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Foreword

This publication, Corrosion Forms and Control for Infrastructure, contains papers pre-
sented at the symposium held in San Diego, CA on 3-4 Nov., 1991. The symposium was
sponsored by ASTM Committee G-1 on Corrosion of Metals, Subcommittee G1.10 on
Corrosion in Soils, and G1.14 on Corrosion of Reinforcing Steel. V. Chaker, Port Author-
ity of NY and NJ in New York, NY was the Symposium Chairman. Symposium session
chairmen were N.S. Berke of W.R. Grace and Co. in Cambridge, MA and E. Escalante of
the National Institute of Standards and Technology (NIST) in Gaithersburg, MD.

About the Cover

The art work is by Melanie Wilson-Ligh of the Port Authority of NY and NJ, New York,
NY.

The design concept shows that by using available technology, corrosion of the infrastruc-
ture can be controlled and that the life expectancy of both the existing and new infrastruc-
ture can be extended indefinitely.

The bottom pictures depict the corrosion impact on infrastructure. The middle pictures
represent the state-of-the-art in sensors and computers to help control the corrosion of the
infrastructure. The top pictures represent well-maintained infrastructures.
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Overview

The symposium, Corrosion Forms and Control for Infrastructure was organized to gather
the state-of-the-art information in several fields directly related to the corrosion of infra-
structure. The accelerated rate of deterioration of this national asset is well recognized.
Since the cost of its replacement is prohibitive, its maintenance and the extension of it’s life
expectancy are mandatory. To achieve this goal, new life prediction tools are needed,
sensors for testing and monitoring must be developed, and artificial intelligence will have to
be used for speed and accuracy.

The papers presented at the symposium and inciuded in this volume met their purpose.
The papers covered most of the topics targeted and publicized in the Call For Papers. The
topics covered areas such as highway and bridge deterioration, numercial analysis, atmo-
spheric corrosion, electrochemical impedance applications, stray current control, inno-
vative solutions for pipes, corrosion of rebar in concrete, life cycle analysis, sensors for
monitoring infrastructure corrosion, and corrosion forms in transportation infrastructure.

This book is useful to both the practicing engineer and the scientists, since it covers
numerous practical experiences and applications as well as new concepts for sensors, tools,
and computerized techniques. It offers facts and figures for modes of deterioration as well
as new solutions for extending the life expectancy of structures. In addition, it gives
innovative applications of existing technology to predict and control corrosion of many
structures. This book will serve the engineering and scientific community in promoting the
use of innovative successful techniques for solving some of the corrosion problems of
infrastructure. It will also stimulate the manufacturing community to take some risks in
developing needed tools for this important field.

This publication deals with the current problems facing the engineering community, with
all its daring challenges. It contains new solutions for current problems and pioneer
methodology to avoid future problems. In summary, it could be conceived as the link
between the past, present, and future of corrosion control of infrastructure.

Acknowledgment

The Symposium Chairmen, the Officers, and Members of Committee G-1 on Corrosion of
Metals, express their appreciation for the contributions of the authors, the reviewers, and
symposium participants. A special acknowledgment of appreciation for the efforts of the
ASTM staff in the development, follow up, and delivery of this special technical publication
(STP). Some editing was done courtesy of Joan Regen of The Port Authority of NY and NJ,
New York, NY.

Victor Chaker, P.E.
The Port Authority Of NY and NJ, New
York, NY; symposium chairman and editor.
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E.J. Fasullol

INFRASTRUCTURE: THE BATTLEFIELD OF CORROSION

REFERENCE: E.J.Fasullo, *Infrastructure: The
Battlefield Of Corrosion", Corrosion Forms and
Control For Infrastructure, ASTM STP 1137, Victor
Chaker, Ed., American Society for Testing and

Materials, Philadelphia,b 1992.

ABSTRACT: our nation's decaying infrastructure and
its associated cost have put the engineering
community on the alert. All responsible parties
must cooperate to save and extend the life
expectancy of these vital structures. Innovative
ideas for the accurate prediction and
determination of the condition of the various
structures is needed badly. New testing techniques
that use state-of-the-art, computerized equipment
need to be developed.

Time is running out. We can no longer postpone the
maintenance of our infrastructure. Thus, new
financial ways and means have to be developed to
pay the cost. The public and private sectors have
to join forces to get the job done quickly and at
an affordable cost.Our educational institutions
also have to take a very active role to educate
future generations and engrave in their minds the
importance of preserving and maintaining existing
structures. New approaches to educating engineers
may be needed. Innovation in engineering design
solutions must be encouraged by dealing with the
issues of professional liability and establishing
an engineering fee structure that rewards new

ideas.
KEYWORD: cathodic protection, deicing salt,
dredged material, precast concrete, satellite

relay, radar, laser optics, ultra sound, remote
sensing, value engineering.

L E.J. Fasullo, P.E. Deputy Director of Engineering/Deputy Chief Engineer, Port Authority of New
York & New Jersey, New York, NY 10048,
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2 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

NATIONAL AND LOCAL UPDATE

NATIONAL

Our nation must confront a crisis that has been
precipitated by years of underinvestment in the maintenance
of its public works facilities. Beyond the clamor in the
press, we know very little regarding the extent of the
problem. One study has estimated that we will need to spend
an additional $3 trillion during the next decade simply to
halt the rate of deterioration. This would entail a 40%
increase in all state and local taxes a move that would be
legally impossible in many jurisdictions and politically
impossible in all of them. Clearly, the problem is much
more than money.[1]

If the federal government wants to provide additional funds
to state and city governments to repair and replace
deficient bridges, roads,water systems, sewers, and public
buildings, it must improve the planning techniques, the
inventories, and the capital budgeting procedures that it
uses to ensure that money flows where it is most needed and
in a manner that makes best use of scarce public dollars.

1960 1970 1980 1989

Figure 1 Infrastructure Cost
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Lack of money is only part of the problem. Between 1965 and
1980, the share of the gross national product (GNP) devoted
to investments in public works fell from 5% to only 2% as
shown in fig. 1 and fell again from $30 billion in 1980 to
$24 billion in 1989 as shown in fig. 2.(2)] During the
1980s, the Federal Government has reduced investment in
public works by about 22 percent.

The 1ist of deficient structures and major problems has
grown. Of the nation's 564,999 bridges, 17% are in critical
or basically intolerable structural condition, and 8% of
the interstate highway surfaces are at substandard. Boston
loses 43% of its water supply through leaks.

29,863

30,000 1

25,000 -

20,000 +

15,000 “

10,000 +

5,000 +

1980 1982 1984 19868 1988 1989

Figure 2 Federal Infrastructure Expenditures
(in millions of 1982 adjusted dollars)

BACKGROUND

The absence of recordkeeping is a prime culprit. Until all
levels of government agree to present capital budgets that
include careful documentation of the rate of depreciation
of public capital, we will not be able to resolve the basic
infrastructure problem.

We have emphasized expansion and growth rather than the
prudent use of public resources. With the massive
population movement westward during the 19th century, the
shift from rural to urban areas during the first half of
this century, and the rapid suburbanization since World War
IT, our public works problems have been those of
accommodating growth. Federal grants from the land grants
to the railroads to rural electrification and wastewater
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treatment projects have reflected this focus. We need to
develop a more balanced public investment strategy that
weighs the need to build for growth with the need to
conserve what we have already constructed.

The short term outlook: Repair projects are not
sufficiently glamorous. A major new project offers
convenient media opportunities; a highway resurfacing does
not. Squeezed by demands for every conceivable type of
public service, state and local officials defer routine
maintenance and rehabilitation of vital infrastructure
systems for years. If these factors have contributed to a
chronic underinvestment problem, other factors have created
a crisis in recent years. The combination of rapid
suburbanization, the energy crisis, inflation, and
prolonged recession have robbed state and local governments
of the revenues needed to make capital investments. If New
York City and Cleveland suffered the most publicized brush
with bankruptcy, many other jurisdictions were not far
behind. Taxpayers placed constitutional or legal limits on
the amount their governments could spend, borrow, or raise
in revenues. Capital projects were the most vulnerable
budget item: It is much easier to cancel a project to
reline a sewer pipe than to lay off teachers and police.

The federal government has contributed to the problen.
During the 1960's and 1970's, Congress seemed ready to come
to the assistance of cities if they could document a severe
problem. Between 1970 and 1980 the share of state and local
governments' capital budgets that was subsidized by federal
grants rose from 20% to 40%.

Most of the federal government's programs paid only for new
construction and major rehabilitation, leading many
recipients to defer maintenance until the public works had
decayed badly enough to be eligible for federal funds.
Federal-aid highway grants pay for 90% of the costs of
construction of interstate highways, 75% for primary,
secondary, and urban roads, and 80% for bridge replacement.
This bias runs across many federal programs. In a survey of
state and local governments conducted by the American
Public Works Association, 90% of the respondents indicated
that federal capital funds caused them to 1lower the
priorities they attach to maintenance and repair.
Additional federal money will not solve the problem.

THE ROLE OF CORROSION IN THE INFRASTRUCTURE ARENA

Corrosion has a major impact on the economy of the United
States. The magnitude of corrosion is astounding: 1In 1949
Uhlig estimated the annual cost of corrosion in this
country to be $5.5 billion. In 1972, a task group of the
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Federation of Materials Societies estimated that cost at
$15 billion. In 1978, the U.S. Department of Commerce,
National Bureau of Standards estimated the cost of metallic
corrosion to be $82 billion. This number was later revised
to $120 billion. More recently it climbed to about $150
billion.

All of the above costs did not include the cost of rebar
corrosion which is estimated at $150 to 200 billion per
year. Thus, the total combined cost is estimated to be
over $300 billion annually. On the positive side,
approximately 40 percent of these costs are avoidable by
the application of present available technology.

The potential savings to the United States economy by

applying known corrosion control techniques are well
recognized.

Causes of corrosion

1. Surface condition
a) Partially covered with mill scale
b) Impurities occluded in the metal surface
c) Contact of dissimilar metals

2. Corrosive environment
a) High-salt content
b) High-acidity media
c) High-oxygen content
d) High-temperature media
e) High-fluid velocity
f) Bacteria in anaerobic environment
g) Ammonia, chlorides, H;S or other atmospheric

environments which may lead to s.c.c. of metals

3. Stray currents
a) D.C. electrified railways
b) Cathodic protection systems
c) D.C. welding operation

Corrosion prevention methods

1. Material selection

2. Environmental modification
3. Corrosion inhibitors

4. Coatings

5. Cathodic protection
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Corrosion prevention methods are often used in conjunction
with one another. Example, coatings are used with cathodic
protection to present the most economical system.

Concrete and steel will continue to be essential materials
for infrastructure construction for the forseable future.
Recent research identified new additives, coatings, and
applications for these materials to improve their
durability and resistance to operating stress. Concrete is
considerably stronger under compression than under tension.
To compensate for its low tensile strength, concrete is
reinforced with steel. Concrete is also porous and acts
like a sponge in the presence of water and liquids. Under
normal conditions concrete is an alkaline environment. In
this case steel rebars form an oxide film that prevents
further corrosion while this film remains intact. When this
protective layer is disturbed, corrosion of steel begins
and continues until it <causes deterioration of the
concrete. The main reason for the deterioration: The
corrosion products occupy a much larger volume than the
steel, which leads to cracks and delamination followed by
spalling.

Main causes of rebar corrogion

1. Chloride ions cause the breakdown of the protective
layer and the start of the corrosion process. Research
determined that a content of 1.0 to 1.4 pounds of
chloride per cubic yard of concrete is enough to destroy
the passivity of steel and promote active corrosion.

2. Differences in chloride ion concentration 1lead to a
difference in potential, creating anodic and cathodic
areas of steel.

3. Oxygen is another important contributor to corrosion of
steel in concrete.

4. A drop in the pH to a level of 11 to 12 is another
contributor to rebar corrosion. This can be the result of
the concrete absorbing carbon dioxide.

5. Stray D.C. currents entering a steel reinforced concrete
structure create cathodic areas; when they leave the
steel becomes anodic causing it to corrode.

Techniques to protect concrete structures against chloride
contamination include dense concrete, liners, and corrosion
inhibitors. cCathodic protection has been proven by the
Federal Highway Administration to be the only
rehabilitation technique to stop corrosion in salt-
contaminated bridge decks regardless of the chloride
content. (3]
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INFRASTRUCTURE CHALLENGES AND ADVANCED TECHNOLOGY

INFRASTRUCTURE ASSETS

FORM ASSETS

TOTAL PUBLIC HIGHWAYS 3,874,000 miles

TOTAL AIRPORTS 17,327 number

TOTAL AIRWAYS 384,691

miles

TOTAL MOTOR BUSES 2,671

systems

TOTAL RAPID AND LIGHT RAIL 27 systems

TOTAL COMMUTER RAIL 12 systems

TOTAL RAILROADS 99,700 miles

TOTAL PORTS 1,109 Ports

TOTAL WATERWAYS 25,777 miles

INFRASTRUCTURE MAJOR PROBLEMS
FORM PROBLEM

HIGHWAYS AND BRIDGES 10 percent of highways
deficientient
42 percent of bridges deficient

MASS TRANSIT Structural deterioration of
rail systems in older urban areas

RAIL Problems due to deferred
maintenance

PORTS Localized problems due to deferred
maintenance

ATRPORTS No major problems.

TRANSPORTATION

Most infrastructure for transportation is supplied and
managed by the public sector. When demand exceeds supply,
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congestion is 1likely to create air gquality problems.
Building new structures has been an attractive cost-
effective option. However, this is no longer true in many
of the large urban areas, because of large upfront capital
expenses, insufficient land, and community opposition to
the expected impact on the environment and quality of life.

One possible solution is to provide other travel
alternatives. New technology includes tiltrotor aircraft
and high~speed rail or magnetic levitation rail. However,
new technologies will not be ready for at least another
decade.

Nearly 42 percent of the nation's bridges are rated as
unable to handle traffic demand or structurally deficient
as shown in fig. 3.[2] Costs for repairing and replacing
these are estimated at $70 billion.

Condition of Highways

Over 10 percent of the nation's roads have enough potholes,
cracks, ragged shoulders, ruts, and washboard ridges to be
classified as deficient. Heavy axle weights, such as those
of large trucks and the stresses caused by freezing and
thawing of harsh weather are the major causes of pavement
damage.

Functionally
Deficient (19%
108,000

Adequate (58% Structurally
332,000 Deficient (23%
135,000

Figure 3 Conditions of U.S. Bridges
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ADVANCED TECHNOLOGY FOR HIGHWAYS & BRIDGES

Technologies can make substantial contributions in solving
the problem of improving the physical condition of
highways and bridges to a satisfactory level.

