previous studies.

The questionnaire or survey was the first choice for data compilation. The following elements of corrosion
were considered: replacement of equipment and buildings, excess capacity and redundant equipment, loss of
product, maintenance and repair, and corrosion control.

Two years were analyzed, 1987 and 1992. The costs of corrosion in 1992 were determined to be less than those
estimated for 1987, which was explained by the following factors:

e the economy in 1992 was smaller than in 1987,

e the 1992 model assumed a more efficient economy with respect to corrosion and therefore,
less cost of corrosion for each unit of output in the 10 model,
the study assumed that the economy in 1992 was operating below capacity, and
the study assumed that only the more efficient equipment was used in the production process.

On the sector level, the estimates for total cost of corrosion in the oil sectors (crude petroleum and petroleum
refining) were $65 million in 1987. The avoidable cost in these sectors was estimated to be $10 million in 1987.
The commercial services sector, the government, and the social and household services sectors were responsible for
the largest share (70 percent) of the total cost of corrosion.

Potential Savings
In this study, the potential savings were expressed as avoidable costs. The study suggested that the corrosion

control efforts could be more cost-effective in those sectors that had the highest cost per dollar of value added,
(i.e., non-metallic products, basic metal products, construction, and other manufacturing sectors).

Preventive Strategies
The scope of the study did not include the identification and analysis of preventive strategies.
Recommendations

The study emphasized that the estimates reported in the study should be considered as the best available
indicator for the economic effect of corrosion. The estimates provided a benchmark against which the relative
impact of other factors affecting the economy could be compared and assessed. This could help in the development
of a program for corrosion control to prioritize: (a}) actions to be taken and (b) the resource allocations to support
these actions.
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OTHER COSTS OF CORROSION REPORTS

Other cost of corrosion studies have been cited as background to prior studies. These range from fairly
informal estimates with little or no supporting information to fairly extensive data-gathering and interpretation
efforts toward estimating the cost of corrosion. Some of these studies are briefly acknowledged below.

West Germany (1969)

West Germany conducted a study of corrosion at the end of the 1960s. The total cost of corrosion was
estimated to be 19 billion Deutschmarks (DM} (US$6 billion) for the period of 1968 to 1969. Of this cost,
4.3 billion DM (US$1.5 billion) was estimated to be avoidable. This gave a total cost of corrosion equivalent to
approximately 3 percent of the West German GNP for 1969 and avoidable costs were roughly 23 percent of total
corrosion costs.”’ There was no information presented as to what these figures included or how they were
computed.

Finland and Sweden (1965)

Finland conducted a study of the cost of corrosion in 1965. The cost of corrosion to Finland’s economy was
estimated to be between 150 and 200 million markaa (US$47 million and US$62 million) for the year 1965.
Linderborg referred to these losses in his article describing factors that must be taken into account in assessing
corrosion costs to the Finnish nation."”

Linderborg quotes a partial study of corrosion costs done in Sweden, in which painting expenditures to combat
corrosion were analyzed for the year 1964. These costs were found to be 300 to 400 million crowns (US$58 million
to US$73 million) of which between 25 and 35 percent were found to be avoidable.

India (1961)

India conducted a study of corrosion in 1961. The cost of corrosion to India was estimated at 1.54 billion
rupees (US3320 miltion)'" for the period 1960 to 1961. This was based on calculations of expenditures for certain
measures to prevent or control corrosion, including direct material and labor expenses for protection, additional
costs for increased corrosion resistance and redundancy, cost of information transfer, and funds spent on research
and development.

The breakdown of corrosion control costs was:

o 25 percent for paints, varnishes, and lacquers,
» 20 percent for metallic coatings and electroplatings, and
s 55 percent for corrosion-resistant metals.

Other corrosion control methods and materials were not cited.
China (1986)

In 1986, it was reported that a preliminary cost of corrosion study was conducted in 1980, although China had
not yet carried out a nationwide investigation of corrosion losses.'” In that study, 148 enterprises in the chemical
industry were surveyed. The comprehensive results of 10 such enterprises showed that the average corrosion cost
was 4 percent of their annual income. The results of another survey of an iron and steel complex indicated that
corrosion costs were 1.6 percent of their annual income.

A20



Appendix A — Review of Previous Studies

REFERENCES

L. H.H. Uhlig, “The Cost of Corrosion to the United States,” Chemical Engineering News, Vol. 27, p 2764,
1949; or Corrosion, Vol. 6, p 29, 1950.

2. Report of the Committee on Corrosion and Frotection — A Survey of Corrosion Protection in the United
Kingdom, Chairman T.P. Hoar, 1971.

. Report of the Committee on Corrosion and Protection — A Survey of the Cost of Corrosion to Japan, Japan
Society of Corrosion Engineering and Japan Association of Corrosion Control, Chairman G. Okamoto,
1977.

4. Economic Effects of Metallic Corrosion in the United States, NBS Special Publication 511-1, SD Stock

No. SN-003-003-01926-7, 1978.

5. Economic Effects of Metallic Corrosion in the United States, Appendix B, NBS Special Publication 511-2,
SD Stock No. SN-003-003-01927-5, 1978.

6. J.H. Payer, W.K. Boyd, D.G. Lippold, and W.H. Fisher, “NBS-Battelle Cost of Corrosion Study
(870 Billion!),” Part 1-7, Materials Performance, May-November 1980.

7. B.W. Cherry and B.S. Skerry, Corrosion in Australia — The Report of the Australian National Centre for
Corrosion Prevention and Control Feasibility Study, 1983.

8. F. Al-Kharafi, A. Al-Hashem, and F. Martrouk, Economic Effects of Metallic Corrosion in the State of
Kuwait, Final Report No. 4761, KISR Publications, December 1995,

9. D. Behrens, Br. Corrosion Journal, Vol. 10, Issue 3, p. 122, 1967.
10. S. Linderborg, Kemiam Teollusius (Finland), Vol. 24, Issue 3, p. 234, 1967.
11 K.S. Rajagopalan, Report on Metallic Corrosion in India, CSIR, 1962,

12, R. Zhu, Approaches to Reducing Corrosion Costs, NACE, 1986.







APPENDIX B

ECONOMIC ANALYSIS METHODS

TUNDE BALVANYOS, PH.D.! AND LESTER LAVE Pa.D.!

TABLE OF CONTENTS

COST OF CORROSION ....coeiiitieitieeissseseeeeeteeseseese st sasssstasasssasssmeasestesssartssiasssssssstssasssssissssnssssssnsssneeintessssssrmrsrnns Bl
DEFTINITIONS L. ceeiectieeeineenttresniintes s aectsseasaassesenssessssarseneraransssssssaantens sesseseessinstessssssnsessrersnsressssesessannesisesnnransesiaees Bl
COorrosion MANAEEITIENE «..ccviii ittt ettt re s et st ss et b e se s e st e s e s semesearesa s b et sin et s sn s nee s Bl
Direct and INAITEOE COSS vuviuriiiiiiiiiiirssiensisaienisssreeriteressterersseraenteisasinasiastesessttessarseriansensrssiensinsneisnseasasasnnssens Bl
Life-CWCLe COSLIME ..vrvieriiereciieviisriereesreirssssmreressressessssesscesssesanasesesssesersones reess sraessessessaoscasiatssnsssoneeneensasenaane B2
CURRENT COST OF CORROSION........cciiiiiiiinsiisiriessieniersireesssiisnissssesisssinsassse sesssssses siesssmsssssasssessressesssnavsnnsans B2
S FlOW . eiieiieiicesieviiiciiece it rmre s e tr et eesseete s sos are e s ensaseaareanraseonseens armatass essbnsansrensentsenteneranansenesennseranssnes B3
Present Discounted Value of the Cash FIOW .......ccoicviiimemiemiiiceiin e eneceisseneeesie s seseascotessbeesnreseessvsesnas B3
Annualized Value of the Cash FIOW ......ciiiiinirmiiieeriireiriieiissessreesesseesiessssesssraresssassessssassansessssansessasasns B5

POSSIBILITY OF COST-SAVINGS THROUGH IMPROVEMENT OF CORROSION MANAGEMENT....B6

! Carnegie Metlon University, Pittsburgh, Pennsylvania.

Bi






Appendix B — Economic Analysis Methods

COST OF CORROSION

The goal of this project is to estimate the current cost of corrosion for the U.S. economy. The first step of the
project involved a selection of representative sectors of the economy, Then, a definition for the “cost of corrosion”
and the method to estimate the cost of corrosion for the sectors were established. Finally, these estimates were
extrapolated to the cost to the whole economy.

The current cost of corrosion measures the cost of corrosion management to improve the function of, and to
extend the life of a structure or facility. The first step is to estimate how much companies and government agencies
are spending on corrosion prevention and protection (direct costs). The second step is to determine the benefits of
corrosion management in terms of extending the service life and functionality of the protected structure or facility.
The third step is to estimate the annualized value of indirect (user) costs and the cost of mishaps throughout the
service life of the structure. Since these costs occur at different times during the service life of the structure, they are
annualized in order to make them comparable. In addition, an important question to ask is whether and how the
current cost can be lowered.

Documenting the changes in corrosion control over the past few decades places the current cost of corrosion
into perspective. Specifically, by documenting the role and significance of unexpected accidents, regulations, and
research in bringing about changes in the treatment of corrosion, significant milestones can be identified. Savings
made by changing from current corrosion management practices to more cost-effective practices point out the
possible benefits of optimized corrosion management. Determination of the most cost-effective practices was based
on the evaluation of the current practices. Thus, savings are possible if the annualized cost of the most cost-effective
corrosion management strategy is lower then that of the current practice.

DEFINITIONS
The cutrent cost of corrosion was estimated using the concepts that are discussed in the following sections.
Corrosion Management

Engineered structures are built to serve particular functions. Service requirements are defined by the level of
quality of service and by the length of service, Corrosion management includes all activities throughout the service
life of the structure that are performed to mitigate corrosion, to repair corrosion-induced damage, and to replace the
structure, which has become unusable as a result of corrosion. In general, maintenance is defined as an activity thas
maintains the level of service of a structure or facility. Repair activities restore the damaged structure to its original
or required service levels, but do not eliminate the causes of corrosion. Rehabilitation activities restore the damaged
structure to its original or required service level and correct the deficiency that resulted in corrosion deterioration.
The repair and rehabilitation activities are performed at different times throughout the service life of the structure,
Maintenance is considered a regular activity, characterized by an annual cost. Inspections are scheduled periodic
activities, and repair is performed on an as-needed basis. Repair can involve the replacement of parts, but not the
replacement of the basic structure. Rehabilitation of structures such as bridges is usually done only once or twice
during the service life of the structure, generally at a high cost.

Direct and Indirect Costs

The total cost of corrosion is divided into the two main categories of direct and indirect costs. Direct costs are
defined as the costs that are directly incurred by the owner or operator of the facility, plant, or structure. Indirect
costs are defined as those costs that are incurred by others, such as the public, and are not directly felt by the owner
or operator.
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In order to determine accurate corrosion costs, it is important to include indirect costs in the analysis of
alternatives. The cash flow must include all expenditures by the owner and all expenditures to others, such as the
cost of delays, service interruption, or environmental damage. The design with the lowest annualized cost is then
the design with the lowest cost of providing the service to the entire society. If, on the other hand, only direct costs
are included, the design with the lowest cost to the owner may not be the one with the lowest cost to society. An
example is the case of a leak forming in a pipeline, where the cost of replacing the corroded pipe section (direct
cost) is negligible compared to the cost of the environmental damage (indirect cost). If the pipeline operator
compensates its customers for disruptions in service and pays for environmental damage resulting from the leak, the
lowest corrosion management cost to the operator will also be the lowest cost to society. If, however, either of these
costs is omitted, the operator will not have the proper incentive to select a design or corrosion maintenance program
that has the lowest cost for society.

Life-Cycle Costing

When optimizing both the direct and indirect costs of corrosion, it is important that all benefits and costs of all
the options are accounted for. This benefit-cost analysis (BCA) determines the net present value of options and the
highest net benefit to society. In addition, BCA helps to determine the cost per unit of service, which is, in fact, the
highest aggregation of costs and benefits.

LCC analysis is used in this project to assess corrosion management alternatives. It determines the Annualized

Value (AV) of each option, which is used to compare the alternatives. Since in the analysis it is assumed that all
options meet the same service requirement, the lowest cost option is therefore the most cost-effective option to
achieve the service requirement. While LCC is an appropriate method to compare the costs of different options, it
simplifies the benefit side by only considering the benefits of the specified service level. For example, if the
required service level is a four-lane bridge designed to last for 60 years, the benefit of the bridge will be very
different for one serving 5,000 cars per day than for one serving 50,000 cars per day. An analysis of the former case
would probably conclude that a two-lane bridge was sufficient, while an analysis of the latter case would conclude
that a six-lane bridge was required.

It is important to emphasize that the costing of project alternatives cannot be based on their initial costs. For
example, it costs less to build an uncoated carbon steel pipe (first option) than a coated carbon steel pipe (second
option); however, the coated pipe would last longer. Therefore, for the correct comparison, the construction cost
must be annualized over the entire service life of the pipeline. It holds true if one factors in rehabilitation and repair
costs for each pipeline. A comparison of the two options is therefore based on the annualized value of each.

CURRENT COST OF CORROSION

The current cost of corrosion is defined as the sum of the corrosion-related costs of design and
construction/manufacturing; the cost of corrosion-related maintenance, repair, and rehabilitation (corrosion
management); and the cost of depreciation or replacement of structures that have become unusable as a result of
corrosion. Theoretically speaking, the current cost of corrosion is the difference between the approach where no
consideration is given to corrosion and corrosion control and the current approach. It is calculated by LCC analysis
and characterized by the annualized value.

Measurement of the current cost of corrosion is carried out in the following steps:

1. Determine the cash flow of corrosion-related activities: describe corrosion management
practices (materials, actions, and schedule), determine the elements of corrosion cost, and
assign cost to all materials and activities that are corrosion-related.

2. Calculate present discounted value (PDV) of the cash flow.
3. Calculate Annualized Value for the PDV.
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These steps are discussed in more detail in the following sections.
Cash Flow

After the corrosion management practices are analyzed, the direct and indirect elements of the corrosion costs
are identified. The corrosion-related cash flow of a structure/facility includes all costs, direct and indirect, that are
incurred due to corrosion throughout the entire life-cycle of the structure.

The current practices to control corrosion vary greatly between the different industry and government sectors
that are described in this report. Even within a sector, there are different approaches to design and maintenance of
similar facilities or structures. One approach to determine the total corrosion cost is to extrapolate from a typical
corrosion cost to the entire sector.

As discussed previously, the cost of corrosion is divided into direct and indirect costs. Examples of some of
the direct costs are:

s  Amount of additional or more expensive material used to prevent corrosion damage,
multiplied by the (additional) unit price of the material.

s  Number of labor hours attributed to corrosion management activities, multiplied by the hourly
wage.

»  Cost of the equipment required as a result of corrosion-related activities.

* Loss of revenue due to lower supply of goods. For example, consider the case of a leaking
pipeline. When, as a result of the leak, the pipe is shut down for repair, the revenue loss due
to this service interruption should be accounted for as a cost of corrosion. If the market is
such that other companies in the industry can meet the demand for the same cost, then the
revenue loss of one company is the revenue gain for another and, therefore, would not be
counted as a corrosion cost.

As previously defined, indirect costs are incurred by others than the owner or operator. Once a dollar value is
assigned to these items, they are included in the cash flow of the corrosion management and treated the same way as
all other costs. Some examples of indirect costs are:

¢ Increased costs for consumers of the product (lower product supply on the market results in a
higher cost to consumers) or lost time due to the search for the alternative goods/service.

e  Effect on local economy (loss of jobs).

e  Effect on the natural environment by pollution.

Present Discounted Value of the Cash Flow

Structures are designed to serve their function for a required period of time, which is referred to as the service
life. More than one option can be utilized to satisfy the service level for the required service life. Once the cash
flow for the service life is determined, the value of each option for the entire life-cycle can be determined. One
cash-flow cycle (a complete life-cycle) of a structure is as follows:

Year Zero: Direct cost is the total initial investment of constructing a new structure or facility. If
there is an old structure, its removal cost is not included. There is a user cost associated
with the construction of a new structure. If there is an old structure, the user cost
associated with its removal is not included.
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During Service: Direct cost includes ail costs associated with maintenance, repair, and rehabilitation. The
user cost can be generated by the worsening conditions of the structure that reduces the
level of service of the structure during any maintenance, repair, or rehabilitation.

Last Year: Direct cost includes ali costs of structure removal. If the old structure is replaced with a
new one, the cost of the new structure is not included. There is a user cost associated
with the removal of the structure. After the removal of the old structure, a new life-cycle
begins.

All materials and activities incurring corrosion-related costs during the service life of the structure must be
identified, quantified, and valuated. Direct costs of the corrosion management activities, or the cost to the owner or
operator, include material, labor, and equipment costs. (The price of labor, material, and equipment are assurmed to
be the same for all design and all corrosion management alternatives.) As stated earlier, all indirect costs should be
accounted for as well. For example, if a corrosion-related maintenance activity on a bridge deck requires traffic
maintenance, its cost needs to be included.

The corrosion management schedule of the structure determines the direct-cost cash flow. Calculation of the
present value of the cash flow entries is presented in the following sections.

The jnitial investment occurs in the “present”; therefore, no discounting is necessary.

Annual maintenance is assumed to be constant throughout the life-cycle of the structure. Thus, the present
discounted annual value PDV{AM]} is calculated back to the present as follows:

PDV{AM} =AM x [I - (1 +)N] /i
where AM = cost of annual maintenance (8§ per year)

N = length of service life in years
i = interest rate

For the calculation of the present value of activities that grow annually at a constant rate (g), a2 modified
interest rate needs to be calculated using the following formula:

h=(G-g)/(1+gandi>g
where iy = modified interest rate

i = interest rate
g = constant annual growth rate

If the first payment (P|) occurs in year one, the present value of a cash flow that grows annually at a constant
rate over n years is calculated using the following formula:

PV{P} =[P/ (1 + @] x[1-(1+i)" ]/ i
PV {P}, the present value of a cash flow series that starts at P1 in year 1 and grows at a constant rate g for n

years when interest rate is i, is equivalent to the present value of an annuity of [P1/ (1 + g)] for n years when interest
rates are iy, where i, is given by the equation above.
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The first payment for repair activities, however, usually does not occur in year one, but, rather in year t;
therefore, the above formula calculates the value at year (t-1) discounted back to year zero of the life-cycle to
determine the present discounted value of the repair:

PDV{P} =PV{P} x (1 +iy*?

The PDV of one-time costs, such as one-time repairs (R), rehabilitation (RH), or removal of an old structure
(ROS) is calculated as follows:

PDV{R} =R x (1 + i)™
PDV{RH} =RH x (1 +iy™"
PDV{ROS} = ROS x (1 + iy

where R = cost of the repair
RH = cost of the rehabilitation
ROS = cost of removing the old structure
t = year in which the cost is incurred

The present value (PV) of alternatives is calculated as the sum of the PV of its cash flow added to the initial
capital investment (I):

PDV =1+ PDV{AM, P, R, RH, ROS}

Annualized Value of the Cash Flow

In calculating the service life cost of alternative corrosion management approaches, the irregular cash flow of
the entire service life is transformed into an annuity (a constant annual value paid every year) for the same service
life. The annualized value (AV) of the alternative approach is calculated from the PV by use of the following

formula:
AV =PDV xi/[l-(1+ iy"]

The annuity of the initial investment (I) made in year zero is determined such that its present discounted value
is equal to the present discounted value of its annuity:

PDV{I} = PDVIA{[}]=Z..." [ A{I} / (1+1)V ]

where A{l} = annualized value of the capital investment
A{CM} = annualized value of all corrosion management costs
r = annual discount rate
n =service year, n=1... N,
N = entire service life
FDV{I} = present discounted value of the initial investment
PDV[A{I}] = present discounted value of annuity of the initial investment

The actual corrosion management costs throughout the “n’” years of the structure’s service life will fluctuate.
The fluctuating cash flow is replaced with an equivalent uniform cash flow of its annuity. The annuity of the
corrosion management yearly cash flow is determined such that the present discounted value of the original cash
flow is equal to the present discounted value of the annuity:

PDV[A{CM}] = PDV{CM} = £, [ A{CM} / (1+1)" ]
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where PDV{CM} = present discounted value of the original cash flow of corrosion management
PDV[A{CM}] = present discounted value of the uniform cash flow or annuity

The annuity of the original cash flow is then:
A= A{l} + A{CM}

This annuity or “annualized cost” is a constant annual value paid every year; present discounted value is equal
to the present discounted value of the irregular cash flow for the entire service life of the structure.

In summary, the current cost of corrosion is the sum of the amount spent preventing corrosion at the design and
construction phase; the amount spent on maintenance, repair, and rehabilitation to control and correct corrosion (cost
of corrosion management); the amount spent on removing and replacing structures that become unusable due to
corrosion (depreciation or cost of replacement); and the indirect (user) cost generated by or during these activities.

POSSIBILITY OF COST-SAVINGS THROUGH IMPROVEMENT OF
CORROSION MANAGEMENT

Within any industrial sector, there is a range of current practices of dealing with corrosion, from the old
technology to the current state-of-the-art. While one of the practices achieves the most for its cost, i.e., is the most
cost-effective, others could be improved to be more cost-effective. Hence, an important question is whether
improvement of the currently used practices could lower the current cost of corrosion. While this project did not
attempt to answer this question, efforts were made to identify sources of possible savings. For example, in the case
of reinforced-concrete bridge decks (low cost, “basic” design), an attempt was made to estimate the magnitude of
the savings by employing the most cost-effective corrosion management practice.

The goal of corrosion management is to achieve the desired level of service at the least cost (which, in order to
estimate the total economic cost, should include user costs). Finding the corrosion management program that has
the greatest net benefits to society requires a careful analysis of all the direct and indirect costs involved. This
analysis requires specific corrosion-related cost information. Unfortunately, because ot the complexity of corrosion
control and management issues or the reluctance of the experts to share the data, for many industrial sectors,
insufficient information was available to identify the design-maintenance option that had the lowest annual cost.
However, in nearly all the sectors, a wide range of current corrosion management practices was observed,
suggesting that one of these practices is likely to be more cost-effective than the others.
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COST OF CORROSION CONTROL METHODS

One of the two methods described in this report to estimate the total cost of corrosion is based on a method
where the total cost of corrosion control methods and services is estimated. This method was used by Uhlig!" in one
of the first studies that examined the cost of corrosion in the United States, and was later adapted to estimate the cost
of corrosion to the Japanese economy.”> These studies are described in more detail in the section titled “Review of

Previous National Cost of Corrosion Studies.”

The corrosion control methods that were considered include protective coatings, corrosion-resistant metals and
alloys, corrosion inhibitors, polymers, anodic and cathodic protection, corrosion control services, corrosion research
and developrnent, and education and training. The total annual cost of corrosion estimated with this method for the
average year of 1998 was $121.41 billion or 1.381 percent of the $8.79 trillion Gross Domestic Product (GDP).
Table | shows the distribution of the corrosion control methods and services costs.

Table 1. Costs of corrosion control methods and services.

RANGE AVERAGE COST
MATERIAL AND SERVICES

(% x billion) ($ x billion) (%)

Protective Coatings
Organic Coatings 40.2 - 1742 107.2 88.3
Metallic Coatings 14 1.4 1.2
Metals and Alioys 7.7 7.7 6.3
Corrosion Inhibitors 1.1 1.1 0.9
Polymers 1.8 1.8 1.5
Anodic and Cathodic Protection 0.73--1.22 0.98 0.8
Services 1.2 1.2 1.0
Research and Development 0.020 0.02 <0.1
Education and Training 0.01 0.01 <0.1

TOTAL | $54.16 — $188.65 $121.41 100%

Protective Coatings

Both organic and metallic coatings are used to provide protection against corrosion of metallic substrates.
These metallic substrates, particularly carbon steel, will corrode in the absence of the coating, resulting in a
reduction of the service life of the steel part or component. Both types of coating are reviewed in the following
sections.

Organic Coatings

The major organic coatings are often classified by a curing mechanism, with the two basic types of cured
coatings being nonconvertible and convertible.”) The nonconvertible coatings cure solely by evaporation of the
solvent with no chemical change in the resin matrix. They can be re-dissolved in the solvent originally used to
dissolve the resin. Convertible coatings, on the other hand, cure primarily by a polymerization process in which the
resins undergo an irreversible chemical change.
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The common types of nonconvertible coatings include the following:

Chlorinated rubbers — elastomers formed when natural rubber or a polyolefin is reacted with
chlorine. These materials are usually modified by other resins to obtain high solid contents and to
decrease brittleness.

Vinvls — made by dissolving polyvinyl chloride (PVC) polymers in a suitable solvent. They are
generally low solid coatings applied in very thin coats. Vinyl coatings are used for their
weathering ability.

Acrvlics — made by dissolving polymers made from acrylic acid and methacrylic acid or
acrylonitrile. Water-based acrylics are widely used due to their weathering properties and ease of
application.

Bitumen — generally based on residues from petroleum or coal mining processes. Bitumen
coatings can also come from naturally occurring sources such as gilsonite. The presence of
aromatic hydrocarbons (such as benzene) in some of these coatings has limited their acceptability
in recent years due to health and environmental concerns.

Flame-spray polymers —these are not evaporative cure coatings; rather, they cure by cooling from
a molten state. The most common flame-spray polymer is polyethylene, which is ground into a
powder state and flocced through a flame, which converts the polyethylene into a molten state.
The molten polymer hits the substrate and cools, solidifying into a protective film. This type of
coating can be re-melted or dissolved by an appropriate solvent, although there are very few
solvents for polyethylene.

Coalescence coatings — in this type of coating, tiny particles of resin are encapsulated in a soap-
like material and then dispersed in water, which acts as a dilutent rather than a true solvent. This
type of blend is known as an emulsion. When the water evaporates, the resin particles fuse
(coalesce) to form a stable, cured coating film. These coatings, once cured, cannot be re-dissolved
in water, although stronger solvents may dissolve them. Examples of these include acrylic latex
suspensions and epoxy emulsions.

Most convertible coatings cure by polymerization. Polymerization occurs when two or more resin molecules
combine to form a single, more complex molecule. The resin molecules may be monomers (single units) or they
may be shorter chain polymers, which react to form longer chain polymers. There are four main types of
polymerization used in coating technology (oxygen-induced, chemically-induced, heat-induced, and hydrolysis).
Other types of polymerization, such as radiation-induced polymerization, are possible; however, the vast majority of
convertible coatings use one of the following four mechanisms.

Oxygen-induced polymerized coatings:
Alkyds — referred to as oil-based primers and topcoats, alkyds are based on vegetable or fish oils

blended with pigments and catalysts in a solvent. The film forms when the oil reacts with oxygen
assisted by the catalyst, and the solvent evaporates. Most paints that are sold in spray cans are

alkyds.

Drying pils — penetrating oils and lacquers that form a thin protective film.
Chemically-induced polymerized coatings:

Epoxies — the preferred corrosion control coating for severe environments. Epoxies are a generic
class of materials based on the presence of an epoxide polymer side group. They exhibit superior
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adhesion and chemical resistance properties, yet are susceptible to weathering degradation (by
chalking) and are often topcoated to shield them from ultraviolet (UV) light.

Polyurethanes ~ these set the standard for color retention and weathering, and are widely used over
steel for long-term decorative corrosion protection. Polyurethanes also vary widely in chemistry
and can be formulated to be very flexible elastomers, rigid foams, or dense brittle films.

Heat-induced polymerized coatings:

Polyesters and vinyl esters — these materials are based on styrene monomers with a very reactive
catalyst. They could be classified as chemically-induced curing polymers; however, the actual
reaction is heat-induced. The catalytic reaction generates a great deal of heat, which polymerizes
the styrene monomer and the ester groups. They are used as tank linings and form the basis for
many freestanding fiberglass structures,

Phenolics — these are thin films, which form by evaporation of solvent followed by baking at high
temperatures [204 °C (400 °F) or greater]. Phenolics form a very strong, hard chemical- and
temperature-resistant film used for storage of strong acids and solvents.

Silicones - chemically, silicones vary greatly; however, the corrosion-resistant coatings based on
silicone are baked to create an inorganic silicone backbone that withstands very high temperatures.
In applications such as furnaces and boilers, silicone-based coatings are often the only option.

Fusion-bonded epoxies — powder-based epoxies that are applied to hot substrates. When the
powder hits the hot substrate, it melts and the chemical reaction occurs. Upon cooling, the film
solidifies. Fusion bonded epoxies are widely used for pipelines and concrete rebar applications.

Hydrolysis-induced polymerized coatings:

Inorganic zinc — usually zinc metal powder is dispersed in a zinc silicate binder, and the zinc
silicate uses moisture from the air to form a cured matrix. The zinc particles behave as individual
anodes to sacrificially protect the steel from corrosion. Many steel bridges and freestanding
structural steel members are coated with inorganic zinc, which has a characteristic gray-green
color. For other applications, the zinc is topcoated with an epoxy and/or polyurethane to provide
an excellent system for corrosion control. There are also water-based inorganic zinc coatings,
which react with CO, to cure.

Mojsture-cured polyurethanes — some polyurethane coatings form their protective cured film by
reaction with moisture from the air. Their properties are usually quite different from
two-component polyurethanes, but contain a basic urethane side group, which classifies them as
polvurethanes.

The selection of coating chemistry for the different industrial applications is based on intended service,
application, intended service life, and cost. According to the U.S. Department of Commerce, Census Bureau, the
total amount of organic coating material sold in the United States in 1997 was 5.56 billion L (1.47 billion gal), at a
value of $16.56 billion.” Table 2 summarizes the total volume and value of paint sold in the United States for the
years 1990 to 1999, The total sales can be broken down into four categories: architectural coatings, Original
Equipment Manufacturers (OEM) coatings, special-purpose coatings, and miscellaneous allied paint products.
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Table 2. Summary of estimated U.S. total quantity and value of shipments of paint and allied
products: 1990 to 1999 "As Revised,” as reported by the U.S. Census Bureau.”

ARCHITECTURAL SPECIAL-PURPOSE MISCELLANEQUS
TOTAL OEM COATINGS ALLIED PRODUCT
COATINGS COATINGS
COATINGS
Quantity Value Quantity Value Quantity Value Quantity Value Quantity Value
gal x million} $ x million |gal x million| $ x million |gal x million| $ x million |gal x million| $ x million {gal x million| § x million

1999 | 1,486.3 18,0123 677.1 6.816.2 446.0 6,208.2 170.4 3,496.2 1923 1,491.7
1998 | 1,443.7 17,298.2 631.6 6,115.2 428.3 6,098.2 173.3 3,472.0 210.5 1,612.3
1997 | 1,472.8 16,559.5 655.6 6.204.9 4254 5,750.7 181.8 2,896.0 210.0 1,647.9
1996 | 1,468.2 16,554.7 640.3 6,246.3 398.7 5,474.1 208.9 3,263.8 220.3 1,570.5
1995 | 1,407.2 15,9237 622.5 6,057.1 385.3 5,279.9 196.0 3,076.7 203.4 1,510.0
1994 | 1,431.1 15,6452 644.8 5,888.3 3729 . 5,069.9 193.8 3,197.3 219.6 1,489.7
1993 | 1,336.5 14,630.1 608.1 5,615.3 356.6 4,788.3 179.0 2,937.7 192.8 1,288.8
1992 | 1,236.0 13,595.1 575.6 5,294.3 311.7 4,213.5 172.7 2,933.8 176.0 1,153.5
1991 | 1,226.8 13,009.4 5379 4,900.7 3204 4,005.4 179.5 2,910.8 189.0 1,192.5
1990 | 1,281.9 12,898.4 558.4 4,913.6 338.6 4,032.6 195.6 2,781.5 189.3 1,170.7

Architectural coatings are applied on-site to new and existing residential, commercial, institutional, and

industrial buildings. Small percentages of these are used as primers and undercoats, and may be classified as
corrosion control coatings. Water-based and water-thinned coatings dominate the architectural market. In fact,

more than 75 percent of all architectural coatings are now water-based.”” Table 3 shows the markets for corrosion-
related architectural coatings according to the 1997 Census Bureau data.

Table 3. Value of corrosion-related architectural coatings sold in 199

7.5

TYPES OF UNDERCOATS AND PRIMERS

VALUE
($ x million)

Exterior Solvent-Based 91
Exterior Water-Thinned 100
Interior Solvent-Based 101
Interior Water-Thinned 194

TOTAL $486

This value of $486 million for corrosion-related architectural coatings is approximately 8§ percent of the
$6.2649 billion total spent on architectural coatings in 1997.

QEM coatings are factory-applied to manufactured goods as part of the manufacturing process. There is an
element of decoration in OEM finishes, but for those applied to steel, their primary function is corrosion control,
either for weathering resistance or flash rust protection. Their market breakdown is given in table 4.

The value of the total OEM corrosion control coatings indicated in table 4 represents approximately 66 percent
of the total OEM market of $5.7507 billion in 1997, Other OEM coatings include wood furniture and flatboard
finishes, container/closure finishes, and electrical insulation coatings.
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Table 4. Value of OEM corrosion control coatings sold in 1997.®

OEM CORROSION CONTROL COATINGS ($‘;:nl;]lljiﬁn)
Automotive Finishes 1,128
Automotive Part Finishes 78
Heavy-Duty Truck/Bus/RV Finishes 369
Aircraft/Railroad Finishes 166
Heating/AC/Appliance Finishes 84
Metal Building Product Finishes 662
Machinery and Equipment Finishes 241
Non-Wood Furniture and Fixture Finishes 384
Automotive Powder Coatings 110
General Metal Finishing Powder Coatings 311
Other OEM Powder Coatings 130
Product Finishes for OEM Equipment 134
TOTAL $3,797

Special-purpose coatings include heavy industry corrosion control coatings as well as marine and automotive
refinishing. The distribution of corrosion-related special-purpose coatings is shown in table 5.

Table 5. Value of special-purpose corrosion control coatings sold in 1997.%%)

SPECIAL PURPOSE CORROSION VALUE
CONTROL COATINGS ($ x million)
Industrial Maintenance Coatings-Interior 139
Industrial Maintenance Coatings-Exterior 609
Automotive Refinishing 1,302
Marine Paints for Shipping/Offshore 243
TOTAL $2,298

The value of special-purpose corrosion control coatings represents 79 percent of the $2.896 billion
special-purpose coatings market in 1997. Also included in this category by the Census Bureau, which are not

corrosion control coatings, were traffic marking paints (both for signs and road markings) and aerosol can labeling
finishes.

The firal category of total sales is miscellaneous allied paint products, which includes paint/varnish removers,
thinners, pigment dispersions such as art supplies, and putties. The contribution to corrosion protection from this
category includes only thinners used in non-architectural solvent-based coatings. Solvent-based corrosion control
coatings account for 75 percent of the solvent-based coating market; therefore, it can be estimated that the amount of
thinner used in corrosion control applications is 75 percent of the thinner sold at a cost of $118 million. This
8118 million value accounts for 7 percent of the $1.6479 billion allied paint products market in 1997.
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Extracting the corrosion coating portions from each of these as described above provides a total estimate of all
corrosion markets in the paint industry (see table 6).

Table 6. Summary for corrosion control coatings sold in 1997.%%

CORROSION CONTROL COATINGS ($‘;?nlzlli}i§n)
Total Architectural Corrosion Control Coatings 486
Total OEM Corrosion Control Coatings 3,797
Total Special-Purpose Corrosion Control Coatings 2,298
Total Miscellaneous Allied Corrosion Control Paint Products 118
TOTAL $6,699

A survey by the Steel Structures Painting Council (SSPC) of industrial coatings performed in 1998 separated
the coating sales by end-use industry.”” Table 7 shows the breakdown of the high-performance coatings by industry.

Architectural coatings, some of which may be considered corrosion control coatings, but are applied to non-
metallic surfaces such as wood and concrete, were not considered in this study. Furthermore, it should be noted that

the automotive industry, which is one of the largest users of organic coatings, was not included in the SSPC study.

Table 7. Distribution of 1998 coating sales by end-use industry, as reported by SSPC.”

END-USE INDUSTRY % OF SALES
Petroleum refining and chemical production 14
Bridges and highways 8
Railroads 8
Water and waste treatment 7
Offshore oil & gas production 7
Marine 7
Defense/space 7
Electric utilities/gas 5
Pulp & paper 4
Land-based oil & gas production 4
Food & beverages 3
Primary metals and mining 3
Airlines/aircraft 1
Other (not specified) 22
TOTAL 100%

The average cost per gallon of paint is estimated at $23, which is derived from a wide range of costs for
high-performance coatings such as epoxies [$7.9 to $13.2 per L ($30 to $50 per gal)] and polyurethanes [$21.1 per L
($80 per gal)] to industrial waterborne acrylics [$3.17 to $3.46 per L ($12 to $15 per gal)].”
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The raw material cost of any coating application, while significant, is only a portion of the cost of a coating
application project. The SSPC survey'” indicated that, for example, for a typical aboveground crude oil storage
tank, the total cost of coating is distributed as shown in figure 1. The figure clearly demonstrates that surface
preparation (40 percent) and coating application (15 percent) require a significant portion of the total coating budget,
whereas the actual coating material cost is only 9 percent.

Miscellaneous
(Overhead, Profit,

Abrasives
5%

Surface Preparation

Other Labor 0%

9%

Coating Application
15%

Coating Material Cost
19%

Figure 1. Cost distribution of coating application on an aboveground storage tank

A report by the Federal Highway Administration® indicated that, for a typical heavy-duty maintenance job on
a steel bridge structure, the cost of coating material is even a smaller fraction (4 percent) of the total cost (see figure
2). Large portions of the total cost are taken by access cost (20 percent), containment (19 percent), and workers’
health (15 percent).

Using these figures, the total cost of application of the $6.699 billion in coatings is estimated to range from
$35.3 billion to $167.5 billion for the entire coating industry in the United States. These cost figures do not include
the costs of hard-to-define cost items, such as the costs of performance testing, personnel costs for time spent
specifying coating products and application procedures, overhead for handling of bids and contracts, and other
support services that would be unnecessary if coating application had not been needed. Moreover, the total cost
does not include the costs of downtime, lost production, or reduced capacity during maintenance painting.
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Coating Material
Waste Disposal 4%
5%

Access Costs
28%

Environ. Monitoring
9%

Surface Preparation
10%

Coating Application
10%

Containment
19%
Worker Heaith
15%

Figure 2. Cost distribution of coating application on steel highway bridge structure.®

Several major changes have affected the coating industry over the past 15 to 20 years. The first major change
was brought on by the environmental restrictions on volatile organic compounds (VOCs). Paint manufacturers in
the United States are being forced by regulations to develop either high-solid coatings with minimal solvents, or
waterborne equivalents of the existing solvent-borne coatings. More than 10 percent of the high-performance
industrial coatings in the United States are now of the waterborne variety. The second major change is the use of
lead-free paint. Concern over existing lead-based paints has spawned an entire industry of lead abatement and
remediation. Currently, a total of 4 percent of all coating sales are for the purpose of replacing lead-containing
coatings.!”’ A third major change is the banning of chromates, which have been incorporated into
corrosion-inhibiting primers, particularly for aluminum alloys. Chromates, which are very effective corrosion
inhibitors, have been designated as carcinogens and are therefore being phased out. Although extensive research is
being conducted to replace this powerful corrosion inhibitor, no comparable replacements have yet been found or
developed.

Metallic Coatings

The most widely used metallic coating process for corrosion protection is galvanizing, which involves the
application of metallic zinc to carbon stee! for corrosion control purposes. Information released by the U.S.
Department of Commerce in 1998 stated that approximately 8.6 million metric tons of hot-dip galvanized steel and
2.8 million metric tons of electrolytic galvanized steel were produced in 1997.”” The total market for metallizing
and galvanizing in the United States, which is considered a corrosion control cost is estimated at $1.4 billion. This
figure is the total material cost of the metal coating and the cost of processing. It does not include the cost of the
carbon steel member being galvanized/metallized.
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Galvanizing

Hot-dip galvanizing differs from other zinc coatings and the metallizing process in that the zinc is alloyed to
the metal during galvanizing. By contrast, organic or inorganic zinc coatings (and electroplated metallic coatings)
are non-alloyed coatings, although their protection mechanism is essentially the same. Both alloyed and non-alloyed
zine coatings act as barriers to the corrosive environment and as sacrificial anodes when the barrier is breached.

The degree of protection offered by galvanizing depends entirely on the thickness of the galvanized layer.
Galvanizing is unique in that empirical data accumulated over the years provide guides for estimating the service life
of galvanizzd coating under a wide range of specific exposure conditions. Figure 3 shows this service life prediction
for several “standard” environments."” Hot-dip galvanizing is the most common process, and as the name implies,
it consists of dipping the steel member into a bath of molten zinc.

70 | o
THICKNESS OF
% 60 ZINC COATING
. 50 'D0.5 mils
' 2.1 mils
g 40 ‘3 10mils |
= 30 BSOmils
2 20 :
@
10
Tropical Marine Moderate Heavy Industrial
Industrial
ENVIRONMENT

Figure 3.  Expected service life of galvanized steel under different atmospheric conditions.'”

The galvanizing industry in the United States is divided into two classes, namely fabrication and sheet
galvanizing. Figure 4 shows the relative size of these markets (along with metallizing) on a monetary basis.'” The
fabrication business deals with structural components such as piping, I-beams, poles, handrails, and other heavy-
duty steel products. The sheet business deals with galvanized sheet metal for equipment, roofing, panels, and other
non-structural steel applications.

In 1998, fabrication industry sales were approximately $750 million."" This industry has grown in volume by
an average of 8.4 percent over the past 4 to § years; however, the profitability of the galvanizing industry is directly
tied to the commodity price of zinc, which has remained fairly steady at $1.06 to $1.15 per kg ($0.48 to $0.52 per 1b)
over the past 10 years. As in most industries, the production costs have gone up, but efficiencies have improved to
offset the rising materials/labor costs,

According to the American Zinc Association, in 1999, sheet and strip galvanizing accounted for
540,000 metric tons of zinc.!'” The commodity price of zinc was $1,076 per metric ton, with an additional average
premium of’ $60 per metric ton paid by manufacturers.

The cost for processing sheet steel into galvanized parts is dependent upon the facility; however, the cost
ranges from $50 to $100 per metric ton of zinc."? Using a mid-range of $75 per metric ton for processing costs, in
1999, the total sheet galvanizing industry sales were $654 million.
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Metallizing

Sheet & Strip

Galvanizing Fabrication

Galvanizing

Figure 4. Relative market size for metallic coatings."'>

While the profitability of galvanizing is linked to the zinc commodity price, the size of the market is controlled
by the construction climate, Two growth markets have been identified by the American Galvanizers Association for
the next several years. One is in the transition of utility poles from treated wood to galvanized steel. A joint effort
of the steel manufacturers, the zinc suppliers, and the galvanizing industry is promoting this effort due to the
environmental concerns over both the toxicity of the leachant from telephone poles and deforestation issues. The
elimination of wooden poles in favor of galvanized steel poles would add another $200 million to $300 million for
the galvanizing industry.

Another growth market, which is becoming increasingly popular, is the use of galvanized metal studs for home
construction. This market is, of course, also tied to the home-building industry, which is closely related to the
general economy of the United States.

Metallizing

Metallizing is defined as the application of very thin metallic coatings for either active corrosion protection
(zinc or aluminum anodes) or as a protective layer (stainless steels and alloys). Application can be by flame
spraying or electroplating. Other advanced processes, such as plasma arc spraying, can be used for exotic refractory
metals for very demanding applications; however, most of the advanced processes are not utilized for corrosion
control mechanisms.

The metallizing anode market ranges from $5 million to $10 million annually, and continues to grow due to the
recognition by government agencies that life-cycle costs are important.*)

Metals and Alloys

Corrosion-resistant alloys are used where corrosive conditions prohibit the use of carbon steels and where
protective coatings provide insufficient protection or are economically not feasible. These alloys include stainless
steels, nickel-based alloys, and titanium alloys. The total cost for these alloys used in corrosion control applications
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is $8.3 billicn, with $7.9 billion for stainless steels, $0.28 billion for nickel-based alloys, and $0.15 billion for
titanium alloys.