1) Advances in electronic sensors and system management
software permit automated data collection and analysis.
These technologies have great potential to speed up and
standardize the condition assessment process and help set
priorities for repair.

2) Computerized bridge inventory systems can coordinate
bridge condition analyses, set priorities, and budget for
maintenance and repair. The data help the engineers
determine the rating for every bridge and classify them
according to their deficiency.

3) Pavement additives for deicing include ground rubber or
calcium chloride covered with 1linseed o0il. These
additives can double or triple paving material costs and
are not effective in all climates or under all highway
conditions.

SOME MASS TRANSIT PROBLEMS

Public mass transit is not a self supporting venture. On
the average revenues cover less than 40 percent of the
operating costs. They are usually subsidized from State or
local general funds and earmarked taxes. Buses receive
substantially higher subsidies than rail transit systems.

Bus transit systems, especially operators of smaller buses,
encounter problems with break wear, corrosion, electrical
and air conditioning systems, wheelchair 1lifts, and vehicle
handling. Maintenance costs are very high for these small
operators.

Rail transit systems need to rehabilitate or replace
railcars, power stations, overhead power wires or third
rail, maintenance facility buildings, and storage yards and
bridges.

The cost for rehabilitation and modernization of the mass
transit system is estimated at $18 billion.
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ADVANCED TECHNOLOGY FOR MASS TRANSIT

BUSES

1) Automatic vehicle monitoring systems can locate transit
buses and communicate information to drivers,
dispatchers, central traffic control computers, and
passengers.

2) Electronic control systems can reduce emissions, smooth
shifting, increase acceleration, and quiet operations of
engines and transmissions. This should reduce maintenance
costs and allow vehicles to be in service longer.

3) The use of Methanol or Natural Gas could reduce the
emission of harmful exhaust to the environment.

RATIL

1) Track inspection technologies include the following
elements:

a) Automated track measurement systems. The
equipment uses electro-optical or electromagnetic
methods to give dynamic measurement of track
geometry under loaded conditions.

b) Dedicated rail flaw detection cars are used to
test rails ultrasonically for defects resulting
from fatigue. Track data can be stored in
computerized form to help future maintenance.

2) New Rail Propulsion Technologies such as AC traction
motors can save substantial energy costs.

3) Most modern train control systems now use pulsed
currents through the track circuit to communicate
allowable speed information and signaling rather than
wayside signaling.

PORTS AND WATERWAYS' PROBLEMS

1) Limited fiscal resources to maintain and expand the
system created a problem that needs a quick solution.

Of the total U.S. freight ton-miles, 15 percent are
produced by commercial barges and tows, which carry bulk
commodities such as petroleum, grain, and coal.
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Waterway transport offers the lowest ton-mile costs to
shippers. The largest ocean and freshwater port
facilities are owned and managed by public or quasi-
public agencies such as the Port Authority of New York
and New Jersey.

2) Despite the importance of ports to 1local economic
development, few cities have integrated transportation
systems that 1link ports to pipeline, rail, and truck
services.

3) The most prevalent single environmental issue facing
ports in this country is the proper disposal of dredged
material. Dredged material is disposed of in the open
ocean because of population growth in coastal areas and
wetlands protection requirements.

Gaining approval for dredging projects from a long list
of government and environmental groups can take years.

Maintenance restrictions have caused waterways to become

shallower and narrower, severely limiting the types of
vessels they can accommodate.

ADVANCED TECHNOLOGY FOR PORTS AND WATERWAYS

1) Non-destructive evaluation can give managers more
extensive information about structural conditions and
maintenance needs.

Sonar is used to find defects on underwater surfaces.
Electromagnetic sensors and pulse/echo ultrasound devices
are used to probe inside solid structures.

2) Techniques for modeling local «circulation and
sedimentation can help design engineers to locate and
orient piers, wharves, and other pile-supported
structures.

3) Precast concrete for lock wall rehabilitation, in situ
repair of deteriorated concrete, and roller compacted
concrete for dams are examples of field tested projects.

4) Articulated concrete slabs and gravel prevent channel
migration and permit self-dredging channel designs. Dikes
and other structures deflect or stabilize currents within
a channel.

5) New forms and locations for ports and vessel design
modifications are alternatives for economic marine
transportation.
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AVIATION PROBLEMS

1) Aircraft noise is a serious problem for airport
operators and airlines. The intensity of sound can be
measured precisely; however, determining objectionable
noise levels is more subjective. New technology has
lowered noise 1levels, but additional reduction may be
limited creating controversial issues.

2) Annual airline travel depends on the strength of the
economy and generally follows trends 1in the Gross
National Product (GNP). cCurrent forecasts indicate that
increasing numbers of United States and foreign airports
will have traffic demand exceeding their capacity for
longer periods of time each day.

3) Airline operations can place a severe burden on ground
capabilities. Ground access to and from airports depends
entirely on local planning and transportation management.
No single agency or organization 1is responsible for
research or planning for enhancing the capacity of ground
facilities.

ADVANCED TECHNOLOGY FOR AVIATION

1) Analytic tools can help air traffic decision makers make
rational system choices. The F.A.A. has some computer-
based models for quantifying the effects of changes in
equipment, procedures, airspace configurations, and user
demand on system performance. Dynamic simulation
laboratories to increase the system analysis capability,
modeling, and simulation technologies are being added to
the agency's traffic management facilities.

2) One of the most promising technologies for improving
instrument flight rules (IFR) capacity at airports
upgrades the secondary surveillance system to give
faster radar data updates as well as larger and clearer
controller displays.

3) Satellite-based systems offer the greatest potential for
aviation navigation enhancement.

4) Advanced weather radar systems that can measure winds
and other automated weather observing systems are being
deployed.

5) Data link and satellite relay are two communications
developments for aircraft.

6) New technologies for baggage screening include x-ray
tomography devices, electromagnetic, and nuclear-based
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systems to identify atomic elements. Vapor detection
techniques will recognize and evaluate trace organic
materials present in explosives.

7) New test programs are being initiated by ASTM
Committees E24 on Fracture Testing and GOl on Corrosion
of Metals to obtain the corrosion fatigue 1life of
critical aircraft sections.

IDENTIFYING INFRASTRUCTURE NEEDS

While many innovative technologies are available to help
infrastructure managers, their acceptance requires a
sharing of the financial and technical risks among
designers, manufacturers, builders, and government agencies
that finance and operate these technologies.

Some of the currently available technologies used in
private industry are not used widely in public works. Since
the need to maintain and repair our infrastructure has
reached its peak, advances in technology and materials can
provide greater efficiency and higher operating standards.
The following are some examples of such technologies:

1) NON-DESTRUCTIVE EVALUATION TOOLS

a) High speed, non-contact sensing technologies radar,
infrared thermography, laser optics, ultra sound and
others may be utilized to survey hundreds of miles of
pavement, piping, or numerous bridge decks
accurately in a single day.

b) Sound, temperature, pressure and others can be measured
precisely with currently available sensors. They are
accurate and small because of the use of silicon
microchips.

c) Remote sensing and automatic control are now available
and used in many fields such as marine dredging,
automatic railroad track measurement, and cathodic
protection.

2) MANAGEMENT AND DECISION MAKING TOOLS

a) Maintenance Management Information Systens allow
managers to set priorities and schedule preventive
maintenance. Computers are making the use of such systems
available to public works operators.
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b) Artificial intelligence and computers are used to
provide automated reasoning such as:

(i) Expert systems that duplicate a professionals'
reasoning to solve problems in a given field.

(ii) computer vision, which analyzes a visual image in
real time. A natural application would be highway
cracking, patching, and potholes.

Many new technologies are still too expensive to be used
daily in the field. In addition the expertise that is
needed to use the sophisticated tools and interpret the
test results requires wupgrading of most state and
government agencies.

DESIGN TISSUES

Designers use existing standards and previous experience to
reduce the financial and professional risks. Neither
government agency engineers nor consultants have an
incentive to introduce new technologies. Many public
officials are not interested in being the first owner of a
new technology. Designers also rely on engineering
standards and specifications to prevent unexpected
failures. Since the design determines what the contractor
will construct, opportunities for introducing new
techniques are 1limited. Adding a metalurgical failure
analysis unit to a design division would provide meaningful
limitations.

Legal restrictions often prevent a designer from working
with a contractor to develop a better or 1less costly
project. Thus, proprietary and sole source technologies
which may encourage innovative technology, are frowned upon
by the current system.

Design, construction, operations, and maintenance
responsibilities are fragmented in most organizations.

Design on the basis of system performance is not a widely
used method. Good performance specifications require a
thorough knowledge of the problem and the technologies
available to solve the problem, as well as motivation and
experience.

Design professional liability is a major inhibitor limiting
the introduction of innovative ideas. There is virtually
no financial reward incentive for construction engineers to
innovate: If they have a new cost saving idea, the owner
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benefits and the engineer assumes the risk if it does not
work out.

Value engineering is a very specific cost control
methodology for evaluating a design on the basis of its
functional purpose and capital, operating, and maintenance
costs. This method will identify cost items unnecessary
for the proposed function of the facility and should be
encouraged.

MANAGEMENT ISSUES

o Most public works projects are purchased under a system
of competitive bidding. Selection on the basis of low
bid is common for these projects. Choices on the basis
of lowest initial cost ignore options that could have
higher quality and long-term economy.

o Public decision makers are reluctant to approve new
technology. New technology is surrounded by risk due to
uncertainty. Public works projects are not suited for
trial and error management. However, risk sharing
arrangements can open the door to advanced technology.
Engineers are selected and compensated on the basis of a
fixed fee, sometimes on a fee proposal. There is no room
for studying numerous alternatives as the standard
solution that was used last time will probably be used
again. Forms of selection and contracts that reward
innovation must be developed and used on infrastructure
projects.

PERSONNEL ISSUES

o The Public Works field is losing its well-trained people
to the private sector and to early retirement incentives.

o Many new technologies require new skills and competitive
salary with private industry. The current need for
rehabilitation in Public Works magnifies these problems.
Very little engineering education and training includes
new technologies. Improved education and training are
necessary to allow advanced technologies to be introduced
more quickly. While the average age of infrastructure
managers increases, the number of graduates from relevant
engineering fields are insufficient to replace the
retiring personnel.



16 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

EDUCATION ISSUES

Educating engineers cannot be 1left to professors alone.
Leading engineers and design professionals must participate
in the education process. Students must be taught an
expanded view of the role of engineers in rebuilding our
country. Leadership in the decision making, policy making,
priority setting, and funding design process is equally the
role of the engineer. [4]

CONCLUSION

Our infrastructue is currently plagued with pervasive
problems. Ignoring them could cause large economic losses,
jeopardize safety, and create delays in introducing new
technology.

A challenge and an opportunity to our engineering
societies, universities, scientists, and constructors will
be to offer innovative solutions that will benefit future
generations.
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ABSTRACT: The interaction of our natural environment
(rain, snow, humidity) with chemicals introduced to the
environment (road salts, emissions) provides a complex
chemistry. During the past three decades, this
chemistry throughout the world has changed drastically.
Use of sodium chloride and calcium chloride for ice and
snow removal has increased to an extremely high level.
Emissions of SO and NOy have also risen to such

levels. These emissions convert to sulfuric and nitric
acids and are deposited over large areas by
precipitation. The combination of protective film
disruption on metals by chlorides and the deposition of
reducible hydrogen ions by acid precipitation provides
a synergistic effect on corrosion of infrastructure
metals. Results of laboratory and field tests show
that steel is much more susceptible to corrosion in
this type of environment.

KEYWORDS: Acid deposition, road salts, marine salts,
steel, reinforcing steel, bridges, storage tanks,
synergistic corrosion, electrochemical theory,
infrastructure, atmospheric corrosion, poultice
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ANTROPUCTION

The importance of corrosion in our modern, high-tech
society can be measured by the magnitude of the direct and
indirect problems which result from this degradation
Process. Certainly, the effects on our infrastructure are
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a great contributor because of the magnitude of the
problems which exist today. Throughout the World,
elements of infrastructures are deteriorating to such a
degree that it is considered of critical importance.
Included here are highways, bridges, parking garages,
water distribution systems, waste water collection and
treatment systems, harbors, reservoirs, and railway and
subway systems. Of particular importance is the problem
of corrosion of reinforcing steel in concrete (rebar) not
only because of the cost and safety concerns, but also
because of the inconvenience that comes in making repairs.

ENVIRONMENT

The magnitude of infrastructure corrosion problems
has increased significantly over the past 3 decades. This
is due to the fact that the environment has become more
aggressive due to a number of factors. For example,
Figure 1 shows the annual use of road deicing salts in the

United States to be almost non-existent before 1950.1 The
annual usage increased significantly during the 1960's and
1970's and it has leveled off at 10 million tons per year.
These salts, sodium chloride and calcium chloride, are
extremely corrosive due to the chloride ion's disruptive
effect on protective films on metals as well as the
increased conductivity of these electrolyte solutions.
Accelerated corrosion by salt occurs due to the effects of
direct splash and spray, contamination in natural waters
such as streams, lakes, and drinking waters, leaching into
soils, and by forming salt aerosols in the atmosphere.
Thus, all of the elements of the infrastructure are
exposed to this environment.
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The upward trend in SOy and NOy emissions in the

United States is also shown annually in Figure 1.1 The
level of SO, peaked at 30 million tons in 1970 and for NOy

peaked at 23 million tons in 1978. These pollutants are
corrosive because they convert to acids either directly on
the metal surface in contact with moisture, or, in the

upper atmosphere.? For example, acid rain and snow are
the result of long-range transport of SO and NOy, which

convert to sulfuric acid and nitric acid in the upper
atmosphere. These acids are then deposited as rain and
snow in areas remote from the emissions source. However,
localized emissions produce acid fog, acid dew, and dry
acid deposits. The degradation caused by these effects

therefore are due to local emissions rather than long
range transport.

The effects of acid deposition have been the subject
of intense study. Measurements of pH of deposition (such
as acid rain) have yielded average values for large areas

of the World.2 This data is shown on the map in Figure 2

along with a keyed corrosivity indication. In general,
corrosive areas in North America and Europe, are areas
where marine salts or road salts are present. The most

corrosive areas are those having a combination of these
salts and acid precipitation.
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FIGURE 2 Worldwide Corrosion Environment Map
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CORROSION THEQRY

Corrosion of metals can be treated by application of
the mixed potential theory first described by Wagner and

Traud.3 The theory is based on two simple hypotheses.
First, any electrochemical reaction can be divided into
two or more oxidation or reduction reactions, and second,
there can be no net accumulation of electrical charge
during an electrochemical reaction. That the various
partial reactions can be treated separately, as stated in
the first hypothesis is only satisfied when the total rate
of oxidation (corrosion) equals the total rate of
reduction.