According to U.S. Census Bureau statistics, a total of 2.5 million metric tons of raw stainless steel was sold in
the United States in 1997.1' With an estimated cost of the raw stainless steel of $2.20 per kg ($1 per Ib), the total
annual production cost of $5.5 billion (1997 numbers) was calculated. It can be assumed that all production is for
U.S. domestic consumption."” The total consumption of stainless stee! also includes imports, which account for
more than 25 percent of the U.S. market; therefore, the total consumption of stainless steel can be estimated at
$7.5 billion. The 1998-end market consumption for stainless stee! products is presented in table 8.1 The table
reviews the stainless steel products (sheet and strip, plate, bar, and pipe and tube) that are used by the various
industrial consumers. The total volume for each product and industry sector is presented in metric tons, as well as
percentages. The table shows the end-market consumption for various major industry sectors. The volume and
percentage is given for both the total of the products and the individual preduct. The table indicates that the
transportation sector is the highest user of stainless steel products at 23.8 percent of the total, with the food
equipment and construction sectors at 15.3 and 14.2 percent, respectively. Notably, the oil and gas sector and
chemical sector only had 1.4 percent users.

Table 8. End-market consumption of stainless steel in the United States for 1998 (in metric tons),

as reported by Publications Resource Group.'”
SHEET & STRIP PLATE BAR PIPE & TUBE TOTAL
DESCRIPTION Metric % Metric o, Metric o Metric | " Metric %
Tons Tons Tons Tons Tons

CONSTRUCTION
General 24,874 1.4 8,197 2.9 2,319 0.9 3,158 3.3 38,548 1.6
Roofing/Paneis/Flooring/Etc. 115,472 64 21,273 7.6 7,254 3.0] 12,365 12.8 156,364 6.5
Heating/AC 82,822 4.6 1,286 0.5 2,088 09| 3,146 3.3 89,342 37
Window & Doors 16,177 0.9 205 0.1 190 0.1 180 0.2 16,752 0.7
Elevators/Moving Stairs 10,903 0.6 184 0.1 564 0.2 34 0.0 11,685 0.5
Plumbing 19,629 1.1 16 0.0 265 0.1 265 0.3 20,175 0.8
Arch/Omamental/Hardware 5,988 0.3 1,228 0.4 449 0.2 2,644 2.7 10,309 0.4
Bridges/Highways 1,369 0.1 491 0.2 0 0.0 0 0.0 1.860 | <0.1

TOTAL 277,234 15.4 32,880 11.7 13,129 54| 21,792 22.6 343,175 14.2
FOOD EQUIPMENT
General 8,854 0.5 2,528 0.9 3,198 1.3] 4,490 4.7 19,070 0.8
Beverage 6,566 0.4 64 0.0 10, 0.0 0 0.0 6,640 0.3
Food Machinery 139,618 7.7 25,157 9.0 21,974 90| 18,490 19.2 205,239 8.5
Food Service Machinery 43,614 2.4 5,940 2.1 3,215 1.3] 4,09 4.2 56,862 2.3
Cutlery/Utensil 38,102 2.1 0 0.0 6,867 2.8 0 0.0 44,968 19
Comm/Restaurant Equipment 15,269 0.8 60 0.0 0 0.0 0 0.0 15,329 0.6
Appliances 21,974 1.2 370 0.0 0] 00 o] ool 22011 09

TOTAL| 273,997 152 | 33,786 | 12.1| 35264 | 14.4| 27,073| 28.1| 370,119| 153
OIL/GAS - CHEMICAL
General Chemical 2,135 0.1 2,354 0.8 2,412 1.0 749 0.8 7,650 0.3
General Petroleum 501 0.0 448 0.2 1,085 0.4 153 0.2 2,187 0.1
Qil & Gas Machinery 312 0.0 1,837 0.7 8,630 3.5 1,286 1.3 12,065 0.5
Oil & Gas Process Vessels 4,157 0.3 966 0.3 40 0.0 0 0.0 5,803 0.2
Other 4,542 03 920 0.3 26 0.0 139 0.1 5,627 0.2

TOTAL 12,287 0.7 6,525 23 12,193 50| 2,327 2.4 33,332 1.4
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Table 8. End market consumption of stainless steel in the United States for 1998 (in metric tons),
as reported by Publications Resource Group® (continued).

SHEET & STRIP PLATE BAR PIPE & TUBE TOTAL
DESCRIPTION Metric % Metric % Metric % Metric % Metric %
Tons Tons Tons Tons Tons
FABRICATED METAL PRODUCTS
Containers 2,382 0.1 307] 0.1 o] 00 o] o0 2689 04
Plate Fabrication 50,787 28] 728851 260! s5415] 22| 6882] 7.0 1359691 586
Screw Machine Products 1,129 0.1 102] 00! 2021s] 119{ 35| 03] 30761] 1.3
Fasteners 11,731 0.7 205] 01| s467] 35 as| 00| 20448] o8
Stampings 4,803 53] e142] 22| 2204] o09] 270] 03] 103419 43
Forgings 3,386 02 409] 01| s436] 22 9| 0.1 9321f 04
TOTAL | 164218 9.1 so0s0] 286! 507371 207] 7.602] 7.9] 3026071 125
INDUSTRIAL/COMMERCIAL MACHINERY
General Bearings 485 0.0 o] 00 195] 0.1 o] o0 680] 0.0
Const./Matl. Handling 6,638 04! 3062] 1] 2s92] 1a] 3715] 04] 12667 05
Metal Working Equipment 917 0.1 43 00 195] o0z 1030 11 2385 0.1
Farm/Agriculture Machinery | 26,271 151 6123 220 2213 o9 2233] 23] 36900 15
Tools 1,678 0.1 0 0.0 704 0.3 [ 0.0 2,382 0.1
Surgical/Hospital 1,434 0.1 o] 00 w1 o1 ol 00 1681 0.1
Pumps/Values 60 0.0 o] 00| 135] o6 o] o0 1416] 0.1
Textile 5,607 03] s2os] 19| 4287] 18| 3654 38| 18753] o8
Industrial Equipment 9,800 05] 3754 13] 1462] 06| e10] o06] 15626] 06
Comm./Ind. Equipment 551 0.0 0 0.0 18 0.0 136 0.1 705 0.0
Misc. 2,009 0.1 o] 00 93] o0 ol 00 2102] o1
TOTAL| 55,450 31| 18,187] 65| 13622] s.6] 8038] 83| 95297] 309
TRANSPORTATION
Automotive — Mills 486,028] 269 141] 01| 1108] 05 22]  o0.0] 4s87300] 201
Automotive — Secs 62,154 34| 13864 50 7175] 29 3436] 36| 86629 36
Rail 478 0.0 ol 00 o] 0.0 o[ oo 4781 00
Ship/Marine 94 0.0 o] o0 0] 00 3] 00 971 0.0
Aircraft 1,412 0.1 o] 0o 6] oz2] 21| o2 2079] o1
TOTAL| 550,166| 30.5| 14005 50| 8720] 36| 3692] 38| 576583 2338
ELECTRIC
TOTAL] s0125] 44| 2882] 10| s238] 21| 99s] 10] s9240] 37
FURNITURE & FIXTURES
TOTAL| 9803 05| sol 00| 1s0] 01| 324 03] 10327 04
PULP & PAPER
TOoTAL] 29511  0.2] 14096] 5.0 753] 3a1] 1273] 13| 2s851] 11
MEASURE/ANALYZE
totaL] 14526] 08| 11s9] o04] 90s2| 37| 1905 20| 26642] 11
ELECTJ/GAS/SANITARY
toraL]  962] o01] 18%] 07] 1244] es] 13| oa| az243] o2
ALL OTHERS/NOT CLASSIFIED ]
TOTAL| 208,636] 11.6] 44956] 16.1] 85686] 350] 20472] 21.2] 359750] 14.8
CONVERSION (PIPE & TUBE)
TOTAL] 153,844 85| 20379] 15| 1993] o8] ss2] o09] 186078 7.7
OVERALL TOTAL 1,804,199 | 100.0] 279849 100.0| 244,559 | 100.0] 96,498 100.0] 2,425,105 | 100.0
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The total volume of products used in 1998 was 2,423,245 metric tons. A survey of stainless steel product
suppliers indicated that the average price for the products listed in the table is $3.25 per kg ($31.45 per Ib); therefore,
the total cost of stainless steel products in 1998 was estimated at $7.9 billion, which closely approximates the
estimate for the U.S. Census Bureau.

Where environments become particularly severe nickel-based and titanium alloys are used. Nickel-based
alloys are used extensively in the oil production and refinery, and the chemical process industries, where conditions
are aggressive. Furthermore, there is an increased use of these alloys in other industries where high-temperature
and/or corrosive conditions exist. The annual average price of nickel has steadily increased from less than $2.20 per
kg ($1 per 1b) in the 1960s to about $4.40 per kg ($2 per 1b) in 1998 (see figure 5).1' The price of nickel, shown in
figure 5, depends very much on global, political, and economic conditions. For example, in 1990, during the Persian
Gulf War, there was a sharp increase in price, followed by a sharp decrease in price. In addition, following the
dissolution of the Soviet Union in 1991, there was a sharp increase in exports of Russian nickel. In the late 1990s,
stainless steel production accounted for more than 60 percent of the world nickel consumption and was the primary
factor in nickel pricing. Chromium and molybdenum are also common alloying elements for both
corrosion-resistant nickel-based alloys and stainless steels. The price of chromium has steadily increased from $2
per kg ($2,000 per metric ton) in the 1960s to nearly $8 per kg ($3.6 per Ib) in 1998 (see figure 6), while the price of
molybdenum has remained relatively constant at approximately $5 per kg (see figure 7).'” Again, the prices of
these metals are sensitive to major global events,
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Figure 5. Annual average nickel price (dollars per 1b) %
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Figure 7. Average molybdenum concentrate price (dollars per 16).7?

The 1998 average price for nickel-based alloys was $13 per kg (86 per 16).1"® Nickel-based alloys are limited
to those containing 24 percent or more nickel, and include low-nickel alloys such as alloys 825, 25-6 Mo, and AL
6XN and high-nickel alloys such as alloys C-2000, C-22, 625, 686, and 59. The total value of 1999 sales in the
United States was estimated at $285 million. This number has remained relatively steady from 1995 through 1999.

The primary use of titanium alloys is in the acrospace and military industry where the high strength-to-weight
ratio and the resistance to high temperatures are properties of interest; however, titanium and its alloys are also
corrosion-resistant to many environments and have, therefore, found application in the oil production and refinery,
chemical process, and pulp and paper industries, In 1998, it was estimated that 65 percent of mill products were
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used for aerospace applications and 35 percent were used for non-aerospace applications."® The most common
metal form of titanium is titanium sponge, which is produced in the United States, China, Japan, Russia, and
Kazakhstan. The price of titanium sponge has increased from less than $4.40 per kg ($2 per 1b) during the 1960s to
more than twice that amount during the 1980s and the 1990s (see figure 8).*” The price of titanium is particularly
sensitive to the aerospace industry. As a result of a military aircraft production peak and a rapid increase in
commercial aircraft orders in the late 1970s, the price of titanium went up sharply, but fell following a collapse of
the commercial aircraft market in the early 1980s,
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Figure 8. Average titanium sponge price (dollars per Ib),

In 1998, the domestic operating capacity of titanium sponge was estimated at 21,600 metric tons per year. The
total domestic consumption of titanium sponge was 39,100 metric tons, which at a price of approximately $10 per
kg, set the total price at $391 million. In addition, 28,600 metric tons of scrap were used for domestic consumption
at a price of approximately §1 per kg, setting the total price at $420 million. As mentioned previously, only
35 percent of mill products were used for non-aerospace applications, which leads to a consumption price estimate
of $150 million for titanium and titanium alloys for corrosion control applications.

Corrosion Inhibitors

General Description

A corrosion inhibitor may be defined, in general terms, as a substance which, when added in a small
concentration to an environment, effectively reduces the corrosion rate of a meta! exposed to that environment.
Because there are a number of mechanistic and/or chemical considerations when classifying inhibitors, it is difficult
to provide a more precise definition.

In most cases, inhibition is achieved through interaction or reaction between the corrosion inhibitor and the
metal surface, resulting in the formation of an inhibitive surface film. In other cases, the chemistry of the
environment may be modified to make it less corrosive, whether by adjusting the pH to promote passivation,
scavenging dissolved oxygen, or neutralizing acidic species. Anodic inhibitors such as chromates, phosphates, and
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nitrites are designed to interfere with the corrosion reaction at the anodic site. Cathodic inhibitors such as
carbonates and arsenates are designed to reduce net current flow by inhibiting the cathodic reaction. The
film-forming organic inhibitors (amines, imidazolines} may be anodic or cathodic or both.

Inhibition is used internally with carbon steel pipes and vessels as an economic corrosion control alternative to
stainless steels and alloys, coatings, or non-metallic composites. A particular advantage of corrosion inhibition is
that it can be implemented or changed in situ without disrupting a process. For example, in processes that produce
environments of increasing corrosivity with time, such as “souring” oil fields, corrosion can be effectively controlled
with the proper inhibitor.

The major industries that use corrosion inhibitors are petroleum production and refining, chemical and heavy
industrial manufacturing, and the product additive industry. The usage summary of 1998 consumption among the
major markets is shown in table 9.

Table 9. 1998 U.S. consumption of corrosion inhibitors in various industries, as reported by the
Society of Plastics Industry.®”

1998 CONSUMPTION
END-USE INDUSTRY
(kg x million) | (Ib x million) | (3 x million)
Petroleum Refining 248.1 547 246
Petroleurn Production and Drilling 63.0 139 153
Petroleum Storage and Transport 15.4 34 31
Pulp and Paper 182.8 403 198
Chemical Manufacturing 272.2 600 180
Iron and Steel 57.2 126 50
Miscellaneous material handling
(includes food processing, 132.9 293 88
utilities, and institutions)
Additives to petroleum products 544 120 108
Automotive and fuel additives, 45 10 12
others
TOTAL 1,030.5 2,272 $1,066

The table indicates that the largest consumption of corrosion inhibitors is in the oil industry, with the single
highest number for the petroleum refining industry. The use of corrosion inhibitors has increased significantly since
the early 1980s. Figure 9 shows that in 1998, the total consumption of corrosion inhibitors in the United States was
nearly $1.1 billion.
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Figure 9. Total U.S. consumption of corrosion inhibitors in 1981, 1986, and 1998.°%

Figure 10 shows the change in inhibitor usage in the past 20 years for three of the largest industrial sectors,
namely, the oil production, chemical, and refining industries. Notice that the increase in inhibitor usage for
petroleum production in 1986 occurred during the time that the U.S. oil industry suffered a downfall due to the
increase in oil prices to above $30 per barrel. This was followed by a significant drop in prices during the second
half of the 1980s. With the 1998 oil prices lowering to values below $10 per barrel by year’s end, domestic
production cdropped. Consequently, this coincided with the drop in inhibitor usage for drilling and production.
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Figure 10. Consumption of corrosion inhibitors by industry in 1981, 1986, and 1998.%”

In the following section, the use of corrosion inhibitors for various key industries is discussed, including
petroleumn production, transportation and refining, pulp and paper, iron and steel production, and additives.

C17



Appendix C — Corrosion Control Methods and Services

Industry Applications

Petroleum Production, Transportation, and Refining

The consumption of inhibitors in the petroleum industry is directly tied to the size of the petroleum-based
products market. This, in turn, is tied to the price of crude oil. Overall consumption of gasoline in the United States
has increased only slightly since 1980. While there are more cars on the road, the average consumption per car has
declined. Increasing quantities of crude oil on a relative basis are being imported from foreign sources, particularly
the Middle East.

The increased import of foreign oil results in a reduction in the amount of inhibitor used by the U.S. oil
companies in the production sector, but not in the refining sector. Quite often, the petroleum production and
refining industries run in opposite economic cycles. When the crude oil price is high, domestic production is
profitable; however, the profit margin on refining is lowered. Conversely, when oil prices are low, refinery
feedstock is cheap and the production of refined products and specialty chemicals results in a higher profit, since
consumption of the products is only slightly tied to oil prices.

Upstream oil production uses inhibition for drilling operations (as an ingredient in drilling fluids to preserve
the equipment) as well as in permanent production tubulars and pipelines, where two- and three-phase production
streams are treated with film-forming inhibitors. The amount used ($153 million) in production is dependent upon
the amount of water produced with the oil. The economics of such a system are calculated as cost per barrel of oil
or water produced. This has been estimated, in the lower 48 states, to range from $0.02 per barrel of oil produced to
$0.23 per barrel of oil produced, depending on factors such as temperature, corrosive gases present, and operating
procedures.

Refinery operations utilize the highest amount of inhibitors ($246 million), primarily due to the higher
temperature processes encountered in refining operations. Not only do process and boiler water streams require
inhibition, but also process environments create acids such as HCL, which must be neutralized with pH-modifying
inhibitors. Imported oils from Middle East sources tend to be sour {containing sulfur} and are more corrosive;
therefore, in terms of per barrel of oil refined, costs for inhibition for production crudes are expected to increase. An
annual rate of increase in the refining sector has been predicted to be approximately 2.5 percent.

The cost of inhibitors for petroleum storage and transportation is approximately $31 million, which is tied 1o
the price of oil since new pipelines are only built when oil prices are high enough to justify the costs of construction
and operation. As domestic oil exploration and production moves farther offshore and to more remote areas without
an existing pipeline infrastructure, the need for new pipelines will continue, but only if the oil prices remain at a
high enough level to sustain the increased operating costs far offshore.

Pulp and Paper

The majority of the corrosion in the pulp and paper industry is in the papermaking process, which uses large
quantities of process water. Pulp and paper consumption of corrosion inhibitors from 1996 to 1998 increased an
average of 2 percent per year. In 1998, the total spent on corrosion inhibitors was $198 million.

Over the past 25 years, the pulp and paper industry has moved from open-water systems to closed-loop
systems, thereby increasing the severity of the environment. These “white liquors” are acidic and corrosive, and
crevice corrosion problems can be severe whenever the process flow is halted.

The paper industry in the United States is a mature industry, but is expected to maintain steady growth in the
coming years. The demand for paper products is closely related to the growth of the economy and disposable
income. Most paper is consumed by packaging, printing, publishing, and business communications, which are tied
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directly to business expansions. Likewise, consumption of cardboard and paper shipping containers is tied to the
demand for industria! production.

Competitive materials and technologies (i.e., plastics for packaging and electronic publications /
communications) are encroaching on traditional markets for paper products. While these are not realistically
expected to replace paper (although the term “paperless system” is currently popular), they will curtail growth in the
paper market.

Iron and Steel

The U.S. production of raw steel in the 1990s is plotted in figure 11. Inhibitor usage in 1998 was $50 million,
Inhibitors used in the production of steel are expected to increase only slightly (1 to 1.5 percent) in the near future.
Like most systems requiring inhibition, the water treatment piping and vessels in both cooling and boiler water
systems are the most affected.
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Figure 11.  Production of raw steel in the United States in the 1990s.%

Additives

The applications of corrosion inhibitor additives are primarily for petroleum products such as gasoline, motor
oil, and grease. Other inhibiting additives include antifreeze and coolants, brake fluids, fuel additives, and plant
cleaning and metalworking fluids.

Of the $120 million market for corrosion-inhibiting additives, $90 million is spent on an additive that is used
for 568 billion L (150 billion gals) of motor fuel (gasoline and diesel). Consumption of gasoline, as previously
mentioned, is growing at a slow rate due to a steady increase in the fuel-efficiency of automobiles since the early
1980s.

A potentially lucrative market for corrosion inhibitors exists in deicers used on streets and bridges in many
northern states. These deicers, which consist of rock salt with calcium carbonate, cause corrosion damage not only
to automobiles, but also to steel and steel reinforcements in bridges, light stanchions, and underground pipes and
cables. The technical challenge is to formulate an inhibitor, which is not only non-toxic to the environment, but is
also economical enough to be attractive for city budgets.

Cl9



Appendix C — Corrosion Control Methods and Services

Engineering Composites and Plastics

In 1996, the plastics industry accounted for $274.5 billion in shipments.®" It is difficult to estimate the use of
plastics for corrosion control, since in many cases, plastics and composites are used for a combination of reasons,
including corrosion control, light weight, economics, strength-to-weight ratio, and other unique properties.

Certain polymers are used largely, if not exclusively, for corrosion control purposes. The significant markets
for corrosion control by polymers include composites (primarily glass-reinforced thermosetting resins), PVC pipe,
polyethylene pipe, and fluoropolymers.

Composites

Composites, in terms of corrosion control, generally refer to glass- or other fiber- or flake-reinforced
thermosetting resins. Composite products utilized for their anti-corrosion properties include fiberglass-reinforced
pipe and storage tanks, fiber-reinforced plastic grating, handrails, I-beams, and other shapes equal to these that are
made of steel.

The Composites Institute, a division of the Society of Plastics Industry, Inc., estimates that composite
shipments in 1998 were 1.63 billion kg (3.59 billion 1b), an increase of 53 percent since 1991.%? Table 10 shows
the distribution of composite shipments according to industry sectors and indicates that the largest percentage of

these shipments is to the transportation and construction sectors. Corrosion-resistant applications account for only
11.8 percent.

Table 10. Distribution of composite shipments.

PERCENTAGE OF
INDUSTRY SECTORS SHIPMENTS
Transportation 31.6
Construction 20.8
Marine 10.1
Electrical/Electronic 16.0
Appliances and Business Equipment 5.5
Consumer Goods 6.3
Aircraft 0.6
Corrosion-Resistant Applications 11.8
Other 33
TOTAL 100%

The cost of composites was estimated by one major manufacturer of fiber-reinforced plastics (FRP) for
corrosion-resistant applications to be $9.70 per kg ($4.41 per 1b).%” This correlates to a total dollar value of
$1.864 billion (0.118 x 3.59 billion Ib x $4.41 per Ib) spent on composites in the United States for industrial
corrosion-resistant applications.

One product, which is representative of composites used for cotrosion control reasons, is fiberglass pipe. The
fiberglass pipe market in the United States is estimated to be $350 million.”* Approximately a third of this market
is in 0il and gas production, 25 percent is in gasoline transportation and storage, and 15 percent is in the
petrochemical industry. Offshore, the light weight of fiberglass pipe provides another advantage aside from
corrosion protection; however, the offshore market is very small in comparison.
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Because the composites are a replacement for steel, the total dollar amount spent on composites cannot entirely
be considered a cost of corrosion. Only the difference in installed cost between steel and FRP can be used to
estimate the cost of corrosion.

For a pipe less than 20-cm (8-in) in diameter, the installed cost of FRP pipe is 50 percent higher compared to
steel pipe, while for 20-cm to 40-cm (8-in to 16-in) pipe, the installed cost of FRP is about the same as that of steel
pipe. For a pipe larger than 40 cm (16 in) in diameter, the installed cost works out to be less than that of steel pipe.
Overzll, the installed cost of an FRP pipe is approximately 30 percent higher than the installed cost of steel.#¥
Because the pipe is used in place of steel, the 30 percent extra cost is the actual cost of corrosion; therefore, the
annual contribution to the total cost of corrosion by composites is $1.864 billion x 30 percent = $559 millicn
annually.