The anodic (oxidation) reaction occurs when electrons
are removed from an area on the metal surface and
positively charged ions go into solution. It can be
represented by the equation:

(1) M -—==> Mt + e~

The electrons flow to other areas on the metal
surface where they are consumed by the cathodic reaction.
There are several different cathodic (reduction) reactions
which occur. The most common ones are:

(2) 2BY + 2e” ---> Hy
(Hydrogen Evolution)

(3) 0y + 4H* + 4e™ ---> 2H0
(Oxygen reduction: acidic solutions)

(4) O + 2Hy0 + 4@~ ~—---> 40H~
(Oxygen reduction: neutral solutions)

(5) M0 4 e~ —--> Mt (n-1)
(Metal ion reduction)

A combination of these reactions can occur providing
that the net total reduction rate equals the net total
oxidation rate. A number of factors including solution
composition, pH, aeration, diffusion, and catalytic
properties of the metal surface determine which reactions
predominate.

Electrochemical techniques are most commonly used to

study these reactions.4 Use of the mixed potential theory
is demonstrated by the activation polarization curves for
a reversible electrode in Figure 3. When an
electrochemical reaction is forced away from equilibrium,
it is termed polarization and one reaction {either
oxidation or reduction) proceeds faster than the other.
The potential change due to polarization is n, defined as
overvoltage and the current applied to polarize the
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FIGURE 3 Schematic Activation Polarization Curve
For a Reversible Electrode

potential away from equilibrium is the net rate of
reaction. The expression relating reaction rate and
overvoltage for activation polarization is:

(6) n = +/- B log i/iq

Equation 6 is called the Tafel equation where io is
the exchange current density and B is the Tafel constant
{(or Tafel slope). This equation is valid when the applied
current is a linear function of overvoltage on a
logarithmic scale such that i is a measure of the
oxidation (for example, corrosion) or reduction (for
example, hydrogen reduction) current.

The Tafel equation is valid when reactions are under
activation control. In many cases, diffusion control
plays'an important part is the system, i.e., the rate of
reaction is limited by diffusion. Polarization curves
demonstrating both activation and diffusion control are
shown in Figure 4.
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In Figure 4, the anodic polarization curve for the
corrosion reaction (equation 1) is characterized by the
Tafel equation (equation 6). The corrosion rate, i, is
calculated by use of the Tafel equation (i.e.
extrapolating the Tafel region back to Ej, the equilibrium

potential) .

The cathodic polarization curve in Figure 4 is
complex in that activation and diffusion controlled
reactions occur. Close to the equilibrium potential, Ej,
oxygen reduction occurs (equations 3 or 4) and the current
is diffusion limited. At higher polarization potentials,
hydrogen reduction under activation control occurs
according to equation 2, in addition to oxygen reduction.
The rate of hydrogen reduction, iy, is calculated from the
Tafel equation (equation 6) i.e. extrapolation of the
Tafel slope to Ej. The total reduction rate is the sum of
ig and iy and this sum is equal to the total oxidation

rate (i.) at the equilibrium potential, Ej.
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The most important points to be made here is that
corrosion reactions are affected by the nature of both
anodic and cathodic polarization curves. The anodic
(corrosion) reaction rate may be reduced significantly by
diffusion limited processes. Thus, formation of films on
the surface of a metal can significantly reduce the
corrosion rate. This is demonstrated by the anodic
polarization curves for steel in Figure 5 in chloride
containing, and inhibited electrolyte. The presence of a
film forming inhibitor limits the anodic current over a
wide range of potentials. However, in a chloride
electrolyte, the film disruption mechanism yields a
polarization curve which shows an increasing corrosion
rate as the potential is changed in the more noble
direction. But in the absence of reducible speciess, the
cathodic current is low and therefore, according to the
mixed potential theory, the corrosion rate (anodic
current) will be low. The opposite is true with the
introduction of reducible species.
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FIGURE 5 Ancdic Potentiodynamic Polarization

Curves For Steel in Inhibited and
Chloride Electrolytes

The effect of oxygen on the cathodic polarization
curve for steel is shown in Figure 6. Notice that at
PH=8, the cathodic current at -1.0 volts vs. the SCE is
much lower in deaerated electrolyte (ASTM Corrosive
Water). The presence of oxygen thus increases the
cathodic current on steel at its corrosion potential and
therefore increases the anodic (corrosion) current at this
PH.
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It is well known that as the hydrogen ion
concentration is increased (lower pH) equivalent hydrogen
reduction occurs at more noble potentials. Thus, although
hydrogen reduction on steel is limited at pH=8,
significant hydrogen reduction can occur at lower pH
values. This is demonstrated in Figure 7 which shows that
for steel in ASTM Corrosive Water acidified to pH=2 with
synthetic acid rain, the high cathodic current is not
significantly different in aerated or deaerated
electrolyte at the corrosion potential. Thus, when an
electrolyte is acidified with acids (such as acid rain,
acid snow, acid dew, acid fog, and dry acid deposits), the
presence of oxygen is not required to have a high cathodic
current and therefore increased corrosion rates can be
observed in the abksence of oxygen.

N FF

The synergistic effect of salts (such as sodium
chloride and calcium chloride) and acids on metallic
corrosion has been previously documented. Turcotte,
Comeau, and Baboian showed the effects of calcium chloride
and acid rain on the corrosion of steel in a poultice

environment.® To reproduce poultice corrosion in the
laboratory, steel samples were immersed in washed sand
saturated with a solution of interest. Steel samples were
tested in poultice with acid rain (distilled water
adjusted to pH = 4 with a ratio of 3:7 nitric acid to
sulfuric acid mixture) and 1% calcium chloride solution.
The data in Table 1 shows that calcium chloride is more
aggressive than acid rain but that the combination is much
worse than the separate effects added. Thus, a
synergistic effect on the corrosion of steel in poultice
type environments is observed. It is important to note
that this synergistic effect was not observed under
alternate wetting and drying conditions.

A wide range of atmospheric exposure studies have
demonstrated the synergistic effects of salts and acid
deposition on metallic corrosion. In general, industrial
areas, or areas subject to severe acid deposition are more
corrosive when marine salts or road salts are present.

The atmospheric exposure results for zinc and iron in
Table 2 demonstrate the variation in corrosion rate for

rural, urban, industrial, and marine sites.® For example,
corrosion rates at an urban site in Halifax are much lower
than those for the industrial site in Halifax. This

industrial site has chlorides as well as an extremely high
level of SO, in the atmosphere and an acidic precipitation

PH. The marked effect of distance from the ocean on the
corrosion rate can be observed in the data for the two
Cape Kennedy sites and the two Kure Beach sites. The
lowest rates are observed at the dry Arizona site.
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TABLE 1

Corrosion Data for Steel in Poultice Test

Reference 5

Acid Rain CaCl, Acid Rain and
CaC12
Avg. Penetration
2 weeks; no drying 1. 12.5 26.3
(mpy)
Avg. Penetration
12 weeks; drying 19. 87.4 82.8

and wetting (mpy)

TABLE 2

ATMOSPHERIC CORROSION RATES FOR ZINC AND IRON
(2 YEARS EXPOSURE) AT VARIOUS SITES

(REFERENCE 6)

CORROSION RATE {m/Yr)
SITE CLASSIFICATION ZINC IRON
PHOENIX, AZ RURAL 0.305 4.6
OTTAWA, ONT URBAN 1.118 19.7
CAPE KENNEDY (0.8 Km FROM OCEAN) MARINE 1.143 86.0
STATE COLLEGE, PA RURAL 1.168 22.9
DETROIT, MI INDUSTRIAL 1.321 14.4
POINT REYES, CA URBAN 1.524 500.2
HALIFAX, NS URBAN 1.575 26.6
KURE BEACH (240 M FROM OCEAN) MARINE 2.017 145.4
DUNGENESS, UK INDUSTRIAL/MARINE  3.632 487.9
NEWARK, NJ INDUSTRIAL 3.683 50.6
CAPE KENNEDY (54 M FROM OCEAN)  MARINE 4.140 440.8
KURE BEACH (24 M FROM OCEAN) MARINE 6.350 533.0
HALIFAX, NS (FEDERAL BUILDING)  INDUSTRIAL 7.417 113.4
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The data in Table 2 shows that marine and industrial
locations are more aggressive for zinc and iron corrosion.
The introduction of salts over large areas through road
deicing and dust control superimposed on existing
environmental conditions provides the most aggressive
corrosion conditions. In order to compare the corrosivity
of the environment in Boston, Dallas, Detroit, and
Montreal, field exposure tests have been conducted by
mounting bare steel and galvanized steel coupons on the

front bumpers of automobiles in these cities.® The
corrosion rates in Table 3 can be compared with the pH of
rainfall (Figure 2) and automobile poultice compositions

(Table 4) for these cities.l The highest corrosion rates
for bare steel and for zinc in galvanized steel were

TABLE 3

AVERAGE CORROSION RATES (Am/Yr)
FOR AUTO BODY STEELS

(REFERENCE 5)

CITY BARE AUTO GALVANIZED AUTO
BODY STEEL BODY STEEL
Boston 57 2.92
Dallas 2.90 0.54
Detroit 45 1.31
Montreal 65 6.60
TABLE 4

AVERAGE COMPOSITION (PPM) OF POULTICES
FROM 50 AUTOMOBILES

(REFERENCE 1)

CITY AVERAGE POULTICE COMPOSITION (ppm)
c1- 50472 cat? Na*
Boston 33 150 63 42
Dallas 23 133 348 82
Detroit 679 531 431 140

Montreal 63 3390 1404 77
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observed in Montreal and Boston. These two cities have
the lowest pH and highest relative sulfuric acid content
in rainwater., BAlso, the relative sulfate and calcium
concentrations in automobile poultices from these two
cities are the highest, indicating the presence of large
amounts of hygroscopic salts and acid deposition. This is
very evident for Montreal, where the highest corrosion
rates were observed. The drier Dallas environment
produces the lowest corrosion rates.

The above data showing the synergistic effect of acid
deposition and salts on metallic corrosion is important to
understanding and solving problems of infrastructure
degradation. Corrosion mechanisms can be more fully
understood so that realistic and successful solutions to
infrastructure corrosion problems can be developed.

In the specific example of corrosion of reinforcing
steel (rebar) in concrete, oxygen access to the rebar can
be limited due to the configuration. However, hydrogen
ion deposition is increased by ten thousand times during a
pH=3 acid precipitation event. The introduction of large
amounts of this reducible species negates the requirement
for oxygen in the corrosion process.

The placement of buried pipelines, and underground
storage tanks along highways and streets subjects these
steel structures to salts and acids which leach into the
ground. The presence of oxygen in the corrosion process
is not necessary due to hydrogen ion deposition by acid
precipitation.

Finally, a large part of the infrastructure consists
of painted steels exposed to the atmosphere. Corrosion
and paint disbondment are accelerated by the combination
of salts and acids which are in direct contact with these
structures along roadways and in marine environments.

CONCLUSIONS

The combination of film disruption due to the
presence of chlorides, and increased cathodic currents due
to acidification yields a serious destructive force on
steel. The data showing synergistic effects of acid
deposition and marine and road salts on metallic corrosion
is important to understanding and solving infrastructure
degradation. Marine and road salts alone are extremely
aggressive to infrastructure materials. However,
acidification by acid deposition yields a most destructive
environment: one which is difficult to duplicate for
purposes of testing and development. If we are to solve
the most serious infrastructure problems, the effect of
the "real world" environment must be considered so that
the solutions are the most economic as well as safe and
sound.
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ABSTRACT: This paper draws on findings from a study of the full
cost of highway deicing salt by a National Research Council
committee. Cost estimates are presented for bridges, other
highway components, and parking structures. Summation of the
more reliable cost items, for which supporting data are
dependable and relatively complete, suggests a national cost of
$200 million to $500 million per year. Inclusion of cost items
based heavily on committee judgment suggests a national cost of
about $400 million to $900 million per year.

KEY WORDS: infrastructure, highway deicing, road salt, winter
maintenance, bridge decks, parking structures, cost

During the past 20 years, the condition of the nation's
infrastructure has received intense public and legislative
attention. In particular, much of this attention has focused on
the repair and maintenance problems associated with the
deterioration of concrete bridges caused in large part by chloride
deicing salts.

The effect of deicing salts (e.g., sodium chloride and calcium
chloride) on bridges is well understood. During the 1950s and
1960s, thousands of bridges were constructed, many of them on
newly constructed Interstates, using cast-in-place concrete
heavily reinforced with steel. Subsequently, the decks of many of
these bridges developed pores or fine cracks that allowed water
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Although this paper draws heavily on the report of the National
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and corrosive chlorides to reach the underlying steel bars. As the
steel bars corrode, the resultant rust product expands, exerting
pressure on the surrounding concrete and causing it to crack and
fragment around the steel. In turn, these damaged areas provide
free access to additional salt and moisture, which aggravates the
destructive processes already caused by freeze-thaw, vibrations, and
impact loadings from traffic.

Although bridge decks are the principal recipient of salt’s
adverse effects, various other bridge and infrastructure components
are affected as well. For instance, corrosion of bridge joints and
bearings, steel framing, and other bridge structural elements can be
accelerated when exposed to salt from leaking decks and traffic
splash and spray. Salt can also damage reinforced concrete
pavement, pavement joints, highway drainage systems, and roadside
hardware (e.g., guardrails, traffic signal circuitry).
Additionally, long-term exposure to salt has been linked to the
premature deterioration of hundreds of concrete parking structures
in the northeastern and midwestern United States.

In recent years, a number of highway agencies have tried to
control these adverse side effects by experimenting with
noncorrosive deicers as alternatives to salt. Compared with these
alternative materials, however, salt is inexpensive to purchase, and
is easier to handle, store, and apply. As a result, highway
agencies need to know the true cost of salt, including the cost of
its adverse side effects, in order to determine the cost-
effectiveness of higher-priced alternatives. Unfortunately, the
last major studies to determine the true cost of salt were conducted
nearly 20 years ago.

Recognizing the need for up-to-date cost information, Congress
called on the Department of Transportation to sponsor a study of the
full cost of salting, and identified the National Academy of
Sciences as an organization to conduct the study. The National
Research Council, which is the principal operating agency of the
Academy, convened a special committee of experts in economics,
chemistry, materials science, environmental science, and highway
operations and maintenance. This paper draws on findings from the
report of the committee, which was completed in October 1991.
Specifically, the paper addresses costs related to bridges, other
highway components, and parking structures.