Plastics

Polyvinyl Chloride

Polyvinyl chloride (PVC) pipe was first developed in World War Il by German scientists to replace civilian
water pipes destroyed by allied bombings in German cities. Since this time, the PVC piping industry has grown inta
a major market force. A total of 6.6 billion kg (14.5 billion 1b) of PVC resin was produced in the United States in
1998, of which 907 million kg (2 billion 1b) are used for the manufacture of PVC pipe. For buried pipes 10.2 cm
(4 in) in diameter and larger, which includes water, sanitary, and storm sewers, 137,500 km (86,000 mi) of PVC
were produced in 1997 worth a total of $1 billion.””

PVC pipes have numerous advantages over steel pipes, including corrosion resistance. Other advantages
include light weight, ease of fabrication (no welding required), and ease of installation (no torch cutting required);
therefore, the figures on the total dollar amount of PVC pipes are not a direct cost of corrosion. The industry,
however, has become a significant player, largely because of its resistance to corrosion. The cost attributable to
corrosion is approximately $500 million.

Polyethylene

Polyethylene is the most used polymeric material in the United States. More than 12.2 billion kg (27 billion 1b)
of polyethylene resin was produced in the United States in 1998, 30 percent of the total of all plastics produced
domestically. While chemical inertmess is a major attraction of polyethylene, most is not used in corrosion control
applications.*® Only polyethylene pipe can be considered a significant corrosion-resistant market for this material
(see table 11).

Table 11. The use of polyethylene pipe by industry in the United States in 1998, as reported by
the Tube and Conduit Plastic Pipe Institute.®®

QUANTITY
APPLICATION
(kg x million) | (Ib x million)

Potable Water 304 67
Irrigation/Agriculture 15.4 34
Gas Distribution 94.3 208
0Oil/Gas Production 51.7 114
Industrial/Sewers 94.8 209
Other 62.1 137

TOTAL 348.7 769
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On a dollar basis, the commaodity price of polyethylene pipe is $1.32 per kg (80.60 per 1b). This translates into
a total cost of $461.4 million of polyethylene pipe sold in the United States. This is considered a corrosion-related
cost.

Fluoropolymers

Fluoropolymers include all polymers that contain fluorine side groups in their molecular structure. The high
electronegativity of fluorine offers both excellent high-temperature stability and chemical resistance.

Polytetrafluoroethylene, known by the trade neme Teflon, is the best known of all of the fluoropolymers.
Other fluoropolymers have found a niche in the petrochemical and specialty chemical market due to improved
physical and mechanical properties. Cost is a major concern with any of the fluoropolymers. On a weight basis,
their cost is 50 to 65 times that of polyethylene. The fraction of fluoropolymers most used for corrosion in 1997 was
estimated at $560 million.?”

In summary, the fraction of polymers used for corrosion control in 1997 was as follows:

Composites $559 million
PVC (pipe) $500 million
Polyethylene (pipe) $461 million
Fluoropolymiers $560 million
TOTAL $2,080 million

Cathodic and Anodic Protection

The cost of cathodic protection (CP) and anodic protection of metailic structures subject to corrosion can be
divided into the cost of materials and the cost of installation and operation. Industry data have provided estimates
for the 1998 sales of various hardware components totaling $146 million (see table 12).%***

Table 12.  Total cost of components for cathodic and anodic protection (includes materials only).@#

COMPONENTS CO.S T
($ x million)
Rectifiers 15
Impressed-Current CP Anodes 25
Sacrificial Anodes 60
Cable 6
Accessories 40
TOTAL COST $146

The largest share of the CP market is taken up by sacrificial anodes at $60 million, of which magnesium has
the greatest market share. The costs of installation of the various components vary significantly depending on
location and the specific details of the construction. Table 13 shows the range of cost for labor plus materials and
the number of installations for the various systems in 1998. The table shows that the cost for CP installation in 1998
ranged from $0.73 biltion to $1.22 billion per year (average $0.98 billion).

A major market for sacrificial anodes, which is not included in table 13, is the domestic water heater market.
Currently, there are approximately 104 million water heaters in use. If it is assumed that 5 percent of all water
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heaters get their anodes replaced each year and that the cost to install a magnesium anode in a typical water heater is
$150, then an annual expenditure of $780 million can be estimated. Annually, approximately 9.2 million water
heaters are replaced.®” Assuming that 5 percent of the water heater replacements are due to corrosion and an
average replacement cost of $1,000, an annual expenditure of $460 million can be estimated. Adding the average
for CP costs ($0.98 billion) and the cost of domestic water heater anodes ($1.24 billion) results in a total cost of
$2.22 billion per vear.

Table 13.  Cost of installation of cathodic protection systems (includes labor and materials).(zg'”)

COST RANGE PER | FSTIVARCD SMHUAL | 1oTAL CosT
INSTALLATION INSTALLATION RANGE
(% x thousand) INSTALLATIONS ($ x billion)
(for 1998)
Rectifier (replacement) 1.5-2.5 800 rectifiers 0.0012 - 0.002
Impressed-Current CP (ICCP)
groundbed, including rectifier and 8-12 6,000 ICCP groundbeds 0,048 - 0.072
10 anodes per bed
Galvanic groundbed with magnesium 0.35 - 0.6** 1,000,000 anodes 0.35-0.6
ancdes (10 ancdes per bed)
CP on underground storage tank "
(3 USTs with | ICCP system) 6-10 50,000* UST-CP systems 03-0.5
CP on aboveground storage tank _ . -
(37-m-diameter AST) 15-25 2,000 AST-CP systems 0.03 - 0.05
TOTAL | $0.73-$1.22
Average: $0.98 billion / year

*1998 was a “big” year for CP on USTs due to the compliance deadline by the Environmental Protection Agency (EPA) (see
Apperndix G, “Hazardous Materials Storage”). Every year since, the number of installations has been approximately 2,000,
**+Cost range was estimated from anode bed with 10 anodes, at a total cost of $3,500 to $6,000 per bed.

A detailed analysis of the cost of CP on underground and aboveground storage tanks is given in Appendix G,
“Hazardous Materials Storage” in this report.

Services

In the context of this report, services are defined as companies, organizations, and individuals that are
providing their services to control corrosion. When taking the National Association of Corrosion Engineers
(NACE) International membership as a basis for this section, a total number of engineers and scientists that provide
corrosion contro! services may be extrapolated. In 1998, the number of NACE members was approximately 16,000,
25 percent of whom are providing consulting and engineering service both externally and internally. Assume that
the average revenue generated by each is $300,000. This nurnber includes salary, overhead, and benefits for the
NACE mernber, as well as the cost to persons who are non-members in performing corrosion control activities. The
total services cost can be estimated as $1.2 billion. This number, however, is conservative since many engineers
who follow a career in corrosion are not members of NACE.

Research and Development

1t has been observed that over the past few decades, less funding has been made available for corrosion-related
research and development. This is significant in light of the cost and inconvenience of dealing with leaking and
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exploding underground pipelines, bursting water mains, corroding storage tanks, and aging aircraft. In fact, several
government and corporate research laboratories have significantly reduced their corrosion research capabilities or
even have closed down. Moreover, less research and development funding has been available from both
government and private sources.

Corrosion research can be divided into academic and corporate research. NACE International has listed
114 professors under the heading of corrosion research. Assuming an average annual corrosion research budget of
$150,000, the total academic rescarch budget is less than $20 million.

As discussed elsewhere in more detail, corporate research in the area of corrosion has decreased dramatically
to the point where only a few companies support a corporate group dedicated to corrosion research. More
companies conduct product and materials testing.

Education and Training

Corrosion-related education and training in the United States includes degree programs, certification programs,
company in-house training, and general education and training. A few national universities offer courses in
corrosion and corrosion control as part of their engineering curriculum. Professional organizations such as NACE
International (The Corrosion Society)®® and SSPC (The Society for Protective Coatings)™® offer courses and

certification programs that range from basic corrosion to coating inspector to cathodic protection speciatist. NACE
International offers the broadest range of courses and manages an extensive certification program. In 1998, NACE

held 172 courses with more than 3,000 students, conducted multiple seminars, and offered publications, at a total
cost of $8 million.**
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APPENDIX D

HIGHWAY BRIDGES

MARK YUNOVICH,' NEIL G. THOMPSON, PH.D.,l TUNDE BALVANYOS, PH.D.,2
AND LESTER LAVE, PH.D.,2

SUMMARY AND ANALYSIS OF RESULTS
Corrosion Control and Prevention

Cost of Corrosion

The dollar impact of corrosion on highway bridges is considerable. The annual direct cost of corrosion for
highway bridges is estimated to be $6.43 billion to $10.15 billion, consisting of $3.79 billion to replace structurally
deficient bridges over the next 10 vears, $1.07 biliion to $2.93 billion for maintenance and cost of capital for
concrete bridge decks, $1.07 billion to $2.93 billion for maintenance and cost of capital for concrete substructures
and superstructures (minus decks), and $0.50 billion for the maintenance painting cost for steel bridges. This gives
an average arnual cost of corrosion of $8.29 billion. Life-cycle analysis estimates indirect costs to the user due to
traffic delays and lost productivity at more than 10 times the direct cost of corrosion. In addition, it was estimated
that employing “best maintenance practices” versus “average practices” can save 46 percent of the annual corrosion
cost of a black steel rebar bridge deck, or $2,000 per bridge per year.

While there is a downward trend in the percentage of structurally deficient bridges (a decrease from 18 percent
to 15 percent between 1995 to 1999), the costs to replace aging bridges increased by 12 percent during the same
period. In addition, there has been a significant increase in the required maintenance of the aging bridges. Although
the vast majority of the approximately 108,000 prestressed concrete bridges have been built since 1960, many of
these bridges will require maintenance in the next 10 to 30 years. Therefore, significant maintenance, repair,
rehabilitation, and replacement activities for the nation’s highway bridge infrastructure are foreseen over the next
few decades before current construction practices begin to reverse the trend.

Conventional Reinforced-Concrete Bridges

The primary cause of reinforced-concrete bridge deterioration is chloride-induced corrosion of the black steel
reinforcement, resulting in expansion forces in the concrete that produce cracking and spalling of the concrete. The
chloride comes from either marine exposure or the use of deicing salts for snow and ice removal. Because the use of
deicing salts is likely to continue, if not increase, little can be done to prevent bridge structures from being exposed
to corrosive chloride salts. Therefore, bridge designs and concrete mixes must be resistant to chloride-induced
corrosion. This can be accomplished by: (1) preventing chlorides from getting to the steel surface (physical barriers
at the concrete surface, coating the rebar, or low chloride-permeable concrete), (2) making the concrete less
corrosive at specific chloride levels (inhibitors or admixtures), or (3) making the rebar resistant to corrosion
(corrosion-resistant alloys, composites, or clad materials).

Over the past 20 years, there has been a trend in new construction toward utilizing higher quality concrete and
more corrosion-resistant rebars. Longer bridge service life is currently achieved by using epoxy-coated rebars

1¢e Technologies Laborataries, Inc., Dublin, Chio.
? Camegie Mellon University, Pittsburgh, Pennsylvania.
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in the majority of new bridge construction, with the limited use of stainless steel-clad or solid rebars in more severe
environments. The expected service life of a newly constructed bridge is typically 75 years and up to 120 years for
stainless steel rebar construction. Admixtures to the concrete for the purpose of increased corrosion resistance have
included corrosion-inhibiting admixtures and mineral admixtures such as silica fume. High-range water reducers
permit the use of low water-cement ratio concretes that have lower permeability to corrosive agents and, thus, result
in longer times to corrosion initiation of the rebar. Many of these methods are used in combination with each other
to obtain a longer service life.

Many rehabilitation methodologies designed to extend the service life of bridges that have deteriorated due to
corrosion of the reinforcing steel have been developed and put into practice within the past 25 years. These include
cathodic protection, electrochemical chloride removal, overlays, and sealers. Although each of these methods have
been shown to be successful, continuing developments are necessary to improve effectiveness and increase the life
extension provided by these methods.

Prestressed Concrete Bridges

Whereas some of the methods discussed for conventional reinforced-concrete bridges are applicable to
prestressed concrete components {e.g., high-performance concrete and corrosion inhibiting admixtures}), special
consideration for corrosion prevention of prestressed reinforced-concrete bridges is required.

Most of these bridges are relatively new and their numbers are relatively low; therefore, the overall economic
impact is not as significant as for conventional reinforced-concrete bridges. However, failure of the high-strength
prestressing steel can compromise the integrity of the prestressed concrete bridge (corrosion-related deterioration
compromising the structural integrity of a conventional concrete structure is highly unlikely). This makes close
attention to construction details and subsequent monitoring and inspection of the prestressed concrete bridges
critical.

Corrosion prevention of pretensioned structures is primarily accomplished through the use of
high-performance concretes or the addition of corrosion-inhibiting admixtures. Remedial measures such as cathodic
protection are possible as long as care is taken to prevent overprotection that can lead to hydrogen-induced cracking
of the high-strength steel. Other measures such as electrochemical chloride removal cannot be used for prestressed
concrete structures because of the relatively large amounts of hydrogen produced at the steel surface during the
removal process.

Recent failures of post-tensioned structures have underscored the importance of maintaining void-free grouting
of the tendons, especially near the anchorage. Maintaining the integrity of the post-tensioned tendon starts with
ensuring the integrity of the duct (typically polyethylene), followed by the application of a good-quality grout that is
continuous around the strands. Placement of the grout is often more difficult when low water-cement ratio mixes
and/or mineral admixtures are employed. Improved grouting practices are continuing to be developed. In addition,
the use of corresion-inhibiting admixtures can provide added protection against corrosion of the prestressing steel
strands. Note that in August 2001, the American Segmental Bridge Institute conducted a 3-day training school for
certifying grouting specialists. This training school will be held in the future once or twice a year.

Steel Bridges

The primary cause of corrosion of steel bridges is the exposure of the steel to atmospheric conditions. This
corrosion is greatly enhanced due to marine (salt spray) exposures and industrial environments. The only corrosion
prevention method for these structures is to provide a barrier coating (paint).

Changes in environmental protection regulations have brought about transformation of the approach to
corrosion protection for steel bridges. Until the mid- to late-1970s, virtually all steel bridges were protected from
corrosion by muitiple thin coats of lead- and chromate-containing alkyd paints applied directly over mill scale on the
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formed steel. Maintenance painting for prevention of corrosion was rare and primarily was practiced on larger
bridge structures. Since the majority of the steel bridges in the interstate highway system were constructed between
1950 and 1980, most of these structures were originally painted in this manner; therefore, a large percentage of the
steel bridges in the interstate system are protected from corrosion by a coating system that is now beyond its useful
service life.

Moreover, the paint system commonly used for steel bridge members contains chromium and lead and can no
longer be used because of the effects it has on humans and the environment. The bridge engineers have a choice of
either replacing the lead-based paints with a different coating or painting over the deteriorating areas. Removal of
lead-based paint incurs high costs associated with the requirements to contain all the hazardous waste and debris.

Developments include: (1) improved and environmentally safe coating systems and {2) methodologies to
optimize the use of these systems, such as “zone” painting (adjusting coating types and maintenance schedules based
on the aggressiveness of the environment within different zones on the bridge). Overpainting techniques to
eliminate the cost of expensive paint removal also have been developed.

Opportunities for Improvement and Barriers to Progress

A typical dilemma of bridge management is how to allocate the often insufficient funds for construction,
rehabilitation, and maintenance. Compounding the problem is that funding typically comes from city, state, and
federal sources with spending restrictions based on the funding source. This makes allocating the funds in order to
optimize construction, rehabilitation, and maintenance decisions difficult. The cooperation of these different
funding agencies is required to permit allocation of resources to achieve the best cost benefit.

An increased need for bridge inspection has placed additional drains on maintenance fiunds. In the case of
prestressed concrete bridges, the issue of careful inspection becomes particularly acute because an individual failure
of a tendon may have a significant impact on the structural integrity of the bridge. The importance of inspection was
recently illustrated when tendon failures in two Florida bridges were identified through routine inspections before
the safety of the bridges was compromised. The economic analysis performed in this study showed that monitoring
of bridge condition and subsequent maintenance based on that information (information-based maintenance) was the
most cost-effcctive maintenance strategy.

The economic analysis further indicated that capital funding for the higher quality materials of construction

(e.g., epoxy-coated rebars) results in lower annualized costs due to postponement of repair/rehabilitation expenses
incurred by the owner agency. The analysis further indicated that user costs (traffic delays during maintenance) are

' éigniﬁcant and can be 10 times greater than the direct costs to the owner/operator. This places a premium on the
selection of materials of construction that minimize maintenance over the bridge service life. It also highlights the
importance of careful planning for traffic control and aiternative routes during bridge maintenance and rehabilitation
activities.

The significant rise in costs for maintenance of steel bridges (environmental issues dealing with lead paint
removal and handling of volatile organic compounds) has placed a significant strain on maintenance budgets. In
fact, over the past few years, environmental regulations have become the single most influential force in the bridge
painting industry. The focus for expenditures must shift to long-term effectiveness of dollars spent. This is a
significant change in philosophy for a majority of the bridge painting industry. To date, bridge maintenance
painting has been accomplished based on incremental budgets, rather than life-cycle considerations.

Additionally, the use of technological advances among bridge owners has not been uniform. This can, in part,
be explained by the difference in funding and technical staffing between the agencies. Because of the perceived
high costs of certain corrosion control methods, these methods go unused. With the general tendency to reduce the
maintenance departments’ size and budget, corrosion control becomes one of the many responsibilities of personnel
without the experience to understand the problems and without the knowledge of available solutions. There remains
a significant need for life-cycle cost analysis to aid in the selection of repair-rehabilitation-replacement decisions.
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Recommendations and Implementation Strategy

The technological advances, both in concrete (conventional and prestressed) and steel bridge corrosion control
methodologies and construction materials, provide the opportunity that the newly constructed bridges will last
considerably longer than the bridges that were constructed 20 to 30 vears ago. However, newly developed materials
of construction and cotrosion control methodologies must be implemented properly over the entire bridge project
(both design and construction phases).

These improvements, however, do not signify that the problems with corrosion on highway bridges will
disappear soon. The percentage of deficient bridges, while declining, still remains high. At the same time, the costs
of bridge repair and rehabilitation are steadily increasing, thereby offsetting any potential savings. Some of the
bridges owned by state and city agencies simply cannot be replaced due to their historic value and/or the enormous
strain on the traffic resulting from a bridge closure (e.g., the New York City East River bridges and the Oregon
coastal U.S, Highway 101 bridges). These bridges are maintained and rehabilitated even at high costs.

There is an urgent need for allocation of greater monetary resources, so that the bridge engineers can properly
maintain the structures based on timely inspections, thereby optimizing maintenance practices. At present,
maintenance personnel are forced to make the choices based on inadequate funds, which will ultimately lead to a
less-than-optimal cost benefit.

Despite appreciation of the corrosion-related issues in the bridge community, there is still a need for raising
awareness and the transfer of the advanced methodologies for efficient corrosion protection to the end-users. The
Federal Highway Administration (FHWA), which has amassed considerable research and field application data on
corrosion protection methods for concrete and steel bridges, has served as an effective conduit for dissemination of
such information through periodic demonstration programs and educational seminars. These demonstration
programs have been successful and should be continued with increased staffing and funding levels.

There remains a considerable need for additional research in innovative construction materials such as
corrosion-resistant alloy/clad rebars {metallic and non-metallic) and more durable concretes with inherent
corrosion-resistant properties. In addition, research and development is needed in rehabilitation technologies that
can mitigate corrosion with minimal maintenance requirements, such as sacrificial cathodic protection systems.

Summary of Issues

The bridge owners are typically aware of the severity of corrosion problems and the need to
prevent corrosion through better construction and regular maintenance; however, the best
intentions are often hampered by the shortage of funds and insufficient staffing. The agencies
often face the necessity of spreading the funds over the large population of bridges, favoring
Increase consciousness | the use of cheaper conventional materials of construction and methods of rehabilitation, despite

of corrosion control higher life-cycle costs. The maintenance burden will probably increase and become more
costs and potential costly with time. There is a need for greater funding levels and better allocation of resources to
savings. encourage optimum life-cycle costing decisions. When the cost of a particular project is

calculated, the indirect costs to society typically are not taken into consideration, although
these can be considerably higher than the capital expenditures. At present, the
decision-making process is controlled by the owner agency, which is primarily concerned with
direct budget costs.

There is insufficient awareness of corrosion control in some of the agencies. Knowledge of
advanced corrosion control methods is unevenly distributed among the bridge operators.
Research, education seminars, and demonstration programs administered through FHWA
should be given higher priority in the agency budget.

Change perception that
nothing can be done
about corrosion.
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Advance design
practices for better
corrosion management.

The modern methads of corrosion protection are well documented in FHWA, NACE, and other
industry publications. Limited use of some of the approaches to corrosion-resistant bridge
construction is largely predicated on balancing the available capital funds with new construction
and rehabilitation needs.

Change technical
practices to realize
corrosion cost-savings.

While lack of capital funding for higher cost, corrosion-resistant materials is certainly a
concern, these higher costs may result in a lower annualized cost for the bridge. An example
of this is the use of epoxy-coated rebars for concrete structures in non-marine applications.
There is only a marginal increase in the overall construction costs (typically 1 percent);
however, the extension of the bridge service life can be significant when compared to
conventional black steel rebars. The use of epoxy-coated rebar is an example where practices
have changed; the majority of new construction uses the new technology.

Change policies and
management practices
to realize corrosion
cost-savings.

Diligent maintenance of steel and concrete bridges is imperative because it saves money in the
long term. Some structures, such as post-tensioned bridges, require particular attention
because they can suffer sudden catastrophic failures if not properly maintained, leading to
significant losses (both direct and indirect). Often, optimum bridge management is hampered
by funding mechanisms (there is an imbalance in maintenance, rehabilitation, and new
construction funds); more flexible cooperation among funding agencies is required.

Advance life-prediction
and performance
assessment methods.

Many attempts have been made to develop life-prediction models for concrete bridge decks
based on the materials of construction, repair materials, and exposure conditions. Although
these models have become progressively more complex and require multiple data parameter
inputs, they still fall short of the desired accuracy in predicting the remaining life of the
structure. This failure is primarily because corrosion is dependent on a wide range of factors
that are difficult to account for in the model. Further research is required in this direction, with
an additional focus on making the models software-based and user-friendly to ensure the wider
usage.