BRIDGE DECKS

As discussed above, road salt is particularly detrimental to
bridge decks because the chloride ions in salt, along with moisture,
penetrate concrete and cause the rusting of reinforcing steel bars.
Although this damage seldom affects the structural integrity of the
deck, it can nevertheless cause extensive potholing of the deck
surface, which can seriously degrade ride quality. Because bridge
decks often lack full shoulders and have limited maneuvering room,
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even minor irregularities and potholes can result in safety hazards
that require prompt repair.

Deck Repair Costs

Conventional methods of deck repair range from patching of
individual potholes to complete deck replacement. Because of its
low cost, patching is the most common repair, although its
effectiveness is usually only temporary. To provide longer-lasting
repair, the damaged concrete must be removed and replaced with new
concrete and special waterproof membranes or sealers that prevent
further intrusion of salt and moisture. Such partial restoration,
however, is seldom completely successful in halting the corrosion
process, because unrestored sections often begin to corrode shortly
after the deck has been repaired.

A disadvantage of partial restoration is that signs of
corrosion, such as potholes, may not become evident until well after
a large portion of the deck has become critically contaminated with
chloride. Once this critical, or threshold, contamination level has
been reached, deck deterioration usually continues, regardless of
the subsequent use of salt or noncorrosive deicers. 1In many
northern cities, where road salt is applied frequently and in large
quantities, unprotected decks reach this threshold contamination
level within 10 to 15 years after construction.

According to data from the National Bridge Inventory file, about
55 percent of concrete decks in the United States are in sound
condition (Table 1). In particular, the heavy salt-using regions of
the Northeast and Upper Midwest have a noticeably smaller share of
sound decks than do other areas of the country. For instance, among
11- to 20-year old decks, only 75 percent are in sound condition in
these salt-using regions, compared with about 85 percent elsewhere.
Moreover, among 21- to 30-year old decks, only 45 to 60 percent are
in sound condition, compared with 65 to 75 percent elsewhere.

Regional variations in deck condition are useful reference
points for estimating the effect of continued salting on future deck
repair costs. For example, in the Northeast, Midwest, and Mountain
regions--where the majority of deicing salt is used--approximately
60,000 decks less than 20 years old are now in sound condition and
potentially vulnerable to chloride contamination from continued
salting (Table 2). On the basis of historical rates of deck
deterioration in these salt-using regions, one would expect about 15
percent, or 10,000, to become seriously damaged during the next 10
years because of continued salting. Alternatively, however, if the
lower rates of deck deterioration in the low-salt regions of the
South and West are used instead, in order to determine how much deck
damage would occur in the absence of road salt, then only 5 percent
of these 60,000 decks, or 3,000, would become damaged--which is
7,000 fewer (Table 2).

This rough calculation suggests that about 7,000 decks will
become damaged during the next 10 years because of continued
salting. As a practical matter, however, deck damage will probably
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TABLE 1 HISTORICAL RATES OF DECK DETERIORATION BY REGION
(National Bridge Inventory file)

Share of Decks in Sound Condition

After After After
Region 1-10 vyrs 11-20 vyrs 21-30 vyrs
New England 93% 77% 47%
Upper Mid-Atlantic 94% 74% 47%
Lower Mid-Atlantic 91s 72% 58%
Great Lakes 92% 80% 58%
Upper Plains 90% 70% 64%
Lower Plains 95% 88% T4%
Mountain 91% 83% 64%
South, Pacific, and West 92% 85% 74%

Excluding Florida, Alaska, and Hawaii, which have exceptional
environments.

be much less severe than experience suggests, mainly because of
recent advances in bridge deck protection (discussed below).
Because of these advances, it is more likely that this 7,000 figure
represents a high-end estimate, and that as a low-end estimate, as
few as half this many, or 3,500, will become damaged.

To estimate the average annual cost of repairing these damaged
decks, it can be assumed (for simplicity) that about 1 in 10, or 350
to 700, will need to be rehabilitated each year during the 10-year
period. The typical surface area of a deck is 7,000 ft2.
Multiplying this figure by 350 to 700 damaged decks yields between
2.5 million and 5 million ft? of deck surface that will need to be
rehabilitated each year. According to estimates provided by the
California and New York state highway departments, the average cost
of rehabilitating a concrete deck, whereby the concrete is
completely removed and replaced and the reinforcing steel is
cleaned, is between $20 and $40/ft?. Multiplication of this cost
range by the 2.5 million to 5 million ft? of deck surface that would
need to be repaired each year results in a total repair cost of
between $50 million and $200 million per year.

Deck Protection Costs

During the past 20 years, the premature deterioration of
concrete decks has challenged highway agencies to not only save the
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thousands of decks that are already critically contaminated with
chloride but also to design and construct more durable decks that
are more resistant to salt-induced corrosion. Because bridge decks
are complex systems, this challenge involved many elements of the
deck, ranging from improved deck drainage and joint sealants to
special deck overlays systems that impede migration of chlorides
into the concrete.

Since 1984, FHWA has required protection on all new Federal-aid
bridges built in salt-using regions. The types of protection used,
however, vary among states, depending on individual needs and the
performance and cost of each protective system. In a TRB survey of
state highway agencies, 40 of 48 responding states reported that
they routinely use some type of protective system on bridges built
where road salt is frequently used. By far the most common is
epoxy-coated reinforcing steel, the use of which is standard
practice in at least 25 states. Other types of protection range
from waterproof membranes and special deck overlays to additional
concrete cover over the reinforcing steel. Of the 25 states that
routinely use epoxy-coated steel, 18 combine it with a waterproof
membrane, additional concrete cover, a special deck overlay, or
other protective systems.

The cost of installing and maintaining these protective systems
has been studied by the National Cooperative Highway Research
Program (NCHRP) {1)]. According to that study, epoxy-coated steel
combined with a special deck overlay is the most expensive system,
costing about $5.50/ft? more to install than a basic unprotected
deck. The least expensive is an additional 2 inches of concrete
cover, which adds about $2.15/ft? to new deck construction costs.
The average incremental cost of these systems is about $4/ft? more
than a basic concrete deck.

This average cost of deck protection is useful for projecting
the future cost of protecting newly constructed decks. An analysis
of the National Bridge Inventory file indicates that between 3,000
and 4,000 new decks are constructed each year in salt-using regions,
where deck protection is necessary. Multiplied by the average deck
surface area of 7,000 ft?, the total area of these 3,000 to 4,000 new
decks range between 20 million and 30 million ft?. Hence, given an
incremental protection cost of $4/ft?, the total annual cost of new
deck protection is $75 million to $125 million (rounded to the
nearest $25 million).

Summary of Bridge Deck Costs

After decades of salting, thousands of older decks in salt-using
regions are now critically contaminated with chloride and will
continue to deteriorate, regardless of the future use of salt or
noncorrosive deicers. Accordingly, a priority of many highway
agencies is to protect newer decks that are not already contaminated
with chlorides. In recent years, important advances have been made
in deck protection that reduce both the incidence and severity of
deck damage. During the next 10 years, the total cost of protecting
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newly-constructed decks and restoring currently sound (and
uncontaminated) decks that become damaged by salting will be roughly
$125 million to $325 million per year.

OTHER BRIDGE COMPONENTS

Much of the research that has been devoted to developing methods
for repairing and protecting bridges from salt damage has focused on
concrete bridge decks. Road salt, however, can also contribute to
the deterioration of other bridge components, including steel grid
decks, deck joints, drainage systems, and elements of the bridge
structural system that are exposed to salt from faulty drainage and
splash and spray from adjacent roadways.

Grid Decks, Joints, and Drainage Systems

In addition to its use in reinforced concrete, steel is the
primary material in various other components of the deck system,
including grid decks, joint devices, and drainage systems. These
components are vulnerable to corrosion from road salt, but numerous
other factors affect their durability as well.

Most steel decks are made of grid mesh, accounting for about 5
percent of all deck surfaces. These decks provide drainage of
water, dirt, debris, and deicing salt through the grid openings.
However, most older grid decks have a framework of steel beams and
stringers to support the mesh panels. Salt-laden snow, mud, sand,
and other debris that is tracked onto the deck will often drop onto
the supporting structures, increasing their susceptibility to
corrosion. Accordingly, grid decks and their supporting structures
must be regularly cleaned and painted as a precaution against
rusting, which can be exacerbated by frequent exposure to road salt

[2].

Joint devices, likewise, require vigilant maintenance. Joints
allow for movements of the deck caused by traffic loadings and
thermal expansion and contraction. They are often made of metal
formed into finger bars or plates, and are therefore susceptible to
rusting, especially if they are improperly sealed and become clogged
with moisture- and salt-retaining dirt and debris (2]. Rusted
joints that do not perform properly can generate stresses on the
deck that result in pavement fracturing or buckling, or cracking of
the bridge approach slab. Road salt is therefore a factor that can
affect joint corrosion and durability.

Much like joints, deck drainage systems require frequent
maintenance. The drainage system is vital to the bridge because it
eliminates trapped or ponded water, which can be hazardous to
traffic and contribute to deterioration of the bridge
understructure. Most drainage systems use metal pipes that funnel
water from the deck to the ground. Poor drainage is usually caused
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by dirt and debris clogging the pipes [2]. When drainage systems
fail, backed-up water, which may be contaminated with salt and
debris, can corrode the pipes, allowing salt and moisture-retaining
debris to attack the bridge’s structural components.

Bridge Structural Components

Because decks are secondary members of the bridge structure,
damage or failure of deck components seldom has serious implications
for bridge safety. By comparison, failure of structural components
could result in sudden bridge collapse.

Structural elements vary according to bridge design, but usually
include superstructure members, such as girders, stringers, and
arches that support vertical loads; substructure members, such as
abutments and piers, which transmit loads from the superstructure to
the ground; and bearings, which transmit loads from the
superstructure to the substructure, while allowing the bridge to
undergo necessary movements without harmful stress. Most bridge
structural elements are made of steel, reinforced concrete, or
prestressed concrete, which, if exposed to road salt--because of
either traffic splash and spray, faulty drainage, or leaky joints--
are susceptible to corrosion and premature deterioration.

Bearings: Bearings serve an important function by allowing
structural elements to undergo stress movements without damage.
Bearings are often located where the bridge superstructure (e.g.,
girders) and substructure (e.g., pile caps) meet. Most bearing
devices are constructed of steel, neoprene, bronze, or a combination
of these materials [2]. The steel portions of bearings are normally
protected by paint or galvanization. However, sand, dirt, debris,
and road salt can accumulate around the bearing, causing corrosion
and "freezing" of the device, especially if the protective system is
poorly maintained.

Steel Framing and Supports: Corrosion is a problem for most
steel frames and supports [2]. The corrosive action of atmospheric
pollutants, sea spray, and moisture all make regular cleaning and
painting of steel necessary in most regions of the country.
Corrosion of steel is usually detected before it becomes a serious
hazard. Repairs are made by removing the rust and applying a
protective paint or coating or by replacing the rusted steel section
with metal plating. Corrosion is accelerated by dirt, debris, and
moisture that become trapped in pockets and crevices created by the
framing and connection of steel members. The addition of salt to
this environment increases the potential for more frequent and
severe corrosion, especially if bridge cleaning and painting are
lax.

Reinforced Concrete Supports: Road salt is frequently
associated with deterioration of bridge structural support elements
made of reinforced concrete [2]. The problem is similar to that of
concrete decks; chlorides from road salt, along with moisture,
migrate to the reinforcing steel, inducing corrosion and causing the
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surrounding concrete to crack and fragment. Reinforced concrete box
beams, stringers, pile caps, and support columns are among the
structural elements affected. Leaky joints, poor drainage, and
splash and spray from traffic provide avenues for salt access.

Because road salt is not applied directly on these support
elements, salt damage takes longer to be identified and is generally
not as extensive as salt-induced damage to decks. However, because
of cramped working conditions and the need for falsework and
scaffolding, even minor damage to concrete supports can prove very
difficult and expensive to repair. Research is currently under way
to develop less costly maintenance and repair treatments, such as
cathodic protection and electrochemical chloride removal. These
treatments, along with greater attention to deck drainage and
corrosion protection (such as epoxy-coating steel) should help
reduce the severity and incidence of this damage. Nevertheless,
because repair of the concrete supports of just one long-span bridge
can cost several million dollars, the total cost of salt-related
damage is likely to be high.

Prestressed Concrete Supports: There is limited evidence that
long-term exposure to road salt can damage prestressed concrete
beams commonly found on segmental bridges. Prestressing improves
the strength characteristics of bridge structural components by the
tensioning of steel strands in the concrete. Because prestressed
segments can be strung together with minimal intermediate support,
this design is popular for long-span bridges crossing stretches of
rough terrain, bodies of water, and congested urban areas. Because
the steel strands are vital to structural integrity, the
consequences of corrosion are far greater than the consequences of
rusting reinforcing steel.

According to the National Bridge Inventory, there are some
25,000 prestressed bridges in the United States, accounting for
about 5 percent of all bridges. To date, surveys of the condition
of these bridges have found few corrosion-related problems. More
than 12,000 prestressed concrete bridges were built in the United
States between 1951 and 1966. According to an NCHRP study, highway
agencies in 14 states that collectively contain more than half of
these bridges report no significant problems [3]. In addition, a
survey conducted by the American Concrete Institute found that of
more than 30 million strands installed between 1950 and 1977, only
200 were affected by corrosion, usually due to corrosive
environments involving seawater, poor design details, or faulty
construction [4].

The sudden collapse of a 30-year old prestressed bridge in the
United Kingdom in 1985, which was attributed to road salt-induced
corrosion, renewed debate about the potential for corrosion of
prestressed bridges [5]. Of particular concern is that corrosion of
prestressing strands may take several decades to occur, because the
strands are often embedded in special ducts or grout. Most
prestressed bridges are relatively new, constructed during the past
35 years. Corrosion protection in many of these structures was
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provided by the use of high-quality concrete and additional concrete
cover. Because of the potentially catastrophic consequences of
corrosion, most highway agencies now take extra precautions by
coating and protecting the strands, ducts, and anchoring hardware in
new prestressed bridges [4].

Because road salt’'s effect on prestressed concrete is uncertain,
projections of future damage or costs due to salt would be
speculative. The only cost that can clearly be associated with road
salt is the added expense of corrosion protection. However, should
significant corrosion of prestressed bridges be discovered in the
future, the total cost would be considerably higher.

Summary of Other Bridge Component Costs

The effects of road salt on non-deck bridge components are
frequently obscured by durability and maintenance factors that are
unrelated to salt. Compared with deck damage, however,
deterioration of other bridge components can be very expensive and
difficult to repair, especially if the damage involves structural
support elements. Although insufficient information is available to
estimate these costs reliably, the committee believes that
collectively they are as large as deck costs, and as a rough
approximation, fall within the same range of $125 million to $325
million per year.

OTHER HIGHWAY COMPONENTS

Whereas road salt is clearly a principal factor in bridge
durability, its impacts on other highway system components, such as
pavements, drainage systems, and roadside hardware, are more
uncertain and difficult to isolate from other durability factors.

Pavement

Pavement--both concrete and asphalt--is the single most
expensive component of the highway system, accounting for about one-
fifth of all highway expenditures [6]. In recent years, interest in
reducing these expenditures has spurred considerable research aimed
at improving pavement designs, materials, and maintenance practices.
The impact of road salt, however, is not an area of major concern.

Perhaps the best-known effect of road salt on pavement is the
aggravation of surface scaling in poor quality portland cement
concrete. When improperly cured, over finished, or inadequately
entrained with air--whereby microscopic air bubbles are mixed in
with the concrete--concrete pavement is vulnerable to stress damage
caused by trapped moisture that freezes and expands. Road salt can
exacerbate this problem, both by increasing freeze-thaw cycles and
by forming expanding crystals in the concrete. This effect,
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however, is no longer a serious concern for most highway agencies,
because air entrainment has been a standard construction practice
for many years.

A more practical concern has to do with the performance and
durability of expansion joints found in concrete pavement. These
joints are used to control stresses; yet, the joints themselves
require considerable maintenance. Cracks in jointed pavements are
sometimes caused by corrosion of steel dowels that are installed in
the joint. The purpose of these devices is to transfer loads across
joints while allowing the joints to open and close freely in
response to slab movements. When these dowels corrode, however,
they may restrain joint movement, resulting in slab faulting and
cracking. The use of road salt is a factor considered by highway
agencies when selecting metals and coatings used in joint devices
[7]. Yet, because joints are sometimes unsealed and exposed to
numerous corrosion sources--such as moisture, dirt, and debris--it
is difficult to attribute a portion of this pavement to road salt.

The corrosion of reinforcing steel bars and wire sometimes used
in concrete pavement is another potential adverse effect of road
salt. According to the Concrete Reinforcing Steel Institute, there
are about 30,000 lane-miles of reinforced concrete pavement in the
United States, mostly on freeways and other heavily traveled
highways [8]. Reinforcing steel eliminates the need for joint
devices and provides additional concrete tensile strength. Like
concrete decks, reinforced pavement is susceptible to spalling and
cracking caused by rebar corrosion. Overall, however, the extent
and severity of this damage does not approach that of bridge decks,
and the general condition of these pavements is thought to be well
within the normal bounds for pavements serving high volumes of

traffic [7]. During the 1970s, several incidents of severe spalling
of reinforced pavements were linked to the use of deicing salts in
Minnesota [7]. Since that time, however, few other serious problems

have been reported, although some states, such as Wisconsin, are now
using epoxy-coated steel in some new concrete pavement.

Drainage Systems

A portion of the salt spread on highways is ultimately washed
through highway drainage and storm sewer systems, consisting of
reinforced concrete culverts, metal pipes, catch basins, grates,
manhole covers, curbs, and gutters. Because drainage systems
account for about 10 percent of highway construction and maintenance
expenditures and are important to highway operations and safety,
their performance and durability are critical [9].

A severely deteriorated drainage system can be very difficult
and expensive to repair. Conventional treatments, such as applying
coatings and linings to pipes, are often costly and in some cases
conflict with the original design objectives of the structure [9].
Hence, to prevent damage, new culvert pipes are often installed with
extra wall thickness, galvanized coatings, and protective paving
materials. Additionally, to prevent scaling and cracking due to
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freeze-thaw cycles, air-entrained concrete and stone are used for
curbs and grate spacers.

Although high chloride concentrations can enter highway drainage
systems, the flow is usually rapid. High chloride concentrations
that are sustained for a long period of time may accelerate the
corrosion of drainage pipes by interfering with the natural
formation of protective films and increasing the conductivity of

water [10]. In addition, salt may contribute to scaling and
cracking in improperly cured or over finished concrete grout, curbs,
and grate spacers by aggravating freeze-thaw effects. In general,

however, road salt is not considered a significant factor affecting
the durability of drainage systems. During the past 30 years,
several states have studied the performance of highway drainage
systems. These studies have led highway agencies to conclude that
the major factors affecting durability are: soil type, water
chemistry (especially alkalinity and softness), traffic stress and
vibration, silting, road settlement, erosion, and water abrasion [7,
10].

Roadside Hardware

Sign posts, light columns, circuitry in traffic signals,
guardrails, wire fencing, retaining walls and noise barriers, as
well as their concrete bases and connection hardware, are vulnerable
to damage from road salt. Many highway fixtures and appurtenances
are specially painted or constructed with corrosion-resistant
materials. For example, wiring and fences are made of galvanized
steel, light and sign supports are constructed of aluminum alloy
tubing and anchored with stainless steel bolts, and guardrails are
often painted with zinc-rich primer {11]. However, in general, the
factors with the greatest affect on maintenance and replacement
schedules of these components are normal wear, vehicle collisions,
vandalism, obsolescence, and vibrations from traffic [11].

Sidewalks and Driveways

Public and private sidewalks and driveways may be exposed to
salt from direct application, splash and spray from traffic,
pedestrian and vehicle tracking, and runoff from salt-laden
snowbanks. Because the concrete used in some sidewalks and
driveways is poorly finished or improperly air entrained, it may
scale and deteriorate more rapidly from freeze-thaw action when
exposed to salt. Most damage to sidewalks and driveways, however,
stems from settlement, erosion, growth of vegetation, and traffic
stress [l1]. The damaging effects of salt are likely to be minor
compared with these other sources of damage.

Summary of Impacts on Other Highway Components

The durability of most highway components is affected by a
number of factors, usually related to the quality of original



42 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

construction, maintenance practices, and the enviromment in which
they are located. Road salt, therefore, is one of many factors
affecting the condition of highway components. On the basis of the
limited evidence available, the committee believes that salt-related
costs of damage to highway components are sizable, but probably an
order of magnitude smaller than total bridge costs, totalling to
less than $100 million per year.

PARKING STRUCTURES

According to estimates derived from Census Bureau data [12],
there are some 10,000 multilevel parking structures in the United
States. About half of these structures are located in the salt-
using regions of the Northeast and Midwest. Although they vary in
type from freestanding facilities to multilevel decks integrated
into other buildings, most are made of either cast-in-place or
precast reinforced concrete. Many of these structures were built
during the 1960s and 1970s, when concerns about salt-related
corrosion were minimal. Most were originally designed for 40-year
service lives without major deck repairs or renovation. During the
past 10 to 15 years, however, hundreds of these structures have been
deteriorating prematurely, in much the same manner as bridge decks.

During the winter months, road salt is dropped by cars onto the
concrete flooring of parking structures. Over time, the chloride
ions from the salt drippings seep into the flooring, reach the
reinforcing steel, and induce corrosion. The process is similar to
that of bridge deck corrosion; the rust product expands and exerts
pressure, causing the surrounding concrete to crack. These cracks
allow more moisture, salt, and oxygen to reach the embedded steel,
further accelerating the corrosion process. Untreated, some of
these cracks may expand to form delaminations that can lead to
progressive structural weakening and losses in structure
serviceability. 1In addition, leaky joints and faulty drainage
systems can result in salt-induced corrosion and subsequent
deterioration of underlying walls, electrical conduits, and concrete
beams and support columns.

Parking Structure Repair Costs

As a result of decades of heavy salting, hundreds of parking
structures have undergone major repair and rehabilitation during the
past 20 years. The most common method of repair is simple patching
and surface sealing, which is often combined with waterproof
membranes. This treatment may postpone the need for additional
repair by 2 to 6 years [13]. By the time numerous potholes appear,
however, the garage deck is usually critically contaminated with
salt, so continued corrosion and deterioration are inevitable unless
more extensive repairs are made [l4]. Longer-lasting repairs
usually involve removal of the unsound concrete, cleaning of the
reinforcing steel, and placement of a modified concrete that reduces
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moisture penetration. This method of repair is about twice as
expensive as simple patching but may postpone the need for more
extensive repair by 10 years or more [13]. Other methods of repair
include cathodic protection and injection of epoxy or other
penetrants into cracks to serve as sealers.

According to estimates derived from Census Bureau data, about
5,000 parking structures are located in the salt-using regions of
the Northeast and Midwest [12]. Many of these structures,
especially older ones built during the 1950s and 1960s, have already
undergone major rehabilitation because of salt damage. Meanwhile,
many newer structures built during the 1980s, are equipped with
state-of-the-art corrosion protection. Although it is difficult to
project how many of these 5,000 garages will be damaged by continued
salting, the most likely candidates are those built during the
1970s. Most of the roughly 500 to 1,500 garages built during that
period (in salt-using regions) lack protective systems, and in
recent years have started to show signs of salt-related decline.

Insufficient information is available to estimate precisely how
many of these 500 to 1,500 garages will be seriously damaged during
the next 10 years because of continued salting. However, if it is
assumed for simplicity that 1 in 10 will become damaged each year,
then 50 to 150 will need to be rehabilitated annually. The cost of
the most common rehabilitation treatment--which involves concrete
removal and replacement, cleaning of the reinforcing steel, and
application of a special deck overlay--is about $7.50/ft? [13]. The
total surface area of a typical parking garage is about 150,000 ft2.
Hence, the average cost of rehabilitating a single parking garage
damaged by salt is approximately $1 million ($7.50 x 150,000 ft*),
and the total cost of rehabilitating 50 to 150 structures per year
is $50 million to $150 million.

Parking Structure Protection Costs

In recent years, as corrosion damage has become more evident,
most new parking garages have been built with design features and
protective systems intended to reduce salt-related damage. About 90
percent of new parking structures are built with one or more
protective systems [15]. Conventional systems--used in three-
quarters of new structures--are penetrating sealers, membranes, and
other surface treatments. Other systems include the use of
galvanized or epoxy-coated reinforcing steel, additional concrete
cover, and corrosion-inhibiting concrete additives [15]. 1In
addition, much more attention is now paid to design and construction
details, such as sloped floors for better drainage and proper
concrete curing and finishing.

Corrosion protection increases the cost of constructing a new
parking garage by about 1.5 percent, or on average, by about
$100,000 [15]. Approximately 300 parking structures are built each
year in the United States, resulting in annual spending on
protection of approximately $30 million.
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Summary of Parking Structure Costs

There are some 5,000 parking garages in the Northeast and
Midwest. Like bridge decks, many older parking garages are
critically contaminated with salt and will need to undergo major
rehabilitation in the near future. Accordingly, a priority of the
parking garage industry is to protect newer garages not already
critically contaminated with chloride. During the next ten years,
the total cost of protecting new garages ($30 million) and
rehabilitating currently sound garages that become damaged by
continued salting ($50 million to $150 million) will be roughly $75
million to $175 million per year.

SUMMARY OF INFRASTRUCTURE COSTS

Great strides have been made in the past 10 years in reducing
the adverse side effects of salting by protecting infrastructure
from corrosion. Advances are continuing and the outlook for further
reductions in salt damage is promising. Collectively, however, the
true cost of salting remains high, because of both corrosion
protection costs and salt-related damage that persists despite this
protection,

The committee’s estimates of annual infrastructure costs are
summarized in Table 3. The reliability of these estimates varies by
cost item. Some cost items, such as bridge deck protection, can be
quantified largely on the basis of available data. Summation of
these more reliable cost estimates suggests a minimum infrastructure
cost of between $200 million and $400 million per year. Several
other cost items for which limited supporting data are available,
such as damage to non-bridge highway components, can be approximated
only on the basis of committee judgement. Inclusion of these items
results in a less precise, although more complete, cost estimate of
$400 million to $900 million per year (rounded to the nearest $100
million).

TABLE 3 SUMMARY OF ANNUAL COSTS TO INFRASTRUCTURE FROM SALTING

Cost Item Annual Cost ($ millions)

Category I: Data are Relatively Reliable and Complete

Bridge Decks 125 to 325
Parking Structures 75 to 175
Total 200 to 500
Category II: Estimates Based on Committee Judgement
Bridge Non-Deck Components 125 to 325
Other Highway Components 100
Total 225 to 425

Total 425 to 925
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The interest in estimating the corrosion penetration at the end
of the service life arose in civil engineering with the increased use
of atmospheric corrosion-resistant steels for structural applications.
Foremost among those steels are the ASTM Righ-Strength Low-Alloy
Structural Steel (A242) and ASTM High-Strength Low-Alloy Structural
Steel with 345 MPa Minimum Yield Point to 100-mm Thick (A588). Both
are commonly referred to as weathering steels. Those steels have
enhanced atmospheric corrosion resistance and are commonly used in a
bare, unpainted condition. Therefore, engineers need to know how much
steel will be lost to corrosion during the service life.

Two other steels have been exposed, along with weathering steel,
in atmospheric exposure tests: carbon steel, with a maximum copper
content of 0.04 percent; and copper steel, a carbon steel with about
0.20 percent copper. Copper steel is similar in composition to the old
A440 structural steel, which has been deleted from the ASTM book of
standards. The carbon and copper steels serve as references against
which the corrosion penetration data for weathering steel have been
compared. Neither should be used unpainted in structures. Lacking
maintenance funds, highway and railway bridge owners are often unable
to properly maintain paint systems. As a result, some carbon-steel
bridges have corroded to a point where estimates of corrosion loss are
needed to assess their remaining strength.

CORROSION ALLOWANCE

Engineers can compensate for the loss of strength by adding a
corrosion allowance to the member thickness obtained from stress
calculations. Domestic steel producers do not recommend such a
corrosion allowance for bare, exposed weathering steel members because
the small corrosion loss produces a negligible strength loss. This
might be justified if weathering steel corroded at the rates of 0.51
and 1.3 lm/year/surface that the product literature advertises for
Cor-Ten (™) and Mayari (™) weathering steels [1,2]. Engineers are
cautioned that these rates were derived from atmospheric exposure
tests of grades of A242 weathering steel of chemical compositions
richer than those in use today for the same steel. Furthermore, most
weathering steel structures are built from A588 steel, which is less
corrosion resistant than A242 steel.

Faced with mounting evidence of much greater in-service
corrosion losses than has been advertised, several specification-
writing bodies are requiring corrosion allowances for bare, exposed
weathering-steel structures. For example, the British Department of
Transport calls for an increase of 1.0 mm/surface in rural and 2.0
mm/surface in industrial atmospheres. The German Institute of Steel
Construcation, in its Guideline 007, calls for an increase in
thickness of 0.8 mm/surface in rural, 1.2 mm/surface in urban, and 1.5
mm/surface in industrial and marine atmospheres, for a 60-year service
life.