Advance techriology
(research, development,
and implementation).

It is important to continue research efforts to further understanding of the impact of different
corrosion control methodologies on bridge performance. There may be a potential benefit
from establishing an industry-wide coordinating body to ensure that the efforts are not
duplicated, and the findings become available to the community at large. Presently, research
programs are sponsored by a variety of bodies, such as FHWA, state highway departments,
National Cooperative Highway Research Program, the American Concrete Institute, the
Precast/Prestressed Concrete Institute, or private institutions.

Improve education and
training for corrosion

control.

Despite the generally high level of awareness about the issue of corrosion in this sector, there is
a disparity between the degree of awareness and the application of knowledge of modemn
corrosion control methodologies. Given the often insufficient staffing of the maintenance
departments of the bridge owner agencies, education of the respensible personnel in corrosion
control and monitoring methodology becomes particularly important. The use of the life-cycle
cost analysis has been limited and should be aggressively promoted.
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SECTOR DESCRIPTION
Background

According to the National Bridge Inventory Database, the total number of bridges in the United States is
approximately 600,000, of which half were built between 1950 and 1994.” The materials of construction for these
bridges are concrete, steel, timber, masonry, timber/steel/concrete combinations, and aluminum. This sector is
focused on reinforced-concrete and steel bridges, which make up the vast majority of these structures built since
1950 and which can undergo significant deterioration due to corrosion.

The elements of a typical bridge structure can be classified into two primary compoenents, the substructure and
the superstructure. The substructure refers to the elements of the bridge that transfer the loads from the bridge deck
to the ground, such as abutments and piers. The superstructure refers to the elements of the bridge above the
substructure, including the deck, floor system (beams or stringers), supporting members (beams, trusses, frames,
girders, arches, or cables), and bracing. Other bridge elements, which are subject to corrosion, include guardrailings
and culverts.

The raaintenance burden of aging bridges has become significant. In a 1998 report by the American Society of
Civil Engineers (ASCE), the condition of bridge structures was rated as “poor” and was recognized as being among
the largest contributors to the U.3. infrastructure cost of corrosion.'” The important issues related to corrosion
causes and corrosion control with respect to steel reinforced-concrete bridges and steel bridges are discussed in
detail below. The types of bridges refer to the superstructure from which the bridge is constructed.

Steel Reinforced-Concrete Bridges

Due to the specific concrete property of weak tensile strength as compared to its compressive strength, steel
reinforcing is placed in the tension regions in concrete members, such as decks and pilings. The two primary forms
of steel reinforcing in concrete bridges are “conventional” reinforcing bar (rebar) and prestressed tendons. The
difference between conventional reinforcement and prestressed tendon reinforcement is that prestressed tendons are
loaded in tension (prestressed) either prior to placing the concrete (pretensioned) or after placing and curing of the
congrete (post-tensioned). In addition, prestressed-tendon steel typically has a higher tensile strength than
conventional rebar steel.

The majority of the concrete deterioration leading to reduced service life and/or replacement is associated with
conventional reinforced-steel bridge structures. This is, in part, due to these structures making up the majority of
reinforced-concrete bridges and the longer in-service times experienced by these structures. Although conventional
rebar and prestressed tendon bridge structures have specific design and construction corrosion-reiated concerns and
consequences, the basic mechanism of corrosion is similar and many corrosion control methods are applicable to
both (see below).

Conventional Reinforced Concrete

Reinforced-concrete bridges suffer from corrosion of the reinforcement and, consequently, concrete
degradation due to the high tensile forces exerted by the corroding steel (corrosion products have a three to six times
greater volume than the original steel). These high tensile forces cause cracking and spalling of the concrete at the
reinforcement (see figures 1 and 2). Steel in high-pH concrete in the absence of ¢hloride ions is normally passive
and corrosion is negligible, which in theory should give reinforced-concrete structures an extremely long operating
life. However, in practice, corrosion in concrete can be accelerated through two primary mechanisms:

(1) breakdown of the passive layer on the steel by chloride ions and, to a lesser degree, (2) carbonation due to carbon
dioxide reactions with the cement phase of the concrete. For highway bridge structures with a relatively thick
concrete layer over the reinforcing steel, the vast majority of problems are caused by chloride ion migration into the
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concrete due to deicing salt application and marine exposure. Once the chloride ions reach the steel surface, the
passive film becomes locally disrupted, creating conditions conducive to accelerated corrosion attack on the
reinforcing steel,

Chloride-Induced Macrocell Expansion of Corrosion Tensile Stresses in
Corrosion Initiates on Top Product Produces Tensile Concrete Lead to
Rebar Stresses in Concrete Cracking/Spalling

Deicing Salt / Marine _ Deicing Salt / Marine

— Deicing

Salt f Marine

m %
Cl-

Figure 1.  Schematic of corrosion damage to rebar.

Figure 2.  Example of deteriorating bridge element.
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In addition to the chloride ions necessary to disrupt the passive layer created by the high-pH concrete
environment, oxygen is required for accelerated corrosion. Chemical, physical, and mechanical properties of
concrete can have a significant effect on concrete deterioration by controlling: (1) the chloride and oxygen
permeation in the concrete, (2) the sensitivity of the passive layer to chloride attack, (3) the rate of corrosion
reactions at the steel surface following corrosion initiation, and (4) the rate of cracking and spalling of the concrete
when exposed to the expansion forces of the corrosion products. Thompson et al. examined in detail the effect of
concrete properties on the corrosion and concrete deterioration processes of bridge structures.”™ Tt was shown that
concrete mix design has a significant effect on the corrosion of rebar.

The uneven distribution of chloride ions in the concrete and at the steel surface (high chloride concentration at
the outside concrete surface and decreasing at distances into the concrete) also greatly affects corrosion. For
example, the greater chloride concentration around the top layer of the reinforcing steel makes it anodic (accelerates
corrosion) to the bottom (inside) reinforcement, which becomes the cathode (no or decreased corrosion). This type
of accelerated corrosion due to chioride concentration difference is termed “macro-cell” corrosion.

Corrosion of steel in concrete is a very compiex phenomenon. Although significant research on modeling the
corrosion processes of steel in concrete has been performed, accurate life prediction for concrete structures is
difficult.

Non-marine, corrosion-related reinforced-concrete bridge failures became a growing problem beginning in the
1960s in the “snowbelt” regions following the increased usage of deicing salts. In the worst cases, bridges began to
require maintenance after a service life of as little as 5 to 10 years, with the average maintenance interval being
around 15 years. In the 1970s and the 1980s, the quality of the concrete used for bridge construciion generally
improved. This, coupled with increased cover thickness and the use of epoxy-coated rebar, has lead to increased
service lives. New bridge structures built and maintained with the use of the contemporary corrosion control
methods (high-performance concrete, greater cover thickness, corrosion-resistant rebar, corrosion-inhibiting
admixtures, overlays, sealants, and improved cathodic protection practices) are expected to have service lives
between 75 and 120 years. However, in designing for a long-lived bridge structure, consideration must be given to
the fact that changing load and capacity requirements may render such a structure functionally obsolete before it
becomes structurally deficient. Therefore, emphasis should be placed on forecasting traffic loads and patterns and
on designs to accommodate anticipated changes in the traffic volume.

Prestressed Concrete

Prestressed concrete bridges also face major corrosion-related issues. However, because most of these bridges
are relatively recent and because their numbers are relatively low (18 percent of the bridges), the total economic
impact of corrosion is not as great as that for conventional reinforced-concrete bridges (40 percent of the bridges).
However, on an individual basis, failure of a prestressed concrete component may have a significant impact on the
structural integrity of a bridge. Because prestressed concrete members rely on the tensile strength of the tendons to
sustain load, the loss of even a few tendons may lead to the catastrophic failure of a bridge component.

The first prestressed concrete bridge in the United States was opened to traffic in 1950 and the majority of the
107,700 prestressed concrete bridges were built after 1960.”7 Corrosion problems associated with prestressed
concrete structures have been recognized beginning in the 1990s. The FHWA report Corrosion Protection:
Concrete Bridges summarized corrosion of prestressed concrete bridges, in addition to conventionally
reinforced-concrete bridges.®

In the fall of 1992, the U.K. Ministry of Transportation imposed a temporary ban on the commissioning of
grouted, bonded post-tensioned bridges. This ban resulted from the coliapse of two footbridges in 1960, the collapse
of a single-span, segmental post-tensioned bridge in Wales in 1985, and an examination of nine other segmental
bridges. The United Kingdom is not the only place with the problem of voids in the grouted ducts resulting in
insufficient coverage over prestressing steel strands. For example, in 1992, the post-tensioned Melle Bridge across
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the Scheldt River in Belgium, which was constructed in 1956, collapsed. This failure was traced to corrosion of the
post-tensioned strands even though the bridge had been inspected, load tested, and rated satisfactorily. The UK.
moratorium was lifted in 1996 with the publication of the advisory report Post-Tensioned Concrete Bridges:
Planning Organization and Methods for Carrying Out Special Inspections by the construction industry and owners
of this type of bridge.

The underlying difficulty is that there are no reliable, cost-effective, and rapid nondestructive methods for
providing assurance to the owners that the built structures have met construction specifications. One of the major
inspection concerns is to determine whether the ducts in the post-tensioned bridge members have been completely
filled with the grouts and whether there is uniform coverage over the prestressing steel. In many instances, it has
been determined that there exists large void areas in the grouted ducts (i.e., partially filled ducts). In addition, it is
very difficult to assess the condition of anchorage areas.

Voids in the grout can be a result of: (1) poor grouting application not completely filling the duct or
(2) bleeding of the grout during curing in which a volume of the duct is filted with bleed water (typically at high
points in the duct). In the case of bleed water formation, it has been proposed that the bleed water is sufficiently
corrosive to initiate corrosion of the exposed strands. In other cases, chloride-bearing water can find its way
through the anchorage area into the ducts and eventually initiate corrosion of the prestressing steel inside the duct.
Water can also access the ducts through faulty and leaky joints. Over time, chloride ions can penetrate through the
concrete cover and accelerate the corrosion of the prestressing steel in the ducts (gither after the corrosion of the
metallic ducts or through defective plastic ducts). In addition to causing pitting of the prestressed strands, corrosion
reactions lead to the evolution of atomic hydrogen, which is subsequently absorbed into the steel, leading to
hydrogen embrittlement of the steel strands and causing the strands to fail at lower than designed bridge loads.
Since prestressed concrete bridge members rely on the tensile strength of the strands to resist loads, loss of even a
few tendons can prove to be catastrophic. In addition, due to the high stresses to which the strands are subjected,
corrosion can be accelerated.

Corrosion protection methods adopted at present in the construction of prestressed concrete members included:
(1) the application of highly impermeable concrete by using silica fume or fly ash additions and controlled curing of
the concrete at the fabrication site, and (2) the use of corrosion-inhibiting admixtures. The use of epoxy-coated
strands is not yet common in prestressed concrete members and additional research is needed.

Steel Bridges

Atmospheric corrosion of exposed steel is inevitable and can be seen everywhere, from steel buildings to
automobiles to steel bridges. Painting of steel structures is the universal solution to corrosion due to exposure to
environmental conditions. Paints themselves deteriorate due to moisture uptake, ultraviolet exposure, wear or
mechanical damage, and exposure to chemicals. For example, the performance of the same coatings will vary
significantly depending on exposure to industrial, urban, rural, or marine environments. Once a coating is
compromised, corrosion can initiate and, often, is accelerated beneath a deteriorated coating more than in the
absence of the coating. Therefore, selection of the proper coating for the right application is critical for a long
service life. In addition, proper and timely maintenance of the structure can extend the overall life of the coating
significantly.

There are approximately 200,000 steel bridge structures in the United States (see figure 3). Until the mid- to
late-1970s, virtually all steel bridges were protected from corrosion by three to five thin coats of lead- and
chromate-containing alkyd paints applied directly over mill scale on the formed steel. Maintenance painting for
prevention of corrosion of the majority of these bridges has been rare and has been limited to larger bridge structures
and toll bridges. Since the majority of the steel bridges in the interstate system were constructed between 1950 and
1980, most of these structures were originally painted in this manner, Therefore, a large percentage of the interstate
steel bridges are protected from corrosion by an old coating system that is now beyond its useful life. Moreover,
this coating system is considered to be hazardous to humans and the environment.
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Figure 3. Steel bridge structure.

The current maintenance burden for corrosion protection of steel bridges presents a major challenge to bridge
owners. The past decade has had significant increases in the costs associated with stee] bridge maintenance
painting. As recently as 10 years ago, bridge painting was a relatively simple operation with little emphasis on
regulatory compliance, quality, or life-cycle performance of materials. Bridges were either painted over repeatedly
in a low-tech, low-cost attempt to combat corrosion and deteriorating aesthetics, or they were cleaned by open
abrasive blasting and were repainted. These approaches could be accomplished for $11 to $22 per m” of steel or
less.”” The increasing age of steel bridges has lead to the need for increased maintenance, resulting in higher
maintenance costs. These costs have increased almost tenfold, largely facilitated by environmental regulations
covering all aspects of bridge painting from construction to rehabilitation to routine maintenance. Over the past few
vears, environmental regulations have become the single most influential force in the bridge painting industry.
Specifically, regulations having a significant impact are those regarding: (1) the volatile organic compound (VOC)
content of protective coatings and (2) environmental and worker health and safety associated with the removal of
lead-containing paint. Table 1 lists the most pertinent regulations and summarizes their effect on bridge painting
operations.

Table 1. Effect of regulations on coating aperations.

IMPACTING REGULATION EFFECT ON COATING OPERATIONS
Establishes guidelines for protection and monitoring of
OSHA,; CFR 29 1926.62, Lead in Construction, 1993 waorkers removing lead paint from bridges. Requires lead

training and monitoring for workers.

Regulates the handling, storage, and disposal of lead- (and
other heavy metal) containing waste. Can increase the cost of
disposal of waste from bridge paint removal by a factor of 10.

EPA; Resource Conservation and Recovery Act (RCRA),
1976

EPA, Title X, Residential Lead-Based Paint Reduction Act of | Mandates training and supervision requirements for workers
1992 associated with lead-containing paint removal.

EPA; Comprehensive Environmental Response Compensation | Assigns ownership of and responsibility for hazardous waste
and Liability Act (CERCLA 1980 and Superfund 1986) to the generator “into perpetuity.”

EPA; Clear: Water Act, 1972 Regulates discharge of materials into waterways.

Mandates restrictions on allowable VOC content of paints and
EPA; Clean Air Act Amendments, 1970 coatings. Regulates discharge of dust into air from bridge
painting operations.
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As maintenance budgets continue to shrink or remain static and the cost of bridge maintenance continues to
rise, the focus for expenditures must shift to long-term effectiveness of dollars spent. This is a significant change in
philosophy for a majority of the bridge painting industry. To date, bridge maintenance painting has been
accomplished based on incremental budgets rather than life-cycle cost considerations.

Cable and Suspension Bridges

Although cable bridges comprise only a small percentage of the nation’s bridges, they are typically highly
visible. There are approximately 150 cable bridges, several of which are old (100 to 130 years). Stahl and Gagnon
have reviewed cable bridge construction and corrosion control practices. Concern over a few well-publicized
cable failures and condition reports for other bridges has focused on the importance of thorough inspections and
scheduled maintenance. Corrosion problems associated with these structures tend to be specific to the individual
design, making general rules-of-thumb difficult to utilize. The corrosion problems are highly dependent on specific
structural configurations, maintenance and operational practices, and local environmental conditions.

Corrosion concerns on cable-supported structures and corrosion control practices have been present from the
early designs. For example, galvanized (zinc) coating of the wires was first used on the Brooklyn Bridge, which
was completed in 1883. At that time, it was already standard practice to coat the wire with linseed oil,
circumferentially wrap the assembled cable with soft galvanized wire laid into red lead paste, and to paint the
finished cable. These corrosion control practices have been refined since then, but the basic principle of keeping the
moist environment away from the steel surface remains unchanged.

Some of the oldest and best known bridges in the United States, such as the Golden Gate and Brooklyn
bridges, are suspension bridges (see figures 4 and 5, respectively). Significant costs are incurred in maintaining
these bridges, but because of histeric reasons or strategic location, these bridges cannot be replaced or taken out of
service for any length of time. Of specific concern with these bridges is the condition of the strands. The strands
are susceptible to corrosion, stress-corrosion cracking, and hydrogen embrittiement, which can lead to premature
failure of the strands.

Figure 4. Golden Gate Bridge (suspension).
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Figure 5.  Brooklyn Bridge (suspension).

A more recent design of cable bridges is the so-called cable-stayed bridge (see figure 6). Presently, there are
only 30 cable-stayed bridges in the United States. However, because the integtity of the cables is critical to the
structural integrity of the entire bridge structure, and inspection of the cables is very difficult, the cable-stayed
bridges are built with special considerations for corrosion protection.'”

Figure 6. SR509 bridge in Tacoma, WA (cable-stayed).

Although different levels of protection are used depending on the design and the environmental conditions, the
following represents an example of current practice. The individual wires comprising the strand are epoxy coated or
galvanized. In the monostrand construction, the interstices of the individual strands are filled with a
corrosion-inhibiting grease and then each strand is sheathed with a high-density polyethylene (HDPE) sleeve. The
stays consisting of multiple strands are encased in an HDPE tube and then injected with cement grout.

Despitz precautions, failures of cables have occurred, but no catastrophic failures have been reported. To
maintain this record, improved inspection procedures and maintenance programs need to be developed.
Nondestructive techniques such as magnetic flux leakage (MFL) have been developed for the identification of
corrosion in the free length of the cable, but it cannot be used in the anchorage areas, which are of significant
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concern. Refinement of the MFL methed and development of new technologies need to be continued in order to
provide more accurate and reliable methods for identifying cable problems at the earliest possible time.

AREAS OF MAJOR CORROSION IMPACT

The condition of the bridge inventory in the United States can be characterized by the significant portion of
bridges that are listed as “structurally deficient” (bridge that can no longer sustain the loads for which it was
designed). The nation’s structurally deficient bridges as of the end of fiscal year 1999 and the preceding 7-year
period are summarized in table 2.”'” The data include all materials of construction, including concrete, steel, wood,
aluminum, and other material. The trend shows that, as older bridges are being replaced or rehabilitated, there is a
decrease in both the number (118,757 to 88,184) and the percentage (20.7 to 15.0) of structurally deficient bridges.
During the same period, the number of bridges in the inventory rose from 572,633 to 585,947.

Table 2. National Bridge Inventory data — structurally deficient bridges.®'®

1992 1993 1994 1995 1996 1997 1998 1999
Bridges in Inventory | 572,633 | 574,191 | 576,472 | 577,919 | 582,043 | 583,207 | 583,414 | 585,947
Number Deficient 118,757 | 111,543 | 107,512 | 103,686 | 101,544 98,521 93,119 88,184
Percent Deficient 20.7 19.4 18.6 17.9 17.4 16.9 16.0 15.0

The 1998 data are presented in more detail in table 3. This table focuses on those bridges constructed of
materials that are subject to corrosion (conventional reinforced concrete, prestressed concrete, and steel). Of these
three bridge types, steel has the highest percentage of structurally deficient structures, followed by conventionally
reinforced concrete and prestressed concrete. Listings for each state (FHWA bridge inventory') suggest that the
states with colder and damper weather have a high percentage of reinforced-concrete deficient bridges. These states
include New York, Alaska, Rhode Island, Pennsylvania, and Vermont. The most structurally deficient bridges for a
single state are in New York, which also has a larger total bridge area for conventional reinforced-concrete and steel
bridges than any other state.

Table 3. Structurally deficient bridges based on material of construction in 1998,V

CONVENTIONAL
REINFORCED Pléf)iT(if'sigD STEEL OTHER TOTAL
CONCRETE
Bridges in Inventory 235,151 107,666 200,202 40,395 583,414
Structurally Deficient 21,164 3,230 54,054 14,671 93,119
Percent Deficient 9 3 27 36 16

The estimated service life expectancy for each of the above bridge types is shown in table 4. Many of the steel
and reinforced concrete bridges have reached or are approaching the end of their design service life, making bridge
maintenance, rehabilitation, and replacement decisions a priority.
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Table 4. Estimated service life for bridges with different materials of construction.'”

MATERIAL OF CONSTRUCTION AVERA?YF; erS)TIMATE
Conventional Reinforced Concrete 72
Prestressed Concrete 73
Steel 58

The impact of corrosion on the highway bridge infrastructure has been estimated by several different sources
using different approaches. Reconstruction of the nation’s bridges was estimated to cost between $20 billion and
$200 billion dollars.*'" An FHWA report on corrosion protection of concrete bridges estimates that the total cost
to eliminate the backlog of deficient bridges (both structural and functional) is between $78 billion and $112 billion,
depending on the time required to carry out the task."'? In addition, the average annual cost through the year 201!
for just maintaining the overal bridge conditions (maintaining the total number and distribution of deficient bridges)
is estimated to be $5.2 billion. While corrosion is not the sole cause of bridge deficiency, it is a major contributor to
the costs given above.

An additional estimate of the tetal corrosion costs related to the replacement of structurally deficient bridges is
possible using the National Bridge Inventory data for December 1999.°) Unit costs for bridge replacement,
calculated by taking the mean for all states, are given in table 5. The overall area of structurally deficient bridges
(conventional reinforced concrete, prestressed concrete, and steel) is 34.2 million m” (368.5 million ft%). Assuming
that these structural deficiencies are largely attributable to corrosion (obsolete bridges were not included), and using
the average unit cost data [$858 per m* ($80 per ft’)], the total cost of replacing the structurally deficient bridges is
estimated to be $29.3 billion (34.2 million m” x $858 per m®).

Table 5. Highway Bridge Replacement and Rehabilitation Program unit costs."”’

1995 | 1996 | 1997 | 1998 | 1999
Unit costs,* $/m* | 768 771 836 855 858

*Average between federal aid and non-federal aid projects.

The overall magnitude of the corrosion-induced deterioration of concrete bridges has increased considerably in
the last three decades due primarily to the increased use of deicing salts. Although the cost of bridge deck
maintenance is high, the use of deicing salts is not likely to be discontinued. In fact, it has been reported that its use
has actually increased in the first half of the 1990s after leveling off in the 1980s. Although some alternative means
of deicing have been studied (namely, calcium magnesium and potassium magnesium acetates), the high price of the
chemicals and lower efficiencies for melting ice prevents their widespread use."” Since the discontinued use of
deicing salts is unlikely, understanding and utilizing other methods of corrosion control is important.