Albrecht et al. [3] have found that the corrosion penetration of
weathering steel for bridges located in the contiguous United States
can be contained by the upper bound
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p=50+7.5(t-1) (1)

where p = average corrosion penetration per surface in lm and t =
exposure time in years. The corrosion rate of 7.5 lm/year/surface in
Eq 1 is equal to the average steady-state corrosion rate of weathering
steel falling in the ISO high corrosivity category [4]}. Eq 1
implicitly assumes that the bridge is exposed to an environment in
which the weathering steel can develop a protective oxide coating. It
is based on corrosion penetration data from atmospheric exposure tests
of A588 weathering steel coupons exposed in industrial environments
[3,5,6] and measurements of corrosion loss in A588 steel bridges in
rural and urban environments not exposed to salt-bearing traffic spray
[7]. Substituting a service life of, say, t = 100 years gives a
corrosion allowance of 0.6 mm/surface. This addition is not meant to
compensate for such corrosion losses as would occur in very high
corrosivity environments where weathering steel would not develop a
protective oxide coating.

Clearly, to predict the corrosion loss at the end of the service
life so that an allowance can be added to member thickness, one must
be able to accurately extrapolate corrosion penetration data.

LOG-LOG FITTING OF POWER MODEL

Corrosion penetration data has typically been modeled using the
power model structure:

b =b,t™ (2)

in which p is the predicted value of the corrosion penetration p, t is
the time, and b, and b, are the regression coefficients. Equation 2 is
used as the sample estimator for one of two population models:

p =8, the (3)

or

p=B,th+e (4)

in which b, and b, are the partial regression coefficients of the
population, and e; is the residual for observation i. Equation 3 is a
multiplicative error model, while Eq 4 is an additive error model.

Equation 2 is typically fitted to measured data by taking
logarithms of the two variables and expressing the logarithms of the
variables in a relationship with a linear structure:

log p = log b,+ b, log t (5)

Making the transformations y = log p, ¢ = log b,, and x = log t gives
the standard form for linear regression analysis:

P=c+b x (6)
The value of b, is obtained for Eq 2 by the retransformation

b, = 10° (7)



McCUEN ET AL. ON POWER-MODEL REGRESSION 49

The least squares evaluation of Eq 6 gives an unbiased log-log
model in that the resulting coefficients yield Re; = 0, where e; is the
sample estimate of e;. The coefficients ¢ and b; of Eq 6 are unbiased
estimators for Eq 5; the coefficients of Eq 5 are not necessarily
unbiased estimators of the coefficients of Eqs 3 and 4. Goodness-of-
fit statistics, such as the correlation coefficient, R, and the
standard error of estimate, S,, obtained from the fit of Eq 6 are often
incorrectly used to reflect the accuracy of Eq 2.

In assessing the accuracy and applicability of prediction
equations, the characteristics of the residuals are important. The
error terms of Eqs 6 and 4 are additive, while for Eq 3 the error term
is multiplicative. Thus, the errors for Eq 6 have constant variance in
terms of y but not necessarily in terms of p.

To summarize the problem, the fitting of the power model of Eq 2
using the logarithmic transform of Eq 5 leads to an equation that has
biased partial regression coefficients (i.e., by is a biased estimator
of b;) and provides biased estimates of p. Furthermore, the goodness-
of-fit statistics (i.e., R and S,) for the logarithmic form in Eq 5 do
not reflect the accuracy of predictions made with Eq 2. The objective
herein is to briefly discuss a method of obtaining better estimates of
the partial regression coefficients b; of Eq 4, and estimates of p that
are unbiased and have a smaller error variance than those obtained
using a logarithmic transformation for Eq 5.

INDICES FOR ASSESSING MODELS

In engineering design, decisions are based on the p of Eq 2
rather than the log p of Eq 5. Therefore, one should be concerned
about the accuracy of estimates p, not log p. Specific goodness-of-fit
indicators are the mean error, which is a measure of the bias, and the
mean square error, which is a measure of the accuracy of prediction.
The mean error is the bias defined as:

n n
e = 2: e; = 2: (@; - w;)
i=1 i=1
in which w can be either log p or p, depending on whether the bias is
calculated in the log p-space or the p-space, where w is the predicted
value of w. The standard error of estimate, S,, is the standard
deviation of the errors, with the mean square error adjusted using the
appropriate number of degrees of freedom m:

R 2 B B RS (9)

When Eqs 8 and 9 are computed with the errors in the logarithmic

(8)

space, then e and S, apply only to log p, not p.
The correlation coefficient is a measure of the accuracy for a
linear unbiased model and is computed by:
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n Q.5
Z: (0_( - W_()z
P (10)
n
Z: (W, "_V,')z
1=1

in which w is the mean of w. Equation 10 can be applied to the power
model, whereas the more commonly used form for computing R only
applies to the linear model. Fitting Eq 5 using ordinary least squares
provides unbiased estimates of log p and estimates of log p that have
the minimum expected variation in the log p-space. Thus, the
correlation coefficient reflects the accuracy of the unbiased
estimates of log p. However, when Eq 2 is fitted using the logarithmic
transformation, it is not unbiased and does not have the minimum
expected error variance in the y-space; thus, the correlation
coefficient computed with the logarithmically transformed data for

Eq 5 does not apply to Eq. 2 because the model is nonlinear and the
estimates y are biased. One additional problem with the transformed
calibration of Eq 5 is that the fitted coefficients reflect the
sensitivity of log p to log t and not the sensitivity of p to t. Thus,
the logarithmically derived coefficients are not unbiased estimators
for assessing the effects of the predictor variable t on p.

NUMERICAL FITTING OF POWER MODEL

The problems associated with fitting Eqs 3 and 4 using a
logarithmic transformation of Eq 2 can be overcome with a numerical
fitting method that obtains values for the coefficients of Eq 2
directly, i.e., without a logarithmic transformation. A number of such
methods are described in the literature. For example, McCuen and
Snyder [8] fitted functionals with a nonlinear least squares method
described briefly in the Appendix. Readers can obtain an executable
program for this method, called NUMOPT, by sending to the first author
a disk formatted for IBM compatible computers. Alternatively, data can
be fitted numerically with any steepest descent or conjugate gradient
method [9,10]. Numerically based pattern search methods minimize the
sum of squares of the errors, just as is done in the least squares
solution of Eq 6. The computer efficiency of the numerical methods can
be enhanced with such aides as acceleration, deceleration, and pattern
memory [8].

The numerical approach has several advantages for the additive
model of Eq 4. Numerical fitting can lead to unbiased estimates in the
p-space rather than the log p-space and can yield a smaller error
variance in the p-space than is possible for the model fit it in the
log p-space. Thus, the coefficient b; will be the most efficient
estimator of b; in a statistical sense. Numerical fitting can also be
used to fit other nonlinear functional forms, and fitting criteria
other than minimizing the sum of the squares of the errors can be
used.

Numerical fitting is not without disadvantages. First, the
fitting algorithm is more complex. However, this is not an important
problem since prepared computer programs are readily available.
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Second, the computation time for numerical solutions is greater than
that for analytical solutions such as ordinary least squares; however,
with the availability of computers, this is also not a major problem,
Third, numerical solution algorithms require initial estimates of the
unknowns, which for the case of the model of Eq 2 would be the b;
coefficients. When using numerical fitting, the values of the
coefficients from the analytical solution with the logarithmic
transformation of Eq 6 can be used as the initial estimates for the
numerical solution. The most significant problem with the numerical
fitting is that the bias (measured in the y-space) is not a criterion
function, so several trials may be necessary to reduce the bias to the
point where it is essentially zero.

ATMOSPHERIC EXPOSURE TESTS

Albrecht and Lee [6] compiled corrosion penetration data for 104
sets of carbon, copper, A588, and A242 steel coupons that other
investigators had exposed to the atmosphere at different sites across
the United States. Each set consisted of multiple specimens of one
type of steel exposed at one site. The 32 sets with the longest
exposure times were retained for analysis in the present study. Table
1 summarizes the following information for each set: reference number,
exposure site, type of enviromment, type of steel, exposure time at
end of test, and number of data points.

The tests were performed at sites broadly classified by type of
atmosphere as follows:

o} Rural environments: South Bend and Saylorsburg,
Pennsylvania,
o} Industrial environments: Bayonne, Kearny, and Newark, New

Jersey; Rankin, Bethlehem, and Monroeville, Pennsylvania;
and Columbus, Ohio.

o} Marine environments: Kure Beach, North Carolina, 25- and
250-m lots.

Semi-rural South Bend was included with the rural environments,
and semi-industrial Monroeville with the industrial environments. The
atmosphere in South Bend is more aggressive than is typical of rural
atmospheres. The Kure Beach lots located 25 and 250 m from the shore
line represent severe and moderate marine environments.

The longest exposure times were 10 to 20 years in rural and
industrial environments and 7.5 to 16 years in marine environments.

Most specimens consisted of 150-mm long by 100-mm wide by 0.75-
mm thick coupons. Some investigators tested other types of specimens
such as 300-mm long strip tensile specimens of 22 gauge sheet [11,12]
and 300-mm by 300-mm coupons of 0.8-mm to 6.3-mm thickness [13].

To minimize the corrosion penetration, most specimens were
mounted on racks at an angle of 30 deg, facing south, as is
recomnended in the ASTM Standard Practice for Conducting Atmospheric
Corrosion Tests on Metals (G50). The exception to this standard
exposure were the specimens that faced the ocean at the 25-m lot in
Kure Beach [14-16].
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TABLE 1--Atmospheric exposure tests.

Set Reference Exposure Type of Exposure No. of
No. No. Site Enviromment Time Data
at End Points
of Test
n
(yr)
Carbon Steel
1 11,12 Rankin, PA Industrial 10.0 12
2 11,12 Bethlehem, PA Industrial 10.0 12
3 11,12 Columbus, OH Industrial 10.0 11
4 19,20 Saylorsburg, PA Rural 16.0 5
5 17,24 Newark, NJ Industrial 16.0 5
6 19,20 Bethlehem, PA Industrial 16.0 5
7 14,15,16 Newark, NJ Industrial 15.5 5
8 14,15,16 Kure Beach, NC Marine (250 m) 7.5 4
9 13,18,22 Kearny, NJ Industrial 20.0 5
Copper Steel
10 11,12 Rarkin, PA Industrial 10.0 12
11 11,12 Bethlehem, PA Industrial 10.0 12
12 11,12 Columbus, OH Industrial 10.0 11
13 19,20 Saylorsburg, PA Rural 16.0 5
14 13,18,22 Kearny, NJ Industrial 20.0 5
15 21 Bayonne, NJ Industrial 18.1 6
16 21 Kure Beach, NC Marine (250 m) 7.5 4
A588 Steel
17 19,20 Saylorsburg, PA Rural 16.0 5
18 19,20 Bethlehem, PA Industrial 16.0 5
19 19,20 Kure Beach, NC Marine (250 m) 16.0 5
20 17,24 Newark, NJ Industrial 16.0 5
21 14,15,16 South Bend, PA Semi-rural 15.5 4
22 14,15,16 Monroeville, PA Semi~-industrial 15.5 4
23 14,15,16 Newark, NJ Industrial 15.5 5
24  14,15,16 Kure Beach, NC Marine (250 m) 15.5 5
25 14,15,16 Kure Beach, NC Marine (25 m) 7.5 4
A242 Steel
26 11,12 Rankin, PA Industrial 17.0 12
27 11,12 Columbus, OH Industrial 10.0 11
28 19,20 Saylorsburg, PA Rural 16.0 5
29 19,20 Bethlehem, PA Industrial 16.0 5
30 14,15,16 South Bend, PA Semi-rural 15.5 4
31 14,15,16 Kure Beach, NC Marine (250 m) 15.5 5
32 13,18,22 Kearny, NJ Industrial 20.0 5
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Replicate specimens were removed from the racks at predetermined
exposure intervals. The removal schedules were: 0.5, 1, 1.5, 2, 3, 4,
5,6, 7, 8,9, 10, and 17 years [11,12]; 1, 2, 4, 8, and 16 years {I7-
20}; 0.5, 1.5, 3.5, 7.5, and 15.5 years [l4-16,18,21}; and 1, 2.5, 5,
10, and 20 years {13,18,22]. The specimens were chemically stripped of
corrosion products. The corrosion penetration was calculated from the
measured mass loss as is recommended in the ASTM Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens (Gl). All
values of corrosion penetration and corrosion rate are per exposed
surface.

The corrosion penetrations of the replicate specimens that were
exposed for the same length of time were then averaged, and the mean
value at each exposure interval was reported. This practice is
inadmissible from the viewpoint of statistical analysis. All values
must be reported, and a corrosion penetration versus exposure time
curve must be fitted through all data points, not just through the
points for averages of replicate tests.

COMPARISON OF FITTING METHODS

Thirty-two sets of corrosion penetration data were fitted with
the power model of Eq 2. In the log-log method, the coefficients b, and
b, were fitted to minimize the sum of the squares of the errors. In the
NUMOPT method, the coefficients were fitted to provide zero bias, with
the sum of the squares of the errors being a minimum for the zero-bias
constraint. Tables 2 and 3 list the regression coefficients, b, and by,
for all 32 sets of data fitted with the log-log and NUMOPT methods,
respectively. The fitting methods are compared in Figs. 1 through 3
for steels exposed in Rankin, Saylorsburg and Kure Beach. As is
apparent from the figures, the NUMOPT method fitted the data
consistently better than did the log-log method. Relative to the data
points and the curves predicted with the NUMOPT method, the log-log
method underestimated the penetration for some combinations of steel
and environment and overestimated it for others.

The accuracy of the fitting methods was determined by comparing
the standard error ratio, S./Sy, the mean prediction error (bias), e,
and the prediction error at the end of the test, egy. The results are
summarized in Tables 2 and 3 for the log-log and NUMOPT methods.

The standard error ratio, Se/8y, indicates the overall accuracy
of prediction and reflects both the precision and the bias of the
method. For every set, the standard error ratio was lower for the
NUMOPT method (see fourth column in Table 3) than for the log-log
method (Table 2), which indicates that the error variation from the
NUMOPT method is always smaller than that from the log-log method. On
the average, the standard error ratio for the NUMOPT method was 58
percent of the standard error ratio for the log-log method, calculated
as the average of the ratio of standard error ratios listed in the
last column of Table 3. The minimum value of the ratio of standard
error ratios was 39 percent for A242 steel exposed in Kearny (set 32);
and the maximum was 79 percent for carbon steel exposed in Bethlehem
and Columbus (sets 2 and 3). Clearly, the NUMOPT method is
consistently more accurate than the log-log method.
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TABLE 2--Results of regression analysis; log-log method.