CORROSION CONTROL METHODS

Methods utilized for corrosion control on bridges are specific to the type of bridge construction and whether its
intended use is for new construction or maintenance/rehabilitation of existing structures. In this section of the
report, corrosion control practices are reviewed for the three types of bridge structures focused on in this sector
{conventional reinforced concrete, prestressed concrete, and steel). For the purposes of discussion, conventional
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reinforced concrete and prestressed concrete corrosion control methods are combined. Although prestressed
concrete bridges have very special concerns (e.g., anchorage in both post-tensioned and pretensioned structures and
ducts for post-tensioned structures), the general corrosion control methods are applicable to both prestressed and
conventional reinforced bridges.

Reinforced-Concrete Bridges

Conventicnal reinforced-concrete bridges refer to those with superstructure constructed with conventional
reinforced concrete. Often, prestressed concrete and steel bridges will have conventional reinforced-concrete decks
or substructures. Therefore, corrosion control practices for conventional reinforced concrete are applicable to
components of many other bridge structures. Therefore, a significant amount of detail is provided for conventional
reinforced-concrete corrosion control practices.

New Construction

Corrosion protection can be incorporated into new bridge structures by proper design and construction
practices, including the use of high-performance concrete (e.g., silica fume additions), low-slump concrete, and an
increase in concrete cover thickness. Each of these attempt to impede migration of chlorides and oxygen (or other
corrosive agents) through the concrete to the steel rebar surface. However, eventually, these corrosive agents will
penetrate through the concrete cover and cracks, making other corrosion control practices necessary. A widely used
method of corrosion prevention is the use of coated carbon steel rebar and, to some degree, corrosion-resistant
alloy/clad rebars. The typical organic rebar coating is fusion-bonded epoxy, while the metallic rebar coating is
galvanizing {very limited use in bridge structures). Rebar cladding with a corrosion-resistant alloy (e.g., stainless
steel) is relatively new. Solid rebars constructed of stainiess steel alloys have been used on a limited basis. In
addition, non-metallic composite materials have been used. Another corrosion control practice available to new
construction is the addition of cotrosion-inhibiting admixtures to the concrete.

Epoxy-Coated Rebars

A Technical Note prepared by the FHWA and summarized here reviews the use of epoxy-coated rebar in
bridge decks."? Epoxy coatings (often referred to as powders or fusion-bonded coatings) are 100 percent solid, dry
powders. These dry epoxy powders are electrostatically sprayed over cleaned, preheated rebar to provide a tough
impermeable coating. The coatings achieve their toughness and adhesion to the substrate as a result of a chemical
reaction initiated by heat. Since these epoxy powders are thermosetting materials, their physical properties,
performance, and appearance do not change readily with changes in temperature. The epoxy coating becomes a
physical barrier between aggressive chloride ions (permeating the concrete cover) and the steel rebar.

For many years, bridge deck deterioration, stemming from corrosion of reinforcing bars, has been the number
one problem for bridges. Prior to 1970, it was thought that portland cement itself provided sufficient protection to
the reinforcing steel against corrosion. In the early 1970s, it became evident that corrosion of the reinforcing steel
was related to the increasing application of deicing salts. Unfortunately, this was not learned until after thousands of
bridge decks containing black reinforcing steel showed signs of spalling about 7 to 10 years after construction. It
was also observed that substructure members were also deteriorating because of the leakage of the deicing salts
through joints or exposure to seawater. Although the deterioration of substructure components is less obvious than
the deterioration of bridge decks, it is much more serious and costly to repair or rehabilitate substructures.

Epoxy-coated rebar was introduced in the mid-1970s as a means of extending the useful life of
reinforced-concrete bridge components by minimizing concrete deterioration caused by corrosion of the reinforcing
steel. The epoxy coatings are intended to prevent moisture and chlorides from reaching the surface of the
reinforcing steel and reacting with the steel. Since the late 1970s, the highway industry has widely used epoxy
coatings as the preferred protective system for bridge decks due to its excellent performance in resisting corrosion
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and significantly delaying subsequent deterioration of the concrete. As for all coating systems, the coating will
degrade over time and corrosion of the rebar will proceed in the presence of sufficient chlorides in the concrete.

When used in substructures and exposed to a severely corrosive marine environment, the epoxy-coated rebars
did not perform as well as in bridge deck applications. Such was the case with a number of concrete bridges located
in the Florida Keys. Significant premature corrosion of the epoxy-coated rebar was observed in substructure
members of these bridges after only 6 to 9 years. These members are subjected to salt spray in the splash zone
where the usual wetting/drying cycles, and high water and air temperatures produce a very corrosive environment.
The deterioration observed on the Florida Keys bridges and on some other bridges located in harsh environments
raised questions concerning epoxy-coated rebar as a durable corrosion protection system.

After an evaluation of the performance of epoxy-coated rebar decks by several state departments of
transpottation agencies, the overall condition of the bridge decks was considered to be good. Deck cracking did not
appear to be corrosion-related. Very few of the decks had any delamination or spalling associated with the epoxy-
coated rebar. Any delamination or spalling associated with corrosion of epoxy-coated rebar was small and generally
isolated. The epoxy-coated rebar did not appear to perform as well in cracked concrete as it did in uncracked
concrete. Corrosion was observed on epoxy-coated rebar segments extracted from locations having heavy cracking,
shallow concrete cover, high concrete permeability, and high chloride concentrations. Reduced adhesion and
softening of the coating also occurred as a result of prolonged exposure to a moist environment. The number of
defects in the epoxy coating had a strong influence on the adhesion and performance of epoxy-coated rebar. There
was no evidence of significant premature concrete deterioration that could be attributed to corrosion of the
epoxy-coated rebar. It was concluded that the use of sufficient good-quality concrete cover, adequate inspection,
finishing, and curing of the concrete, and the use of epoxy-coated rebar has provided effective corrosion protection
for bridge decks since 1975.

At present, epoxy-coated rebar is the most common corrosion protection system and is used by 48 state
highway agencies. To date, there are approximately 20,000 bridge decks using fusion-bonded epoxy-coated rebar as
the preferred protection system. This represents roughly 95 percent of new deck construction since the early 1980s.

The data from the Concrete Reinforcing Steel Institute (CRSI) shows that more than 3.6 billion kg (4 million
tons) of epoxy-coated rebar (approximately 158 million m? of reinforced concrete) were used worldwide as of 1998,
with 79 percent installed in the last 10 years."" A significant portion of this epoxy-coated rebar was used in bridge
decks. Over the past 20 years, the formulation of the epoxy has been modified to achieve increased performance of
the epoxy coating.!"”

To estimate the cost of different construction options, the cost of the baseline case for black steel rebar is first
calculated. The following cost analysis is provided to compare epoxy-coated rebar to black steel rebar. The amount
of rebar contained in a bridge deck depends on the design. A typical “traditional” bridge deck (e.g., with two mats —
each mat contains one longitudinal and one transverse rebar at 15-cm (6-in) centers — one mat of No. 5 rebar and one
mat of No. 4 rebar) contains 33.2 kg of steel per square meter of deck (6.8 1b per ft*). Other designs (e.g., two mats
— each mat contains one longitudinal and one transverse rebar at 20-cm {8-in) centers — both mats of No. 4 rebar)
contain 19.6 kg of steel per square meter of deck (4 1b per ft’). An average of these two scenarios gives 26.4 kg of
steel per square meter of deck (5.4 Ib per ft?). The cost of black steel rebar is estimated at $0.44 per kg ($0.20 per
16).49 Using 26.4 kg per m” (5.4 Ib per ft) as the weight of rebar in a square meter of deck, the cost of rebar in a
black steel deck is $11.60 per m? ($1.08 per ft*). The cost of a deck installed using black steel rebar is assumed to
be $484 per m* (845 per %).%'® It is estimated that black steel rebar provides an expected life of 10 years prior to
required maintenance resulting from concrete deterioration due to corrosion of the rebar.(*"

Typically, the cost of epoxy-coated rebar adds $0.22 per kg ($0.10 per Ib) to the cost of rebar, which is an
increase in the cost of rebar of 50 percent.!"*!” This gives a cost of rebar for an epoxy-coated rebar deck of
$17.40 per m" (81.62 per i) of deck or an increase in the cost of epoxy-coated rebar as compared to black steel of
$5.80 per m* ($0.54 per i) of deck. However, the rebar is a relatively small portion of the total deck construction
costs. The added cost of epoxy-coated rebar depends on whether both mats of rebar are coated (many bridges have

D11



Appendix D — Highway Bridges

been constructed with only the top mat of rebar epoxy coated, although current practice typically uses both mats
epoxy coated) and on the overall construction costs. Assuming the cost of new construction for a bridge deck is
$484 per m” ($45 per ft*) and both mats are epoxy coated, the increase to the total deck cost is 1.2 percent ($5.80 /
$484 x 100). This value is consistent with other references discussed below. It is estimated that epoxy-coated
rebar provides an expected bridge deck life of 20 to 40 years.(”‘ ') The service life depends, in part, on whether a
single top mat of epoxy-coated rebar is used in conjunction with a bottom mat of black steel rebar versus both mats
constructed of epoxy-coated rebar. With the current practice of coating both rebar mats and current coating
formulations, a 40-year life is typically assumed. The costs for using only a single mat of epoxy-coated rebar would
be estimated at 50 percent of that for both mats coated.

The Concrete Reinforcing Steel Institute (CRSI} estimates that the increase in the total cost of the structure due
to coating both mats of rebar is typically between 1 and 3 percent.!” An FHWA study provided data for three
lllinois bridge decks (1994 construction data) and showed that the increase in the cost of the deck due to using
epoxy-coated rebar on both mats was between 0.5 and 2.2 percent, with an average increase of 1.4 percent.!'®

The New York State Department of Transportation (DOT)"'” has been using epoxy-coated rebars in the top
mat reinforcements for the past 20 years. A summary of the data is presented in table 6. For deck replacement, the
increase in the cost of coating the top mat was approximately 0.1 percent and, for rehabilitation, the cost increase
was approximately 0.25 percent. The New York State DOT estimates that this small increase in costs for
epoxy-coated rebars gives at least a 10-year life extension for the bridge structures. One factor that explains the
lower percent increase in the structure cost due to using epoxy-coated rebar is that, in New York, only the top mat of
rebar was coated. In addition, the bridge construction costs are higher in New York, making the average percent
increase due to using epoxy-coated rebar lower.

Table 6. New York State DOT data on epoxy-coated rebar costs for bridge deck replacement and rehabilitation,"

1/1/90-1/1/97 | 1/1/97-1/1/98 | 1/1/98-1/1/99
y | Average area of deck, m’ 580 495 393
;%- Average cost per project, § (in millions) 0.93 1.11 1.04
Cost increase due to use of epoxy-coated rebars, % 0.11 0.08 0.06
= | Average area of deck, m’ 3,645 573 1107
% Average cost per project, $ (in millions) 1.66 0.32 0.89
E LCost increase due to use of epoxy-coated rebars, % 0.37 0.3 021

Metal-Coated/Clad Rebars and Solid Corrosion-Resistant Alloy Rebars

To provide a more corrosion-resistant rebar, a number of metallic coatings, metallic claddings, and rebar alloys
have been tested. The most promising are galvanized (zinc-coated) rebars, stainless steel-clad rebars, and solid
stainless steel rebars.® Titanium has also been discussed as a clad or solid rebar material, but its cost is
significantly greater than that of stainless steel, and the increased corrosion resistance (relative to stainless steel)

may not be required.
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Galvanized Rebars

Hot-dipped galvanized coatings for reinforcing steel in concrete have been used since the 1940s. ASTM A767,
“Standard Specification for Zinc-Coated (Galvanized) Steel Bars for Concrete Reinforcement,” specifies the
requirements for the galvanized coating. A Class I coating has a zinc coating weight of approximately 1,070 g
per m’ (3.5 oz per ft*) and a Class II zinc coating has a coating weight of approximately 610 g per m” (2.0 oz per ft’).

The effectiveness of galvanized rebars in extending the life of reinforced-concrete structures is questionable.
In other applications, galvanized steel has been shown to extend the life of structures exposed to atmospheric
conditions and low-chloride underground environments, but not high-chloride environments. An FHWA study by
McDonald et al. reviewed the performance of galvanized rebar and is summarized here.'® Several studies
conducted in the 1980s and 1990s provided conflicting evaluations for the performance of galvanized steel in
concrete. In general, the findings are in agreement with those for other exposure conditions, i.e., (1) zinc corrodes as
fast (or faster) than steel in high-chloride environments and (2) zinc corrosion can be accelerated by macro-cell
action when a large cathodic area is present. Accelerated macro-cell corrosion can occur when a galvanized upper
mat of reinforcement is connected to a bare steel lower mat (in which the concrete surrounding the lower rebar mat
has a lower chloride concentration than the concrete of the upper mat). Therefore, both mats of reinforcement
should be galvanized. The general consensus is that galvanizing extends the life of the concrete structure due to a
higher threshold for chloride-induced corrosion of the zinc-galvanized coating as compared to black steel.

Although galvanized rebar may provide a benefit in certain chloride-containing environments, the majority of
the problems are associated with deicing salts and marine exposures where the chloride content of the concrete
continuously increases to a point where any benefit of galvanization becomes marginal.

Stainless Steel Rebars

Rescarch in stainless steel rebars has taken two directions, clad stainless steel over a carbon steel substrate and
solid stainless steel rebar. If a stainless steel alloy is selected that possesses sufficient corrosion resistance for the
service conditions, the primary concerns of cladding are: (1) adherence to rebar substrate, (2} defects formed after
bending, (3) uniform cladding thickness [a typical cladding for stainless steel is 0.5 mm (0.020-in) thick], and
(4) metallurgical changes due to the cladding process that may affect the corrosion resistance. It should be realized
that the chlcride threshold for pitting in a non-aqueous (non-homogeneous) environment such as concrete can be
significantly less than for the same aqueous environment. Therefore, any research must utilize realistic concrete
environments. For instance, the use of stainless steel piping in underground service, generally, has been
discontinued due to pitting and subsequent perforation of the pipe in the non-homogeneous unsaturated soil
environment with relatively low chloride contents. Pitting in conventional reinforced-concrete bridge components
may not be as significant a concern as decreasing the average corrosion rate (overall metal weight loss).

Several studies that examined the performance of solid stainless steel rebars were summarized by McDonald et
al."® These studies showed that the austenitic stainless steel (Types 304 and 316) performed well, while the ferritic
stainless stecls (Types 405 and 430) developed pitting. In all cases, the stainless steel performance was greatly
superior to carbon steel; with the stainless steel rebar generally performing with no (or negligible) corrosion. Ina
study summarized by Virmani and Clemena, Type 316 stainless steel-clad rebar greatly extended the estimated time
to cracking of the concrete beyond that of conventional steel rebar (to 50 years), but not as much as solid Types 304
and 316 stainless steel (100 years).””” In addition, McDonald et al. reported on two highway structures constructed
with stainless steel rebar. Following a 10-year exposure, no corrosion was observed for solid Type 304 stainless
steel rebar in a bridge deck in Michigan and for Type 304 stainless steel-clad rebar in a bridge deck in
New Jersey.“(’) However, at that time, the chloride levels in both bridge decks were below or at the threshold
chloride level for corrosion initiation in black steel rebars.

The cost of solid stainless steel rebars is estimated to be $3.85 per kg (81.75 per Ib). Assuming similar weights
of solid stainless steel rebar as used above for black steel rebar, the cost of solid stainless steel rebar is estimated at
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$101.64 per m” (9.44 per ft%) ($3.85 per kg x 26.4 kg per m> = $101.64 per m?). This is an increase in the cost of
rebar of $90 per m® ($8.40 per fi*) when comparing the cost of solid stainless steel to black steel ($11.60 per m?).
Assuming that the cost of new construction for a black steel rebar bridge deck is $484 per m? (845 per %), the cost
increase to construct the deck using solid stainless steel rebar is 18.6 percent ($90 / $484 x 100). This value is
consistent with other references discussed below. It is estimated that the use of solid stainless steel rebar provides
an expected life of 75 to 120 years.©®'®

McDonald et al. estimated the costs, at three installation sites, of the use of rebar made from solid stainless
steel.“” The authors estimated that, compared to the cost of black steel rebar, the overall construction cost would
have increased by 6 percent to 16 percent if solid stainless steel rebars were used.

Stainless steel rebars have been reported to be used in several projects in the United States, including Michigan
and Oregon.(m The Oregon DOT estimates that the cost of stainless steel rebar (Type 316LN, Nitronic 50) is
approximately $4 per kg (installed), with an overall cost increase of 10 to 15 percent when used in the deck and
superstructure, and another 5 percent if used in the substructure. Although the cost of $4 per kg is greater than that
used in the analysis above, the percent increase in the cost of the structure is similar. The expected service life of
the structure using stainless steel rebar was stated to be 120 years.

Fluctuation in the cost of raw materials used in the production of stainless steel has a significant effect on the
economic viability of the use of stainless steel rebar in concrete decks. The rebar cost also is dependent on the grade
of stainless steel used.

One means of minimizing the cost of the stainless steel rebar is to utilize stainless steel-clad rebar. It has been
estimated that the cost of stainless steel-clad rebar is $1.54 per kg ($0.70 per Ib), which gives a cost of $40.66 per m
of deck ($3.78 per fi%) or an increase of $29 per m® ($2.70 per ft*) over that of a black steel deck. Assuming the cost
of new construction for a black steel rebar bridge deck is $484 per m” ($45 per ft°), the cost increase to construct the
deck using stainless steel-clad rebar is 6 percent (829 / $484 x 100). It is estimated that the use of stainless
steel-clad rebar provides an expected life of 50 years.©®

2

The cost of stainless steel cladding can vary depending on the raw material market prices, just like solid
stainless steel, but it is also dependent on the cladding manufacturer, the cladding thickness, and the chosen grade of
stainless steel, The purity of the stainless steel is a consideration as well, since many cladding operations use
recycled material to reduce costs. However, with proper quality control, stainless steel-clad rebar promises to be an
effective means of control for bridge deterioration due to corrosion of the reinforcing steel.

Alternative Means of Protection

In addition to the use of coated or alloy rebar, other approaches to mitigate corrosion of the reinforcing steel in
bridge structures include high-performance concrete, corrosion-inhibiting admixtures, or a combinations of these.

High-Performance Concrete

High-performance concretes were developed as a means of impeding ingress of chlorides to the rebar (by
reducing concrete permeability). This is accomplished by using lower water-to-cement ratio concrete and adding
mineral admixtures to the concrete mix. The most common admixtures are silica fume and fly ash (pozzolanic
materials). Low water-to-cement ratios are achieved using high-range water reducers.

Although low chloride permeability is one of the main features of mineral admixtures, they impart other
properties to the concrete (depending on the admixture selected), such as: (1) corrosion resistance (higher chloride
threshold for corrosion and low corrosion rate following initiation), (2) greater cumulative corrosion prior to
cracking, and (3) higher resistivity to minimize macro-cell corrosion. An FHWA study by Thompson and Lankard
reviewed the effect on the corrosion of steel in concrete of several variables, including cement types, mineral
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admixtures, water-to-cement ratio, and aggregate type.” This study showed that silica fume was by far the most
effective mineral admixture in mitigating corrosion of steel rebar. It also suggested that careful selection of the
concrete mix components could greatly extend the life of a concrete bridge member.

The cost of a high-performance concrete depends on the admixtures used. Berke et al. estimated the addition
of silica fume would increase the bridge cost by $4.30 per m? ($0.40 per ft%).?? Assuming that the cost of new
construction for a black steel rebar bridge deck is $484 per m* ($45 per ft%), the cost increase associated with the use
of a high-performance concrete containing silica furne is 0.9 percent ($4.30 / $484 x 100). It is estimated that the
use of silica fume admixture provides an increase in expected life of 10 years beyond that provided by black steel
rebar in conventional concrete.*”

Corrosion-Inhibiting Admixtures

In the past decade, the use of corrosion-inhibiting concrete admixtures has emerged as a promising method for
delaying the onset of corrosion of prestressing and conventional reinforcing steel.*” Inhibitors are usually employed
with permeability-reducing pozzolanic additives such as fly ash or silica fume. As such, the concrete has low
permeability and the corrosion inhibitor essentially increases the chloride concentration required for corrosion
initiation. Inhibitor action may also reduce the rate of corrosion after initiation, resnlting in less corrosion-induced
concrete deterioration.

Inhibitors are compounds that are able to reduce corrosion rates when present at relatively small concentrations
at or near the steel surface. Corrosion inhibitors are generalty classified as organic or inorganic. Organic corrosion
inhibitors generally work either by forming a protective film on the steel and/or by preventing the corrosive agents
from reaching the steel. Inorganic corrosion inhibitors work by reducing either the oxidation or the reduction
reactions at the steel surface.

Extensive technical literature exists on the inorganic calcium nitrite products. This product has been shown to
provide passivity at relatively high chloride concentrations. Commercially available organic-based inhibitors are
also available. The organic inhibitors are believed to be comprised of amides and esters. A recent National
Cooperative Highway Research Program (NCHRP) project by Thompson et al. reviewed the performance of
corrosion inhibitors used in concrete and performed a range of laboratory tests to assess the performance of the
commercially available inhibitors.*

The cost of calcium nitrite (one of the most commonly used corrosion-inhibiting admixtures) with and without
the addition of silica fume was discussed by Berke ct al.?? The cost of a calcium nitrite protection system was
estimated to be $5.40 per m? ($0.50 per ft*). Assuming that the cost of new construction for a black steel rebar
bridge deck is $484 per m® ($45 per fi%), the cost increase to construct the deck using calcium nitrite inhibitor is
1.1 percent ($5.40 / $484 x 100). It is estimated that the use of inhibitors may provide an increase in expected life
of 20 to 25 years beyond that provided by black steel rebar and conventional concrete. )

Multiple Protection Systems

Corrosion inhibitors are increasingly used as a part of multiple corrosion protection systems in conjunction
with epoxy-coated rebars and low-permeability concrete, especially for marine application. As yet, epoxy-coated
seven-wire strands are not commonly used for prestressed concrete bridge members. In lieu of coated seven-wire
strands, corrosion inhibitors have found their niche in the prestressed highway construction industry.®¥

Summary of Current Practice for New Construction

The following items summarize the current practice based on research, field performance, and emerging
technologies.
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The preferred primary corrosion-protection system is fusion-bonded epoxy-coated rebars, which have been
used in approximately 20,000 reinforced-concrete bridge decks and approximately 100,000 total structures.
Epoxy-coated rebar has performed very well in alleviating the problem of corrosion-induced deterioration of
concrete bridge decks. The only caution is its use in severe marine applications,

With continued updates in the American Association of State Highway and Transportation Officials
(AASHTO) and American Society for Testing and Materials (ASTM) specifications for epoxy-coated rebar, this
corrosion protection system will continue to improve. The specifications involve all aspects of the fabrication of
epoxy-coated rebar, including the following: certification of coating plants; proper storage of coating powder at the
plants; restrictions on surface imperfections on the bars; removal of dust and salt from the surface of the bars prior to
coating; and better quality control of thickness, continuity, flexibility, adhesion, etc. In addition, requirements
related to job-site storage and handling of the coated bars have also been established. All of these will result in
improved performance of epoxy-coated rebar and more durable new concrete structures.

To provide even longer service life to the concrete decks (75 to 120 years) without any need to repair
corrosion-induced concrete damage, a number of solid and clad corrosion-resistant alloy rebars are under
development. Most notable are solid Type 304 or 316 stainless steel rebars and stainless steel-clad rebars, which
have performed well in accelerated corrosion screening tests. Both of these two new alternative reinforcing bars
have the potential to provide an excellent corrosion protection system, albeit at a higher initial cost. Although Type
316 stainless steel is a proven corrosion-resistant alloy, more research is needed for clad rebar and other alloys.

The combined use of epoxy-coated rebar and a corrosion-inhibiting admixture, such as calcium nitrite, could
serve as a reliable corrosion protection system, especially for marine applications such as piles, etc. However, the
long-term stability of this inhibitor is still under study. In addition, research efforts are underway to identify new
inhibitors.

The combination of high temperature (38 °C) and an intermediate level of humidity or moisture (75 percent)
have been identified as environmental conditions that lead to high corrosion rates for steel in concrete. Use of a low
water-to-cement ratio concrete, incorporation of mineral admixture, and proper selection of cement type and
aggregates contribute to production of a high-performance concrete with significant corrosion resistance.

For the protection of high-strength, seven-wire strands encased in ducts, mix designs for corrosion-resistant
grout for filling the ducts have been developed. In addition, an accelerated corrosion test method has been
developed for evaluating new grout mixes.“® These developments became the basis for a new grout specification
recently published by the Posi-Tensioning Institute (PTI) in 2001.

Prompted by the recent sudden collapse of two post-tensioned bridges in the United Kingdom and one in
Belgium, the impact-echo nondestructive evaluation (NDE) technique was developed to detect voids in post-
tensioned ducts. This equipment is now commercially available. A compiementary magnetic-based nondestructive
technique for assessing section loss in the high-strength steel strands in the ducts also has been deveioped. In
combination, the impact-echo and the magnetic-based techniques allow inspection of post-tensioned systems,
reducing the likelihood of any sudden collapse of post-tensioned bridges in the United States. Continued
development of these techniques is required to increase reliability, accessibility around trumpet locations, resolution,
and user confidence.

Summary of New Construction Cost Alternatives

Table 7 gives the costs of new construction alternatives for bridge structures. Also provided is the expected
service life for each alternative. There are many choices for corrosion prevention, and careful life-cycle cost
analysis and risk assessment are required to select the most appropriate one for any given application. In addition,
the alternatives are not mutually exclusive (i.e., combinations of (1) corrosion-inhibiting admixture and silica fume
or (2) epoxy-coated rebar and corrosion-inhibiting admixture have been used).

Dlé



Appendix D — Highway Bridges

Table 7. Summary of costs and life expectancy for new construction alternative.

COST | BARWEIGHT | COST PER | INCREASE IN PERCENT ESTIMATED
CORROSION CONTROL OF PER DECK DECK COMPARISON INCREASE SERVICE
FRACTICE BAR AREA AREA TO BASELINE LIFE
$kg kg/m’ $/m’ $/m’ % Year
Black steel (baseline) | 8044 26.4 $11.60 NA - 10
2-layer epoxy-coated rebar | $0.66 26.4 $17.40 $5.80 1.2% 40
2-layer solid SS rebar £3.85 26.4 $101.64 $90.04 18.6% 75-120
2-layer S3-clad rebar $1.54 26.4 $40.66 $29.00 6.0% 50
Calcium Nitrite CIA - - - $5.40 1.1% 30
Silica Fume - - - $4.30 0.9% 20

Rehabilitation

Salt-induced reinforcing steel corrosion in concrete bridges has become a considerable economic burden to
many state and local transportation agencies that are generally tasked with maintenance and repair activities.
Although the positive effect of adoption of corrosion protection measures can already be seen on individual
structures, there are thousands of existing bridges constructed without the latest corrosion control methods. In
addition, even the latest corrosion control methods are not likely to prevent all corrosion for the life of the bridge
structure. Therefore, repair/rehabilitation of bridge structures and the mitigation of existing corrosion will be a
major activity for bridge engineers for years to come,

There are several remedial methods available for rehabilitation of concrete structures that have deteriorated due
to chloride-induced corrosion of the reinforcing steel. Because problems on concrete structures are typically found
after significant deterioration has resulted in cracking and spalling of the concrete, the vast majority of the remedial
methods are applied following removal and patching of the damaged concrete. The available methods are based on
one of the following principles and have been summarized by Virmani and Clemena.®

»  Provide a barrier on the surface of the concrete to prevent future ingress of chloride (overlays,
membranes, etc.).

=  Control the electrochemical reactions at the steel surface to mitigate the corrosion reactions by
imposing the proper voltage field on the rebar (cathodic protection).

¢  Modify the concrete environment to make it less corrosive. One way of accomplishing this is
to extract the chlorides from the concrete (electrochemical chloride removal).

Each state DOT has specifications and criteria for rehabilitation of deteriorated concrete bridge components.
One example of a decision process for rehabilitation or deck replacement is as follows (Caltrans):**”

» Ifspalling of the concrete is observed, the surface is checked for delamination by chain drag
and core samples are taken to determine the chloride concentration.

e  [fthe chloride concentration is greater than 1.8 kg per m* (3 Ib per yd*), the concrete is
removed to depths where the concentration is less than 1.2 kg per m* (2 1b per yd*).

o [Ifless than 75 mm (3 in) is removed to reach an acceptable chloride level, the removed
concrete is replaced by an overlay.

¢ [fmore than 75 mm (3 in) is removed, the entire deck must be replaced.
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s Cathodic protection is applied only in the case of partial disbondment of the concrete and
when there is no extensive spalling.

Surface Barriers

The application of an overlay of low-slump concrete, latex-modified concrete (LMC), high-density concrete,
polymer concrete, or bituminous concrete with membrane on the existing concrete provides a barrier that impedes
continued intrusion of chloride ions, moisture, and oxygen that are necessary for corrosion to continue. However,
past experience indicates that when such barrier systems are employed without first decontaminating the existing
concrete of the active corrosive agents, these corrosive agents become entrapped in the existing concrete and the
effectiveness of the barrier may be neutralized. Traditionally, greater than 90 percent of the rehabilitation jobs used
low water-to-cement ratio concrete or LMC overlay as the preferred method. FHWA Report FHWA-RD-98-088
indicated that state highway agencies estimate the life of these rehabilitation methods to be around 15 years.®

Various studies have reported performance and cost data for different overlay and patching systems. (See
references 12, 28, 29, 30, and 31.) Table 8 summarizes the costs presented by Sprinkel et al.*” These costs are
based on both literature review and questionnaires sent to state DOTs. The cost data are for 1988. The numbers
were discounted by 5 percent annual percentage rate (APR) to estimate 1998 costs. There is a wide range of cost
and life expectancies provided, which probably corresponds to the range of application methods and detailed
specifications used for these classifications.

Table 8. Cost (1998 adjusted) and life expectancy for overlay and patching options for concrete bridges.”

AVERAGE | RANGE OF AVERAGE RANGE OF

TYPE OF MAINTENANCE COST COSTS EXPECTED LIFE EXPECTED LIFE

($/m?) ($/m?) (years) (years)
Portland Cement Concrete 170 151 — 187 185 14—23
Overlay*
f;;ﬁ‘t‘)‘r"a‘l’l‘j Concrete with 58 30— 86 10 45-15
Polymer Overlay/Sealer 98 14 - 182 10 6—25
Bituminous Concrete Patch 90 39 - 141 1 1-3
Portland Cement Concrete Patch 395 322 - 469 7 4-10

*Includes latex-modified concrete (LMC).

Cathodic Protection

Cathodic protection {CP) is a corrosion control method that imposes an external voltage on the steel surface in
a manner that forces the steel to become cathodic (reduction reactions are favored and anodic reactions, which result
in metal loss, are decreased), thereby mitigating corrosion. In simple terms, CP transfers the oxidation (anodic)
reactions, which result in metal loss (and thereby corrosion) of the rebar, over to the anode of the CP system.
Therefore, selection of the praper anode material for the application is critical, since anode failure results in CP

system failure.

The primary strength of CP is that it can mitigate corrosion after it has been initiated. Although CP is often
piaced on pipelines, underground storage tanks, and other structures during construction, it is generally installed on
bridge members only after corrosion has initiated and some amount of deterioration has occurred. The primary
reason for not installing CP systems on bridge components during construction is that corrosion often does not
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initiate for 10 to 20 years following construction; therefore, the CP system maintenance and a large portion of the
CP system design life would be used on a structure that is not corroding. Furthermore, the use of CP on newly
constructed bridge components is limited since materials such as epoxy-coated rebar provide economic, jong-term
corrosion prevention for these structures. The exception to this s that CP is installed on newly constructed bridge
pilings exposed to marine and brackish waters where corrosion is known to be a severe problem.

Although problems with early CP systems have cast a negative image with certain bridge engineers, current
technology for bridge decks has proven to be quite reliable and improved technology for substructures is still being
developed and tested. When properly applied and maintained, CP mitigates corrosion of the reinforcing steel and
extends the performance life of a bridge. However, CP remains an under-utilized technology for steel-reinforced
concrete structures.

CP systems are characterized by the source of the driving voltage that forces the rebar to become cathodic with
respect to the anode. The two principal methods for applying CP are impressed-current CP and sacrificial (galvanic)
anode CP. In an impressed-current CP system, an external power source is used to apply the proper driving voltage
between the rebar and the anode. For impressed-current systems, the anode can be a wide range of materials since
the driving voltage can be adjusted to suit the application and anode material selected. For a sacrificial anode CP
system, the driving voltage is created by the electrochemical potential difference between the anode and the rebar.
Therefore, selection of the anode material is more limited.

Impressed-Current CP

The basic characteristics of an impressed-current CP system are: (1) an external power source is required,
(2) the driving voltage can be varied (variable power source), (3) the applied current can be varied, (4) the CP
system car be designed for almost any current requirement, and (5) the CP system can be used in almost any level of
resistivity. To date, more than 1.9 million m* (>20 million ft*) of reinforced and prestressed concrete structures have
been cathodically protected worldwide.

Anode selection and application have proven to be among the most difficult problems in designing CP systems
for concrete structures with adequate life. The anode for a concrete bridge deck must have the following
characteristics: (1) capability to withstand traffic loads, (2) resistance to environmental influences (moisture,
temperature fluctuations, etc.), (3) sufficient durability to have a design life equal to or greater than that of the
wearing surfaces, (4) sufficient conductive surface area to minimize or completely prevent premature deterioration
of the surrounding concrete, and (5) it must be economical.

Over the past 30 years, several anode configurations have been utilized for concrete bridge decks and
substructures, including those listed below.® A Strategic Highway Research Program (SHRP) study published in
1993 reviewed CP systems used for bridge structures, including performance, costs, and service life.*” The cost
data are for 1991; a discount rate of 5 percent was used to estimate the costs in 1998 dollars. The estimated costs
and service lives are given, but it should be realized that specific problems have developed that have limited the
actual service life achieved in some cases.

¢ Coke-asphalt anode system used high silicon iron anode material and required a wear surface.
The application costs are estimated at $92 per m” with a service life of 20 years.®?

¢ Non-overlay slotted anode system used platinized-niobium-copper wire anode laid in
regularly spaced slots designed to distribute CP current evenly to the rebar mat and was filled
with a conductive polymer concrete. The application costs are estimated at $92 per m’ with a
service life of 15 years.*?

¢  Conductive polymer mound anode system used the platinized-niobium-copper wire anode
with the conductive polymer mounded on the wire anode and a rigid concrete overlay on top.
The application costs are estimated at $137 per m” with a service life of 20 years.”™
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s Activated titanium mesh anode is secured to the concrete and covered with either a
conventional concrete or a latex-modified concrete overlay. The application costs are
estimated at $137 per m” with a service life of 35 years.®?

¢  Activated titanium mesh anode is also applicable to substructures when overlaid with
shotcrete. The application costs are estimated at $211 per m” with a service life of
35 years.®?

¢ Other anode designs have been specially developed for use in impressed-current CP systems
for substructures. These include sprayable conductive polymer coatings, metailized zinc
coating, and conductive paints. Typical primary anode for the conductive polymer or paints is
platinized-niobium wire attached to the concrete prior to application. The application costs
are estimated at $76 per m” with a service life of 5 years.®”

e  The metallized zinc used either small stainless steel or copper plates epoxied to the concrete
surface to make a connection back to the power source. The application costs are estimated at
$137 per m” with a service life of 15 years.”?

Problems with the CP systems have included: (1) debonding of the conductive coating that arises when the
materials are used in environments where the concrete is constantly wet or when the materials are applied before the
concrete is sufficiently dry; (2) degradation of conductive coating after extended current passage; and (3) increase in
the electrical resistance between the anode and the steel due to insufficient moisture or accumulation of insulating
byproducts at the anode/concrete interface.

Of the systems identified above, only the titanium mesh anode and metallized zinc are still actively used today.
Furthermore, the use of titanium mesh on bridge decks is widely accepted in terms of providing long-term
durability. The thermal-sprayed zinc is free of the debonding problem, but suffers from an increase in anode
resistance over time. However, the Oregon DOT has had significant success with the thermal-sprayed zinc anode on
substructure components (see Case Study 3). Recently, the use of thermal-sprayed titanium metal as a new anode
has shown some promise when used on a trial basis on a bridge in Oregon.

Some DOTs, such as the Florida DOT, have undertaken experimental programs that investigate alternative
energy sources for applied CP systems, such as solar power and long-life batteries.*> The systems are intended for
use on the substructure elements exposed to brackish waters.

In certain cases, CP offers the only acceptable service life extension as an alternative to replacement of a
critical bridge component. For example, Oregon DOT has successfully implemented thermal-sprayed zinc CP
systems on historic bridges (built in the 1930s) along Highway 101 (see Case Study 3).

Missouri DOT leads North America in the use of CP to extend the life of salt-contaminated and corroding
concrete bridges. In Missouri, CP is primarily used for corrosion control of voided slab structures, although CP is
also used on steel frame and stringer type structures. Conventional repair methods proved to be unsuccessful for
limiting corrosion on bridges, many of which were built in the late 1950s and early 1960s. Since 1975, Missouri has
installed CP systems on more than 140 bridges.

Many CP systems have been evaluated and used in Missouri. First introduced in 1986, the activated titanium
mesh anode system with concrete overlay has become the exclusive CP system installed on Missouri DOT bridges.
To date, this system has provided a high level of corrosion control to more than 30 bridge decks in the Kansas City
and St. Louis areas.
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Sacrificial Anode CP

The basic characteristics of a sacrificial anode CP system are: (1) no external power source is required, (2) the
driving voltage is fixed, (3) the applied current is dependent on the driving voltage and the resistance between the
rebar and the anode, (4) the CP system is limited to relatively low current requirements, and (5) the CP system is
limited to relatively low-resistivity concrete environments.

Sacrificial anode CP systems have been used about as long as impressed-current anode systems for corrosion
control of bridge decks. Two of the earliest field trials (1977) for sacrificial anode CP systems were: (1) perforated
zinc sheets fastened on the deck with a bed of mortar, then covered with an concrete overlay, and (2) conventional
zinc ribbons embedded in grooves cut into the concrete. Both systems performed satisfactorily for 14 years prior
to removal due to failure of the asphalt overlay and the necessity of widening the structure. Although the above
field tests showed that sacrificial anode systems can be successfully applied to bridge decks, the majority of the CP
systems on bridge decks are impressed-current systems.

Because of the relatively high resistivity of atmospherically exposed concrete substructures, most anodes
utilize impressed current to achieve the necessary driving voltages to supply the current required for corrosion
control. An exception to this is the use of sacrificial zinc anodes for CP of coastal bridges in Florida, which have a
relatively low concrete resistance. However, studies contimue to examine the use of sacrificial anodes primarily due
to the benefit of very low maintenance compared to impressed-current CP systems. Two of these studies include the
zinc-hydrogel anode system and the thermal-sprayed alloy anode system. The zinc-hydrogel anode system uses zinc
sheet anodes (10-20 mm thick) attached to the concrete with jonically conductive hydrogel adhesive. Field trials
have shown that this system is capable of supplying sufficient current for effective corrosion control. The
thermal-sprayed alloy anode system utilizes a conventional metallization (flame- or arc-spraying) process to form
meta(l‘!)ized coating on the concrete surface. The two most promising anode materials were Al-Zn-In alloy and
zinc,

The cost of CP systems varies depending on the type of system used. Virginia DOT has issued a report entitled
Evaluation of Anodes for Galvanic Cathodic Prevention of Steel Corrosion in Prestressed Concrete Piles in Marine
Environments in Virginia®® This data and data published by Virmani® suggest that the sprayed Al-Zn-In alloy or
the zinc-hydrogel alloy systems cost between $108 and $129 per m® ($10 and $12 per ft®). The life of these systems
is estimated to be 10 to 20 years.

Cathodic Protection for Prestressed Concrete Bridge Members

The primary concern for CP of prestressed concrete members is the possibility of hydrogen-induced cracking
failure (hydrogen embrittlement) of the tendons at operating loads. Hydrogen production at the steel surface is a
product of CP at potentials more negative than —0.90 V saturated calomel electrode. For this reason, CP for
prestressed concrete has focused on the use of sacrificial anode systems and constant current or constant voltage
rectifier impressed current systems. An additional concern is the application on bridge members that have an
uneven electrical resistivity across the concrete surface. This will lead to the uneven distribution of the CP current
and the possibility of overprotection in the low-resistivity regions. It is generally agreed that CP of prestressed
concrete members can be accomplished safely and reliably if proper care is given to maintain minimum CP
requirements and to prevent overprotection.

Electrochemical Chloride Extraction

Virmani and Clemena recently reviewed the use of electrochemical chloride removal.®® When a direct current
is conducted through concrete, the relatively mobile ions (such as chloride, hydroxide, sodium, potassium, calcium,
etc.) in the concrete will migrate, with each ion moving toward the electrode with the charge opposite to it. The
feasibility of removing the undesirable chloride ions from a contaminated concrete by such elecirochemical means,
instead of excavation of the contaminated concrete from a structure, was studied in the mid-1970s by Kansas DOT.
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It was shown that chloride ions can be expelled from concrete by passing a direct current between the sigel bars and
anode, as in CP except at considerably greater current densities. However, unnecessarily high levels of direct
current used in early investigations had some adverse effects on the concrete (e.g., decreased concrete-to-steel bond,
increased porosity, and increased cracking in the concrete). The concern about these adverse effects on treated
concrete delayed the use of electrochemical chloride extraction as a remedial method for the permanent
rehabilitation of concrete bridges. Subsequent studies found that if the level of current applied is kept below 5 A per
m> (0.5 A per ft?), these adverse effects were not observed.

Because of the relatively high current densities (even at 5 A per m”) and concerns about hydrogen-induced
cracking, electrochemical extraction of chloride would not be used on prestressed concrete structures.

Full-scale pilot treatments have demonstrated that it is feasible and simple to conduct the treatment on
fuil-sized reinforced-concrete bridge members, although it is comparatively more difficult to conduct the treatment
on concrete piers. One difficulty encountered was predicting the necessary length of treatment required to reduce
the chloride concentration at the steel rebar level to below the corrosion threshold or to some equilibrium
concentration of chloride. Preliminary studies suggested that a total charge of 600 to 1,500 A-h per m’ is sufficient
in most cases, which means a total treatment time of 10 to 50 days is required.

While it is impossible to remove all the chlorides from the concrete by electrochemical means, chloride
extraction depletes the amount of chloride immediately in contact with the steel and replenishes the passive layer
{between 40 and 95 percent of the chloride ions are generally removed). Field data, so far, show that this is effective
in stopping corrosion for at least 8 years. FHWA predicts that electrochemical removal technology will extend the
life of bridges by as much as 20 years.®® To date, there has been approximately 372,000 m? (4,000,000 ft*) of
concrete worldwide that has been treated.

The cost of electrochemical removal varies depending on the type and size of the structure. Treatment of
bridge decks typically cost between $53 and $129 per m” ($5 and 12 per fi*), depending on the size and contract
requirements. The cost of electrochemical removal on substructures (vertical and overhead applications) is between
$107 and $215 per m® (310 and $20 per ). Very small substructures (i.e., one or two columns) may cost up to
$269 per m* (325 per ft) if done on a stand-alone basis.®®

Summary of Current Practices for Rehabilitation

The following items summarize the current practices based on research, field performance, and emerging
technologies.”

Overlays, such as latex-modified concrete, low-slump concrete, high-density concrete, and polymer concrete,
are the most common method used for the rehabilitation of bridge decks. This procedure extends the life of the
bridge deck by approximately 15 years.

Cooperative research with industry and states in the development of durable anodes, monitoring devices,
installation techniques, etc. has led to application of impressed-current CP systems on bridge decks as a routine
rehabilitation technique. Titanium mesh anode, used in conjunction with a concrete overlay to distribute protective
current, is filling the need for a durable anode for use in impressed-current CP of reinforced-concrete bridge decks
and is, in fact, now widely accepted by state and local transportation agencies.

For CP of substructure members, especially those in a marine environment, several promising sacrificial anode
systems have been developed (i.e., thermal-sprayed zinc, thermal-sprayed aluminum-zinc-indium (Al-Zn-In) alloys,
zinc hydrogel, and zinc mesh pile jacket systems). Initiatives in the industry and in some states, in cooperation with
FHWA, have led to further developments and identification of anodes suitable for impressed-current CP of inland
concrete substructures.
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Through extensive fundamental research and evaluation of CP systems that have been installed, significant
advances have been made in the technology for CP of prestressed concrete components. Concerns about a loss of
bond between the prestressing steel and concrete and possible hydrogen embrittlement (from overprotection of the
prestressing steel) have been alleviated by the establishment of criteria for qualification of prestressed concrete
bridge components for CP.