Set Regression Standard Mean Error
No. Coefficients Error Error at End
Ratio (Bias) of Test
b, b, S/S, e g
(pam) (pan)
Carbon Steel
1 72.03 0.6156 0.194 =2.2 ~36.8
2 71.87 0.4595 0.116 -0.1 2.0
3 55.15 0.5059 0.140 -0.3 -2.8
4 32.43 0.6573 0.136 0.6 12.6
5 50.73 0.3358 0.044 0.0 1.7
6 75.01 0.3125 0.078 -0.0 2.4
7 48.17 0.3893 0.137 0.1 6.0
8 40.36 0.7203 0.481 0.8 29.3
9 58.96 0.3355 0.076 0.0 =-3.9
Copper Steel
10 59.00 0.5917 0.191 -1.2 =31.0
11 62.48 0.4245 0.098 -0.0 6.1
12 48.79 0.5022 0.282 -1.1 -11.9
13 28.62 0.5827 0.115 -0.1 7.0
14 29.06 0.3529 0.167 -0.2 -5.3
15 52.24 0.4216 0.080 -0.2 =-5.1
16 33.32 0.6620 0.260 0.7 12.5
A588 Steel
17 28.37 0.4294 0.157 0.1 5.3
18 42.12 0.3035 0.189 0.0 3.7
19 28.96 0.6197 0.097 -0.5 -~7.6
20 36.14 0.2784 0.049 -0.0 -0.8
21 29.07 0.4538 0.092 0.1 1.2
22 30.86 0.3838 0.074 -0.0 -1.4
23 33.53 0.3055 0.065 -0.0 -1.2
24 35.73 0.5491 0.163 -0.8 -14.1
25 109.95 1.0051 0.456 7.7 147.1
A242 Steel
26 29.72 0.3506 0.238 0.0 9.3
27 35.73 0.3557 0.238 -0.1 3.8
28 21.06 0.3590 0.136 0.0 1.0
29 32.65 0.1982 0.047 -0.1 -0.4
30 21.46 0.2853 0.113 -0.0 =-1.1
31 23.08 0.5435 0.186 -0.4 -8.6
32 15.75 0.1755 0.244 -0.0 -1.4
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TABLE 3——Results of regression analysis; NUMOPT method.

Set Regression Standard Mean Error Ratio of Ratio of
No. Coefficients Error Error at End Errors Standard
Ratio (Bias) of Test at End Error
of Test Ratios
(NUMOPT/ (NUMOPT/

by, b, S./S, e €. log-log) log-log)
(4am) ()
Carbon Steel
1 59.69 0.7356 0.119 0.0 -9.3 0.25 0.61
2 72.11 0.4501 0.092 0.0 =1.7 0.85 0.79
3 53.82 0.5242 0.111 0.0 0.8 0.29 0.79
4 36.14 0.5984 0.074 0.0 1.8 0.14 0.54
5 51.24 0.3297 0.023 0.0 0.9 0.53 0.52
6 75.27 0.3105 0.045 0.0 2.1 0.88 0.58
7 50.51 0.3586 0.072 0.0 1.0 0.17 0.53
8 50.44 0.5413 0.268 0.0 7.1 0.24 0.56
9 58.00 0.3445 0.044 0.0 -2.4 0.61 0.58
Copper Steel
10 50.84 0.6873 0.131 0.0 -13.5 0.44 0.69
11 63.08 0.4185 0.075 0.0 5.4 0.89 0.77
12 44,97 0.5639 0.218 0.0 -2.3 0.19 0.77
13 30.88 0.5399 0.060 0.0 1.0 0.14 0.52
14 27.35 0.3861 0.091 0.0 -2.0 0.38 0.54
15 52.85 0.4353 0.050 0.0 -2.6 0.51 0.62
16 37.79 0.5566 0.123 0.0 2.0 0.16 0.47
A588 Steel
17 29.98 0.3970 0.087 0.0 2.1 0.40 0.55
18 43.61 0.2821 0.093 0.0 1.5 0.41 0.49
19 26.72 0.6641 0.053 0.0 -0.5 0.07 0.55
20 35.96 0.2816 0.026 0.0 -0.5 0.62 0.53
21 29.83 0.4399 0.051 0.0 0.1 0.08 0.55
22 30.48 0.3906 0.039 0.0 -0.8 0.57 0.52
23 33.31 0.3102 0.040 0.0 -0.8 0.67 0.62
24 31.74 0.6180 0.099 0.0 -2.3 0.16 0.61
25 159.88 0.7317 0.246 0.0 12.4 0.08 0.54
A242 Steel
26 31.21 0.3192 0.161 0.0 6.2 0.67 0.68
27 36.06 0.3503 0.169 0.0 3.6 0.95 0.71
28 21.65 0.3430 0.077 0.0 0.0 0.00 0.57
29 32.65 0.2004 0.019 0.0 -0.3 0.75 0.40
30 21.06 0.2960 0.048 0.0 -0.6 0.55 0.42
31 20.92 0.6010 0.131 0.0 -2.3 0.27 0.70
32 15.42 0.1881 0.096 0.0 -0.9 0.64 0.39
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TABLE 4—Predicted corrosion penetration.

Set Penetration at End of Test Penetration at 75 Years
No.
Iog-log NUMOPT Ratio Log-log NUMOPT Ratio
Method Method (NUMOPT/ Method Method (NUMOPT/
log-log) log-log)
p p P P
(f0) (40) (4am) (tam)
Carbon Steel

1 308 336 1.09 1069 1430 1.34

2 210 210 1.00 535 539 1.01

3 173 177 1.02 473 504 1.06

4 201 190 0.95 554 479 0.86

5 129 128 0.99 216 213 0.98

6 178 178 0.10 289 288 1.00

7 140 135 0.96 259 238 0.92

8 172 150 0.87 905 522 0.58

9 161 163 1.01 251 257 1.02

Copper Steel
10 239 256 1.07 798 1000 1.25
11 164 164 1.00 383 380 0.99
12 147 164 1.12 396 554 1.40
13 144 138 0.96 354 318 0.90
14 84 87 1.04 133 145 1.09
15 184 186 1.01 335 346 1.08
16 127 116 0.92 581 418 0.72
A588 Steel
17 93 90 0.97 181 166 0.92
18 98 95 0.98 156 147 0.94
19 161 169 1.04 421 470 1.12
20 78 79 1.00 120 121 1.01
21 101 100 0.99 206 199 0.97
22 88 89 1.01 162 165 1.02
23 78 78 1.01 125 127 1.01
24 161 173 1.07 383 458 1.20
25 833 699 0.84 8430 3765 0.45
A242 Steel

26 78 75 0.97 130 121 0.93
27 82 83 1.00 171 169 0.99
28 57 56 0.98 99 95 0.96
29 57 57 1.00 77 77 1.01
30 47 47 1.01 74 76 1.03
31 102 109 1.06 241 280 1.16
32 27 27 1.02 34 35 1.08
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Although the biases were small for the log-log method, they were
not zero. The largest value was e = 7.7 lm for A588 steel exposed in
the 25-m lot in Kure Beach (set 25 in Table 2), which means that the
log-log method overpredicted the penetration on average by 7.7 lm. The
second largest value was e = -2.2 Im for carbon steel exposed in
Rankin (set 1). In this case, the log-log method underpredicted the
penetration. The bias was positive for some sets of data and negative
for other sets, with no clear trend. In contrast, the NUMOPT method
provided unbiased estimates of penetration, e = 0.0 for all sets of
data in Table 3.

The prediction error at the end of the test, egq, is indicative
of how accurately the method can be expected to extrapolate the
penetration to the end of the service life of the bride. This value
was computed at the exposure time, tg 4, at which the last specimens in
a set were removed from the rack. The seventh column in Table 3 lists
the ratio of the NUMOPT to log-log errors at the end of the test. All
ratios were less than 1.0, indicating that the NUMOPT method
consistently estimated the penetration more accurately than did the
log-log method. Likewise, one can expect that the NUMOPT method would
more accurately extrapolate the penetration to the end of the service
life.

Logarithmic transformation of the data gives more weight to the
penetration at shorter exposure times and less weight to the
penetration at longer times. This is evident in Figs. 1 through 3. The
log-log method fits the data better at short exposure times, while the
NUMOPT method is more accurate at long exposure times. Since long-term
data are more reliable, it does not seem rational to underweigh the
larger penetrations as does the log-log method.

COMPARISON OF 75-YR PENETRATIONS

Estimates of corrosion penetration at the end of the service
life of a bridge are needed to predict the remaining strength of
corroded steel members. Table 4 summarizes for all 32 data sets the
penetrations at the end of the test and at the end of a 75-year
service life as predicted with the log-log and NUMOPT methods. Figs. &4
through 6 show the predicted penetration curves for steels exposed in
Rankin, Saylorsburg, and Kure Beach, respectively. The data suggest
three general conclusions.

First, the differences in predicted penetrations increase the
farther the data are extrapolated. This trend is readily apparent for
the 11 sets of data fitted in Figs. 4 through 6 in which the curves
predicted with the log-log and NUMOPT methods diverge as exposure time
increases. Another way of showing this trend is to calculate the ratio
of the penetrations predicted with the NUMOPT and log-log methods,
first at the end of the test and then at 75 years. The results are
listed in columns four and seven of Table 4. They show that for all
sets of data, without exception, a ratio of predicted penetrations
greater than one at the end of the test becomes even larger at 75
years. Conversely, a ratio less than one at the end of the test
becomes even smaller at 75 years. Since prediction errors are
magnified in time, engineers are advised to fit corrosion penetration
data with the more accurate NUMOPT method.
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Second, the differences decrease as steel becomes more corrosion
resistant, that is, in the order of carbon, copper, A588, and A242
steel. Indeed, the average absolute difference between the 75-year
penetrations predicted with the log-log and NUMOPT methods (column
five minus column six in Table 4) is: 104 1lm for carbon steel, 70 lm
for copper steel, 20 lm for AS5S88 steel, and 9 lm for A242 steel.
Assuming a corrosion allowance of, say, 1.0 mm over the service life,
the method of fitting can account for as much as 10 percent of the
allowance. Clearly, the method of fitting is important for some types
of steel.

Third, the differences in predicted penetrations are positive
for some data sets and negative for others. This is also evident from
the ratio of predicted 75-year penetrations (see last column of Table
4), which varies from values smaller to larger than 1.0 for all types
of steel. There appears to be no trend between the sign of the
difference and type of steel or environment.

Finally, sample size contributes to the variation of the
predicted 75-year penetration. Most sample sizes are small, meaning
that the sampling variation of the coefficients is quite large.
Inaccurate coefficients can contribute significantly to inaccurate
estimates. The former practice of reporting only the average
penetration of replicate coupons exposed for the same length of time
compounds this problem. The available data are not sufficient to draw
conclusions regarding the effect of sample size.

Other factors that contribute to the accuracy of predicting 75-
year penetrations are the duration of the exposure test and the part
of the record that is retained for analysis. These effects are
examined in the following sections.

EFFECT OF ADDING LONG-TERM EXPOSURE DATA

The corrosion penetration at the end of a 75-year service life
must often be estimated based on data from exposure tests of short
duration. Since the duration of a test is typically much shorter than
the service life of a bridge, engineers should clearly understand the
reliability of extrapolating short-term exposure data.

The effect of test duration was examined by analyzing six data
sets for carbon and weathering steels exposed in Rankin, Saylorsburg,
and Kure Beach. All data were fitted with the NUMOPT method, with zero
bias. As an example, for carbon steel exposed in Rankin the 0- to 2-
year data were fitted first. Thereafter, data for progressively longer
exposure durations wete added -- O to 4 years, followed by 0 to 8
years -- until the sample contained all data from O to 10 years. The
results of the analysds . are given in Table 5 and plotted in Figs. 7
through 9.

The results show that exposure duration has a large and quite
unpredictable effect on the estimated 75-year penetration. The effect
appeared to be greater for steels of lower corrosion resistance, such
as carbon steel, and for environments of higher corrosivity, such as
the marine environment of Kure Beach. Conversely, it was smaller for
weathering steel and the rural environment of Rankin.

For example, the estimated 75-year penetration of carbon steel
exposed in industrial Rankin was 535 lm for the 0- to 2-year data
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TABLE 5—-Effect of adding long-term exposure data
on predicted 75-year penetration.

Exposure No. of Regression Standard Mean Penetration
Time Data Coefficients Error Error at 75
Points Ratio (Bias) Years
(yT) n b, b, Se/Sy e P
(1) (4am)
Carbon Steel, Rankin, PA (Set No. 1)
0- 2 4 73.78 0.4587 0.060 0.0 535
0- 4 6 72.58 0.5319 0.079 0.0 721
0- 8 10 63.60 0.6886 0.139 0.0 1243
0-10 12 59.69 0.7356 0.119 0.0 1430
A242 Steel, Rankin, PA (Set No. 26)
0- 2 4 29.36 0.3557 0.125 0.0 136
0~ 4 6 29.50 0.3608 0.106 0.0 140
0- 8 10 29.26 0.3763 0.100 0.0 149
0-17 12 31.21 0.3192 0.161 0.0 121
Carbon Steel, Saylorsburg, PA (Set No. 4)
0- 2 2 31.00 0.7182 0.000 0.0 689
0- 4 3 30.57 0.7536 0.014 0.0 791
0- 8 4 31.66 0.6750 0.049 0.0 602
0-16 5 36.14 0.5984 0.074 0.0 479
A588 Steel, Saylorsburg, PA (Set No. 17)
0- 2 2 27.00 0.5305 0.000 0.0 267
0- 4 3 27.35 0.4930 0.020 0.0 230
0- 8 4 28.08 0.4563 0.036 0.0 201
0-16 5 29.98 0.3970 0.087 0.0 166
Carbon Steel, Kure Beach, NC (Set No. 8)
0- 1.5 2 40.58 0.8767 0.000 0.0 1787
0- 3.5 3 40.49 0.8930 0.005 0.0 1913
0- 7.5 4 50.44 0.5413 0.268 0.0 522
A588 Steel, Kure Beach, NC (Set No. 24)
0- 1.5 2 35.87 0.4980 0.000 0.0 308
0- 3.5 3 35.94 0.5226 0.016 0.0 343
0- 7.5 4 36.29 0.5029 0.021 0.0 318
0-15.5 5 31.74 0.6180 0.099 0.0 458
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(Table 5 and Fig. 7). It progressively increased with exposure time to
a value 1,430 lm for the O- to 10-year data. On the other hand, the
75-year penetration of carbon steel exposed in marine Kure Beach was
1,787 lm for the 0- to l1.5-year data, increased to 1,913 1lm for the O0-
to 3.5-year data, and then dropped to 522 lm for the 0- to 7.5-year
data (Table 5 and Fig. 9).