Summary of Rehabilitation Cost Alternatives

Table ¢ gives the costs of electrochemical rehabilitation alternatives for bridge structures. Also provided is the
expected life for each alternative. Often, electrochemical methods are in competition with rehabilitation utilizing an
overlay such as low-slump, high-performance, or latex-modified concrete (see table 8 for costs). The deck condition
is often the controlling factor in the rehabilitation method selected. In some cases, a combination of these methods
is selected, e.g., electrochemical removal followed by an overlay or an overlay in conjunction with CP to mitigate
any further corrosion.

Table 9. Summary of costs and life expectancy for rehabilitation alternatives.

AVERAGE RANGE OF AVERAGE RANGE OF
TYPE OF MAINTENANCE COST COSTS EXPECTED LIFE | EXPECTED LIFE

$/m?) $/m?) (years) (years)
Impressed-Current CP (Deck) 114 92 - 137 35* 15-35
Impressed-Current CP (Substructure) 143 76 - 211 20 5-35
Sacrificial Anode CP (Substructure) 118 108 - 129 15 10 - 20
Electrochemical Removal (Deck) 91 53-129 15 10- 20
Electrochemical Removal (Substructure) i6l1 107 -215 15 10 - 20

*Current technology.

Deicing Alternatives

Calcium magnesium acetate (CMA) and potassium acetate (PA) have been identified as the most promising
deicing altemmatives. These compounds contain 76 percent and 61 percent of acetic acid, respectively, which
represents approximately half of the formulations’ costs. The annual usage of rock salt (sodium chloride) in the
United States for deicing purposes is approximately 15.4 billion kg (17 million tons). A 1987 study showed that
910 kg (1 ton) of road salt, while costing $50, causes more than $1,450 in damages to vehicles, bridges, and the
environment.®>” CMA’s current price is approximately $1.10 per kg (31,000 per ton) versus $0.04 per kg ($35 per
ton) for rock salt.®® This cost differential means that CMA usage will be limited to critical structures sensitive to
corrosion unless some means of sharing costs based on the overall damage caused by the use of salt is devised.

In addition to the high price, CMA use is hampered by other limitations, e.g., CMA is slower acting than rock
salt, if applied as a solid, and CMA exhibits marginal performance in light traffic, freezing rain, and dry and cold
storm conditions. However, recent studies have shown that if the compound is applied as a concentrated solution or
a pre-wetted solid, the rate of action is similar to that of a rock salt.®® New York City DOT has implemented, on an
experimental basis, a spray-on delivery of a liquid agent for anti-icing of certain sections of the Brooklyn Bridge
deck (see Case Study 2).
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Steel Bridges

In this section, various steel bridge coating installation and maintenance options are discussed, along with their
costs and expected life.

Coating Options

In addition to the traditional coating methodologies used on steel bridges, research to date has identified
several technologies and maintenance methodologies that promise to provide cost-saving alternatives for bridge
maintenance painting. Among these are: (1) the zone painting approach, (2) the use of overcoating or maintenance
repair painting techniques, and (3) the selected use of metal spray coatings.

Traditional Coating System

A two- to three-coat system is traditionally applied over a clean, blasted surface. These coating systems

include:®

e organic zinc primer, epoxy or polyurethane intermediate coat, and aliphatic polyurethane
topcoat,

s morganic zinc silicate primer, chemically curing epoxy or polyurethane intermediate coat, and
aliphatic polyurethane topcoat,

+  high-build, high solids, good-wetting epoxy primer with aliphatic polyurethane topcoat,
s three-coat waterborne acrylic, and

e three-coat, lead-free alkyd.

Zone Painting

Due to the increasing cost of the repainting of existing bridge structures, it has become economically
advantageous to consider the use of zone painting approaches in lieu of wholesale removal and repainting of entire
bridge structures. This concept is especially attractive for larger structures and, in fact, has been employed on
structures such as the Golden Gate and Bay bridges in California and several of the bridges in the New York City
area. These larger bridges have distinctly different exposure environments within the same structure simply because
of their size and their location near saltwater. In addition, these bridges are maintained by bridge authorities, who
collect tolls and generally have greater resources to focus on intermittent or periodic maintenance activities.

The vast majority of the bridges in this country are neither large nor maintained by toll authorities. Hence, the
zone painting approach has not been applied on a widespread basis. This may change as the costs for full removal
and repainting of even smaller structures have dramatically risen. The fact is that even on smaller structures, coating
breakdown and corrosion is limited to areas where there are measurable levels of salt contamination and significant
times of wetness, For bridges in marine or semi-marine environments, this is the entire structure; however, for
bridges in non-marine environments (a majority of the bridges), these corrosive areas are generally limited to
expansion joints, drainage, traffic splash, and tidal areas. If these areas can be isolated and maintained using a better
corrosion protection system, large expenditures can be avoided on the remaining surface area of the bridge. This
change in philosophy will require more informed engineering input during specification development and more
oversight during repainting operations. In addition, improved inspection procedures and standards will be an
essential input into the decision-making process.
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Overcoating

Similarly, overcoating has become a more attractive option for state agencies as the cost of full removal and
repainting has increased. This approach limits the amount of surface preparation to these areas that have failed paint
and corrosion. These areas are spot primed and one or two full coats are applied over the entire structure for
uniformity of cotor. This approach can be effective in less corrosive environments where the condition of the
existing coating is relatively good. However, since this method of preservation will usually have a significantly
lower initial cost than full repainting, the effect on life-cycle cost of this approach must be examined very carefully.

Metal Spray Coatings

Non-traditional bridge coating systems have been investigated for potential long-term performance benefits.
While some of the candidates tested have not shown immediate usefulness (e.g., powder coatings), others, such as
metallized coatings, appear to have the benefit of excellent long-term corrosion resistance. Although these systems
are applied at a somewhat higher initial cost, the changing overall economics of bridge repainting operations has
made their use more competitive in terms of life-cycle cost.

Coating Installation - Maintenance Costs

The coating system installation cost is not easy to define. Over the past several years, there have been
significant changes in the methodology of bridge maintenance painting operations. The most significant changes
have been in response to dramatic increases in environmental and worker protection regulations that impact these
operations. The use of containment structures to capture hazardous waste and pollutants generated during removal
of old coatings and the gradual institutionalization of worker health and safety practices associated with the removal
of hazardous materials, have introduced significant cost impacts to bridge maintenance painting. This has caused a
large diversity in operational practices and in the resultant cost of these operations.

The issue of applying protective coatings to the steel bridges to prevent corrosion is further complicated by the
requirement {o contain or remove the previously applied lead-based paint, as regulated by the Environmental
Protection Agency. Congressional regulations (the Resource Conservation and Recovery Act and the Hazardous
and Solid Waste Amendment) now require that all wastes be treated.

According to 1992 National Cooperative Highway Research Program (NCHRP) data,"” approximately
80 percent of the steel highway bridges have been coated with lead-containing paints. The report estimated that
$100 million to $130 million is spent annually on bridge painting. A total of 10 to 20 percent of the costs of bridge
painting are incurred because of the requirement to contain paint, abrasive, and dust fallout. In addition, the costs of
treatment can range from $0.33 to $0.55 per kg (8300 to $500 per ton) where lead paint removal activities generate
an estimated 181 million kg (200,000 tons) of lead-contaminated abrasives.

The overall cost is comprised of the costs for surface preparation, the material itself, and application activities.
The estimates for some of the above coating systems are given in table 10.”” The service life of the coating systems
is significantly affected by the service conditions. For example, a two-coat alkyd primer with the topcoat exposed to
mild conditions (rural or residential area with no industrial fumes/fallout) would last only 3 years until the next
maintenance. On the other end of the spectrum is the triple system consisting of a moist-cured urethane zinc-rich
coat, a high-build acrylic urethane coat, and an acrylic urethane topcoat. The expected service life of this coating
system in severe conditions (heavy industrial and chemical plant area with high levels of fumes and fallout) is
15 years.
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Table 10.  Cost for alkyd, epoxy, and epoxy/urethane systems in moderate industrial
environment in the southeast United States.”
SSPC wxns |Cleaning | Material | Application Total System Life
System Surface DFT Cast Cost Cost Installed Cost |(5-10% breakdown) Cost/yean
preparation | (mm) | ($/m®) | (S/md) ($/m%) ($/m?) (years) ($/m*)
2* $5.92 $12.38 3 $4.09
Two-coat atkyd 0.10 $1.08 $5.38
6** $9.15 $15.61 6 $2.58
2 $5.92 $14.10 7.5 $1.83
Two-coat epoxy 6 0.15 $9.15 $1.72 $6.46 $17.33 10.5 $1.61
10%+* $10.76 $18.94 12 $t.61
Two- / 6 $9.15 $18.41 9 $2.05
WO-c0at cpoxy 0.15 $226 | $7.00
urethane 10 $10.76 $20.02 10.5 $1.94

*Hand-cleaned surface.
**Commercial blast,
*¥*Near-white blast.
**x*¥Dyried-film thickness.

Presently, the costs of total paint removal and repainting jobs can range from $43.00 per m” ($4.00 per f°) to
as much as $215.25 per m® (520.00 per f2).“? This range can be partially explained by factors that make each
bridge maintenance job unique, such as access for high structures or structures over water, the condition of bridge
deterioration, and unusual traffic control. However, a significant portion of the cost range is attributable to uneven
application of regulatory compliance measures for environmental and worker safety issues.

An alternative to paint removal is overcoating, which includes cleaning of the structure, priming rusty areas,
and applying intermediate coats and topcoats either over repaired areas or over the full structure. The cost of
overcoating for bridges was estimated to range from $11 to $54 per m” ($1 to $ 5 per ft), with some evidence that
the tighter OSHA standards™“? push the cost up to $86 per m” ($8 per ft?).

The present effort to implement bridge corrosion control maintenance practices, which achieve regulatory
requirements and cost-efficiency, cannot be successful without the development of reliable task-based cost data for
bridge painting jobs. These data are dependent on a variety of factors, which vary from local cost differences (e.g.,
labor) to structural differences (e.g., accessibility) to contractor costing rules (e.g., limits on certain items such as
mobilization). Development of reliable data and an understanding of regional influences on these data will help to
improve analysis of the cost data.

It is estimated that roughly 50 percent of the cost of an average maintenance painting job is now attributable to
environmental protection and worker health measures. This increase in "other" job costs has raised the total cost of
coating removal jobs from an average of $54.36 per m? ($5.05 per f%) in 1992 to an average of $114.10 per m?
($10.60 per ft*) in 1995, while the cost for the actual work (surface preparation and coating materials) has stayed
relatively constant. Note that the savings incurred by paying slightly less for a less durable coating material are
minor as a percentage of the overall cost. This highlights the need for life-cycle cost analysis.

Estimated time to failure for several coating systems is presented in table 11. Table 12 presents the estimated
costs for painting options used in the sample analysis. The costs presented in the table are composite figures based
on information from several different sources “** and are expected to vary across the United States. Table 11 data

show that depending on the surface preparation (i.e., blasting versus overcoating) and the type of coating, the

assumed service life (life to 10 percent of degradation) can vary considerably, from as few as 3 years to 30 years.
Similarly, table 12 suggests that the longevity of a coating is closely related to the costs of surface preparation and
coating application. For example, overcoating, lasting only a short time, is inexpensive at $3.22 per m’
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($0.30 per ft), whereas, near-white metal blasting followed by metallizing, which is expected to serve for 30 years,
costs 10 times as much.

Table 11. Coating system time-to-failure estimates in a marine environment.“"*”

ESTIMATED COATING
COATING SYSTEMS SYSTEM LIFE*
Ethyl Si]i_cal:e Inorganic Zinc/Epoxy Polyamide/Aliphatic Urethane over SP-10 IS years
Near-White Metal Blast
Epoxyma'stiuc/Aliphatic Urethane over SP-10 10 years
Near-White Metal Blast
Epoxymastic/Aliphatic Urethane Overcoat over Existing Paint and SP-3 4 vears**
85% Zinc'/ 15% Aluminum Metallizing over SP-10 30 years***
Near-White Metal Blast
Low-VOC Alkyd Three-Coat System Overcoat over Existing Paint and SP-3 3 years**
*Lifetime was defined as 10 percent degradation of the coatings.
**Estimates based on data from FHWA programs.
***Estimates based on the performance of metallized coatings in this program,
Table 12. Estimated costs for painting options.('“’m
. ESTIMATED COST.
CATEGORY TYPE S/m?) ’
Surface Preparation | SP-10 Near-White Metal Blast $13.45
(labor + material) | SP-3 Power-Tool Cleaning $ 6.46
Three-Coat Full Painting $13.45
Coating Application | Overcoating $ 323
Metallizing $26.91
10Z/Epoxy/Urethane $ 527
Epoxymastic/Urethane $ 452
Coating Material Metallizing $16.15
Moisture-Cured Urethane $ 2.69
Three-Coat Alkyd $ 205
Containment and Air Filtration Systems, SP-3 only $ 538
Containment and Air Filtration Systems, SP-10 only $21.53
Inspection, SP-3 only $ 538
Inspection, SP-10 only $10.76
Other Job Costs nggflfg - $ 5.38
Mobilization § 538
Hazardous Waste Storage and Disposal, SP-3 only $10.76
Hazardous Waste Storage and Disposal, SP-10 only $26.91
Worker Health and Safety, SP-3 $10.76
Worker Health and Safety, SP-10 $21.53
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Table 12 also contains information on extra costs such as containment and waste disposal-related costs, and
worker health and safety costs. The numbers show that these types of costs are equal to or exceed the costs of
surface preparation, coating material, and coating application.

A sample cost distribution, shown in figure 7 for a typical heavy-duty maintenance job on a steel bridge
structure, indicates that only a small portion of the total job cost is attributed to paint and paint application.“"” More
than half of the cost is taken by access, containment, and workers health costs. Not included are the lead abatement
and waste treatment costs, which can result in as much as a sevenfold increase in cost.

Coating Material
Waste Disposal g 4%
5% ;

Access Costs

Environ. Monitoring IR,

9%

Surface Preparation
10%

Coating Application
10%

Containment
19%
Worker Health
15%

Figure 7.  Cost distribution of coating application on steel highway bridge structure.“"

Sample Cost Analysis for Coating Options

Sample life-cycle cost analysis data for different coating options, assuming a 60-year life span of a bridge, are
presented in table 13.77 The overcoating options offer the lowest initial cost; however, these are not always the
lowest annual cost. In fact, the coating removal options show the lowest annual costs in a severe environment, but
the choice was less clear as the environment was made less severe.
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Table 13. Summary of sample analyses.
Coati Cost P Total Costin | Total
. oa.tmg Surface No.. of _05 e Present Day | Present | Annual Costs
Approach Coating System Life Prep. lgmlnt. Maint. Cycle Dollars Value
(years) yeles (S/m’) (S/m?) /mY) | (S/mvear)
Existi o
xisting lead-based 3-coat alkyd 3 SP-3 20 $56.94 | $1,13880 [$477.92| s3a.01
paint; repair and aver-
coat with three-coat i
ovd Epoxymastic/ 4 SP-3 15 $59.42 $891.30 | $45822 | $32.61
alky: polyurethane
85% Zn/ 15%
Existing lead-based Al metallizing 30 SP-10 2 $158.77 $317.54 | $227.44 $16.15
paint; full removal by at 6 to 8 mils
blasti
asiing 10Z/epoxy/ 15 SP-10 4 $12368 | $494.72 | $30064 | $21.42
Polyurethane
Existing lead-based
107/ /
paint; full removal and epoxy. 15 SP-10 1 $123.68
. Polyurethane
maintenance over $24.97
approximately 20% of $690.41 $351.01 $0.00
th : ’
¢ surface area n.‘{ery 3 Maintenance 5 SP-3 9 $62.97
years after the initial 15-
ear service life.
Existing lead-based E mastic/
paint; remove and POXY 10 SP-10 6 $120.23 $721.38 |[$41333| $29.49
Polyurethane
replace
Existing lead-based
paint; repair and 3-coat atkyd 10 SP-3 6 $56.94 $341.064 $156.72 $11.19
overcoat
85% Zn/ 15%
Existi -bas
xisting lead-based Al metallizing | 60 SP-10 1 $15877 | $15877 |$15877| $11.30
paint; full removal .
at 6 to 8 mils

Cost of Corrosion for Bridges

The following analysis was used to provide an estimate of the annual direct cost of corrosion for highway
bridges. The analysis is divided into: (1) cost to replace structurally deficient bridges, and (2) corrosion associated
life-cycle cost for remaining (non-deficient) bridges, including the cost of construction, routine maintenance,
patching, and rehabilitation.

The annual cost of structurally deficient bridges (see figure 8) is estimated as the cost to replace these bridges
over a 10-year period; it is calculated using a $29.3 billion as a present value of the cost (see “Areas of Major
Corrosion Impact” for calculation) at a 5 percent annual percentage rate (APR). Assuming annual payments for the
replacement cost, the annual cost to replace structurally deficient bridges {(both reinforced concrete and steel) over
the next 10 years is $3.79 billion per year. Recall that this value is for the current number of deficient bridges and
does not account for the additional ones added to this number each year. Therefore, this cost is potentially greater

than that given here.
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Figure 8. Examples of severe corrosion resulting in deficient bridges.

There are 543,019 concrete and steel bridges, of which 78,448 are structurally deficient (see table 3), leaving
464,571 bridges to be maintained. For the purposes of this estimate, it is assumed that all of these bridges have a
conventionally reinforced concrete deck. The annualized life-cycle direct cost (no user cost) of original
construction, routine maintenance, patching, and rehabilitation for a black steel rebar deck ranges in cost from
$22,000 (experienced-based maintenance) to $18,000 (information-based maintenance with crack repair) for an
“average” size bridge deck (see figure 19 at 5 percent interest). This annual life-cycle cost of $22,000 to $18,000
per bridge includes those costs associated with corrosion (see figure 9), as well as non-corrosion-related costs. To
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establish the corrosion-related costs requires the calculation of the life-cycle cost associated with a theoretical
“corrosion-free” bridge deck (i.e., what if corrosion did not exist). The “corrosion-free” scenario used the same cost
basis as the above bridge deck with corrosion, with the following assumptions for the life cycle: (1) cost of
constructior is the same as for the deck with corrosion, (2) annual routine maintenance is the same as for the deck
with corrosion, (3) no patching is required, (4) an overlay is required for improved skid resistance at 50 and 85 years
(an overlay life of 35 years), giving a bridge life of 120 years, and (5) deck is removed at 120 years. This scenario
gave an annual cost for a “corrosion-free” bridge deck of $15,700 (see “Theoretical Corrosion-Free Bridge - Direct
Cost Only”). Therefore, the cost of corrosion for an “average” bridge deck is estimated by the difference in the
annual cost of a “deck with corrosion” and a “corrosion-free deck,” or $6,300 ($22,000 - $15,700) to $2,300
($18,000 - $15,700). The total estimated cost of corrosion for bridge decks is $2.93 billion ($6,300 per deck x
464,571 bridges) to $1.07 billion ($2,300 per deck x 464,571 bridges).

Figure 9. Examples of bridge deck corrosion.

The differences in the two maintenance scenarios that resulted in this range of corrosion-related costs were the
“experience-based maintenance” and “information-based maintenance with crack repair” (see “Life-Cycle Cost
Analysis for Bridge Decks” for details). This difference represents the range of maintenance from minimal practice
to best practice. The cost analysis estimated the cost of corrosion from $6,300 (minimal practice) to $2,300 per deck
per year (best practice). These values show that a savings of 63 percent [($6,300 —§2,300) / $6,300] of the cost of
corrosion is possible by improving the maintenance from minimal to best practice. However, the actual bridge
maintenance practice is somewhere between the minimal and the best practice. If it is assumed that today’s
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maintenance practice represents the “average” in the above range [($6,300 - $2,300) / 2 = $4,300], 46 percent
savings [($4,300 — $2,300) / $4,300] or $2,000 per bridge per year can be achieved by improving maintenance
practice.

These savings were calculated for black steel rebar decks for which improved maintenance can still provide
savings. However, corrosion of many black steel rebar decks has progressed to the extent that improved
maintenance will not make a significant difference. For those decks, other rehabilitation options must be considered
(e.g., cathodic protection, overlays, or electrochemical chioride removal). If the savings of $2,000 per bridge per
year is applied to the total number of bridges, the total savings would be $0.93 billion per year. As previously
mentioned, this savings is not available today for all bridges, but the significance of “best engineering practice” for
maintenance cannot go unnoticed.

The area of the substructure and superstructure (minus deck} was estimated to be similar to the deck surface
area for an “average” bridge. The following was taken into consideration for estimating the cost of substructures
and superstructures (minus deck): (1) repair and maintenance for the substructure/superstructure cost significantly
more per surface area than the deck; (2) in non-marine applications, the percent of surface area deteriorated due to
corrosion of the reinforcing steel is much less and often is limited to areas beneath expansion joints and drains,
which are exposed to deicing salt runoff; and (3) conversely, corrosion problems are more prevalent on substructures
than decks in severe marine environments. With these considerations, it was estimated that the cost of corrosion for
substructures and superstructures (minus deck) is similar to the cost for bridge decks, i.e., $2.93 billion to
$1.07 billion (see figure 10).

The cost for steel bridges has an additiona! cost for maintenance painting. The expenditure for painting steel
bridges is estimated at $0.50 billion per year."”

The total annual direct cost of corrosion for bridges is estimated to be $10.15 billion to $6.43 billion, which is
the sum of all costs itemized above ($3.79 billion to replace structurally deficient bridges aver the next 10 years plus
$2.93 billion to $1.07 billion for maintenance and cost of capital for concrete bridge decks plus $2.93 billion to
$1.07 billion for maintenance and cost of capital for concrete substructures and superstructures (minus decks) plus
$0.50 billion for the maintenance painting cost for steel bridges). This gives an average annual cost for corrosion of
bridges of $8.29 billion. As seen in the case studies presented later, the cost of corrosion can be significantly greater
than the above for individual bridges, especially those of historical significance or those that are critical to traffic
flow. In addition, problems in post-tensioned bridges or cable and suspension bridges can be very costly to repair.
Although the direct costs presented abov