In an example for weathering steel, the estimated 75-year
penetration of A588 steel exposed in rural Saylorsburg gradually
decreased from 267 lm for the 0- to 2-year data to 166 1lm for the O-
to 16-year data (Table 5 and Fig. 8). However, in marine Kure Beach,
the 75-year penetration of A588 steel increased from 308 lm for the 0-
to 1.5-year data to 458 lm for the 0- to 15.5-year data, while
alternately rising and falling for intermediate exposure times.

Estimates of 75-year penetration are more accurate for long-term
than short-term exposure data. Using the former as the norm, the 75-
year penetrations calculated on the basis of short-term data were as
much as 2.7 times smaller and 3.7 times larger for carbon steel; they
were as much as 1.5 times smaller and 1.2 times larger for weathering
steel. Such large errors are of concern when a bridge is built from
bare weathering steel and will remain exposed to the environment for
the entire service life, without protection.

If no applicable corrosion penetration data were available and
the corrosivity of the environment at a specific bridge site were
difficult to evaluate, the engineer could order a short-term exposure
test. Given the time needed to plan and design a bridge, the engineer
could then have up to, say, two years to decide whether to build the
bridge from bare weathering steel or ordinary painted steel of equal
strength. Judging by the results reported in Table 5, reliable
estimates of 75-year penetration require eight years of data. For most
bridges, there will be not enough lead time to perform corrosion
penetration tests.

EFFECT OF DELETING SHORT-TERM EXPOSURE DATA

Models should represent the physical principles that underlie
the corrosion process. In reviewing the data and the errors from the
power model, it appears that the structure of Eq 2 is not sufficiently
flexible to take the form of the data. The slope of a typical
penetration curve for weathering steel is high during the first few
years and then rapidly decreases with exposure time. Since the short-
term exposure data are less important, it is of interest to examine
its effect on the penetration at the end of the service life. This was
done for the carbon and A242 steels exposed in Rankin. The full set
was analyzed first, and then a progressively larger portion of the
short-term data was deleted. The data were fitted with the NUMOPT
method,

The results are summarized in Table 6 and Fig. 10. Deleting the
short-term data gradually increased the penetration of carbon steel
from 1,430 1lm to 2,036 1m, by a factor of up to 1.43 for the 5- to 10-
year data. It gradually decreased the penetration of A242 steel from
121 Im to 100 1lm, by a factor of up to 0.83 for the 5- to 17-year
data.
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TABIE 6—Effect of deleting short-term exposure data on
predicted 75-year penetration.

Exposure No. of Regression Standard Mean Penetration
Time Data Coefficients Error Error at 75
Points Ratio (Bias) Years
(yr) n b, b, S/ S, e P
(tam) (1)

Carbon Steel, Rankin, PA (Set No. 1)

5.0-10 6 42.31 0.8973 0.159 0.0 2036
3.0-10 8 47.55 0.8427 0.118 0.0 1808
1.5-10 10 54.57 0.7773 0.129 0.0 1565
0.5-10 12 59.69 0.7356 0.119 0.0 1430
A242 Steel, Rankin, PA (Set No. 26)
5.0-17 6 39.84 0.2125 0.491 0.0 100
3.0-17 8 35.36 0.2627 0.370 0.0 110
1.5-17 10 32.64 0.2984 0.285 0.0 118
0.5-17 12 31.21 0.3192 0.161 0.0 121
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The radius of curvature of corrosion penetration curves is
initially small and rapidly increases with exposure time. This
corresponds to a change in the corrosion mechanism from film building
to steady-state kinetics. The power model is not sufficiently flexible
to represent this change in the physical processes. The long-term data
better represent the steady-state corrosion portion of the penetration
curve. Therefore, deleting the short-term data and fitting the power
model to the long-term data leads to more accurate extrapolations of
the penetration to the end of the service life. More flexible models
are needed for fitting the entire set of data.

CONCLUSIONS

Engineering data can often be represented by one of the power
models of Eqs 3 and 4. If the errors are multiplicative (Eq 3), the
method of Bradu and Mundlak [23] yields unbiased, minimum variance
estimators. When the data suggest an additive error term (Eq 4), the
method provided herein should be used. The following conclusions apply
to the problem of fitting corrosion penetration data with the power
model:

1. A logarithmic transformation of the power model provides
neither unbiased nor minimum error variance estimators of
the regression coefficients.

2. Goodness-of-fit statistics (such as the correlation
coefficient) obtained from the linear model based on
logarithms, Eq 5, do not reflect the prediction accuracy
of the nonlinear model of Eq 2, which is the model used
for design. Furthermore, the correlation coefficient as
traditionally calculated should only be applied to linear
unbiased models, not to the power model of Eq 2.

3. The numerical fitting of the coefficients of the power
model with NUMOPT improves the statistical efficiency of
the coefficients and provides an unbiased model.

4, A numerically fitted model more accurately estimates
penetration for longer exposure times.

5. Penetration data for exposure times of at least ten years
are needed to reliably estimate the penetration at the end
of a 75-year service life. For data sets with only short
exposure times (i.e., 4 years and less), the power model
does not appear to accurately estimate penetration at
long-term exposure times.

6. The power model is not sufficiently flexible to represent
the change in corrosion processes from film building at
short exposure durations to steady-state kinetics at
longer exposure times. More flexible models are needed
such as the one presented by McCuen and Albrecht {26}.
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NUMERICAL FITTING OF POWER MODEL

In regression analysis such as that performed on the logarithms
of data, the sum of the squares of the errors, F, are minimized by
taking the derivatives dF/3b; where b; is the i-th unknown. For
nonlinear models such as the power model, it is not practical to
analytically evaluate the derivatives. Instead, the error function can
be numerically approximated with a Taylor series expansion [8]}:

r4
F-Fe =T (pp)* = E[ha(%é) + by (%—;é)] (11)
o 1

in which h, and h; are the step sizes for coefficients b, and b,,
respectlvely, P, and p; are the predicted values of p when b, and by
are incremented by Db, and Db,, respectively, with the other
coefficient held constant; and p is the predicted value of p for
estimates b, and b;. The error function of Eq. 11 is iteratively
calculated until F is minimum. Iteration is required because b, and b,
are incremented to find the steepest gradient of F and the step sizes
are pre-set. Equation 11 forms the basis for the NUMOPT program.

The NUMOPT-power model is easily fitted with any numerical
least-squares program. Such programs are referred to by any one of a
number of names, including steepest descent, pattern search, nonlinear
least squares, and conjugate gradient algorithms. They should yield
the same results as long as the program minimizes the sum of the
squares of the errors. Values of b, and b, for Eq 2 can be estimated
with the following procedure [25]:

1. Estimate initial values of b, and b; with a standard
program for linear regression analysis of the logarithms
of the data (minimize Le? in the log p-space).

2. Find the optimum values of b, and b; with the NUMOPT
program (minimum Ze? in the p-space); several executions of
NUMOPT may be needed.

3. Using the response surface option, unbias the model such
that the Ze? is a minimum for any unbiased solution.
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ABSTRACT: Accurate computational simulations require combining
established numerical procedures, including meodeling techniques, with
accurate material characterizations. Accurate computational
simulations also require an understanding of the physical phenomenon
represented in a particular problem. The current work defines the steps
required for the creation of an accurate computational simulation. A
review of existing corrosion related computational simulations is
incorporated into the discussion. An example case history of the
creation of a computational simulation of a prototypical surface ship
impressed current cathodic protection system is presented.

KEYWORDS: computational simulation, corrosion, cathodic protection,

galvanic corrosion, boundary element, finite element, corrosion
analysis

Corrosion 1is a complex synergistic problem. Fabrication
materials, electrolyte compositions, changing material

characterization with time and advancing degrees of corrosion,
temperature and other environmental effects all contribute to the state
of corrosion present at any point in time. The wide variety of
structures subject to corrosion is a challenge to the researcher in
that there is no simple definition of a typical problem.Computational
simulations have been used successfully to predict structural integrity
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predict structure behavior for several decades. The mathematical and
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material structural behavior for several decades (1] and have recently
been successfully incorporated into analytical and computational
evaluations of corrosion. The purpose of computaticnal simulations is
to bridge between analytical solutions and observations. A combination
of computational, analytical and experimental data is required to
properly bridge the gap.

The current work contains an outline of the requirements of an
accurate computational simulation. Emphasis is placed on two major
higher order computational simulation methods; finite element and
boundary element. Examples cited in the work are not meant to be an
exhaustive review of the subject but are rather meant to give the reader
an idea of the diversity of problems toc which computational simulations
techniques have been applied. Detailed theoretical discussions of the
two methods can be found in standard textbooks such as Cook (2] and
Brebbia [3] and are not incorporated in the discussion. An example,
presented in the latter part of this paper, illustrates the formation
of a computational simulation using boundary element techniques.

COMPUTATIONAL SIMULATION OUTLINE

Despite the diversity of problems, programs and modeling techniques
used there are factors which are common to all computational
simulations. The basic steps in the development of a cemputaticnal
simulation are:

choice of a computational procedure

model development

material characterizations

model verification

simulation completion
Each of the basic steps will be discussed in detail.
Choice of Computatiopnal Procedure

The conservation of charge within an electrolyte is the basis of
the mathematical formulation wused in <corrosion computational
simulations. Numerical solutions for the equations governing
electrochemical behavior have been developed. Detailed derivations of
the governing differential equation for electrochemical applications
can be found in standard textbooks such as Reference (3].

The choice of computational procedure will depend on problem
definition as well as available computational and perscnnel resources.
The advantages and disadvantages of using commercial codes will have
to be considered during the initial planning stage. Also, decisions
will be required with respect to model simplification. The choice of
what aspects of a problem can be simplified must be made with an
understanding of the physical phenomenon being analyzed and of
computational simulation techniques. It is important to remember that
all computational simulations involve some simplifications in order to
create workable models.

One of the first general computational simulation methods to be
applied to corrosion problems was the finite difference method (4].
Finite difference methods are best suited for geometrically simple
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structures. As the need became apparent for computational simulations
of more complex structures more advanced computations simulation
methods are required.

The current work focuses on two major advanced computational
simulation techniques; the finite element and boundary element methods.
Both methods allow for the modeling of complex geometries. Both methods
have been demonstrated to be numerically robust for a variety of
problems. Because commercial codes exist for both methods the analyst
has the option to use a commercial code or to develop his own corrosion
problem code.

The finite element method is a versatile analysis procedure which
can be applied to almost any structure. In a finite element analysis,
as in any corrosion analysis, the region which must be discretized is
the electrolyte surrounding the structure. Complex structures may
require large numbers of 3-D elements to accurately model the
structural details and a significant volume of the electrolyte
surrounding the structure. The volume of electrolyte modeled must be
sufficient for the development of the analog current and potential
fields without imposing artificial boundary effects. Finite element
method has been applied to a variety of corrosion problems including a
galvanic study of tube to tubesheet connections [5], simple galvanic
cells [6,7] and storage tanks with sacrificial anode protection systems
[8}. Detailed evaluations of existing ship cathodic protection systems
have also been performed [(9,10].

Typical of work done with finite element method is an analysis
performed by Helle in 1980 to determine the electrochemical potential
around a ship [9]. Two depth configurations were considered; the first
places the ship near the bottom of the sea and the second places the
ship far from the seabed. The potential fields resulting from galvanic
interactions of the ship hull, propellor and zinc anodes as well as
cathodic impressed current system anodes were examined. The generalized
effects of scratches and wear on the painted hull are included in the
analysis by consideration of an average resistance for new and damaged
paint. The cathodic polarization response of the painted hull is
represented by an exponential potential function. The polarization
behavior of the zinc anodes was assumed to be linear. An iterative
solution procedure was used. The finite element results reported were
in terms of the propellor potential as a function of sea water
boundaries and the position of zinc anodes.

The work by Helle [9] is cited as an example of finite element
application because it demonstrates the overall versatility of the
method. Linear and non-linear polarization characteristics for
different materials are incorporated in the model for an accurate
representation of material response. The ability to combine sacrificial
anodes and impressed current conditions, each defined by a different
type of boundary condition, is demonstrated.

The boundary element method is based on the solution of boundary
integral equations ([6]. The governing differential equations are
manipulated so that volume integrals are reduced to surface integrals
in 3-D problems. Use of the boundary integral equation requires that
only the boundary of the electrolyte be discretized. The boundary of
the electrolytes consists of the structure-electrolyte interface and
an outer boundary. In the case of a structure surrounded by a nearly
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infinite medium such as seawater or soil, the outer boundary is an
artificial boundary placed a significant distance away from the
structure; a distance large enough so that it does not interface with
the potential and current density fields at the structure-electrolyte
interface. The volume of electrolyte modeled can be very large without
significantly affecting the number of elements and nodes required for
discretization. A boundary element model of structure submerged in an
electrolyte will, in general, be much simpler than finite element model
of the same region.

Like the finite element method, the boundary element method has
been applied to many types of corrosion related problems. The boundary
element method is often chosen because of it’'s applicability to
unbounded domains such as the sea or large volumes of soil. Variations
in numerical solution technique on the accuracy of results obtained
from the boundary element method have been examined by Chuang, Zamani
and Husing (11]. Simple galvanic cells [12,13] and offshore structures
{14,15] have been analyzed by various researchers. Zamani and Chuang
(16] have used the boundary element method to determine optimal current
levels required in impressed current cathode protection systems for
simple cells. Ship structures have been examined in detail by Zamani
{17] and DeGiorgi, Thomas and Kaznoff [18].

A typical boundary element application involving the evaluation
of the corrosion characteristics of a semi-submersible offshore
platform was performed in 1990 by Telles et al [16]}. A special purpose
boundary element program was developed for this analysis. The choice
of boundary element approach was based primarily on the unbounded
domain of the sea. The platform analyzed had a combination protection
system which incorporated both sacrificial and impressed current
anodes. The program assumes a nonlinear cathodic polarization
relationship. The analysis performed estimated the potential profile
of the structure based on defined anode voltage values and locations.
The authors make specific note of future plans which include analyses
using different polarization curves and in-situ measurements of
potential for verification of the computational simulation.

The cited reference demonstrates that the boundary element method
is as versatile as the finite element method. The ability to include
multiple material characteristics in a single model and the ability to
define an infinite domain of seawater are demonstrated. The ability to
model sacrificial and impressed current anocdes by defined boundary
conditions in the same analysis is also demonstrated.

While it 1is possible to use different techniques to obtain
equally valid and accurate results, some techniques are inherently more
adaptive to particular class of problems. Comparisons of the finite
element and boundary element methods and their applicability to
electrochemical corrosion problems have been discussed by Adey and Niku
[19], Fu [20]) and Zamani, Porter and Mufti (4]. In an early comparison
evaluation Fu [21] created a simple one-dimensional cell and performed
evaluations using hand calculations based on graphical methods, the
finite element method and the boundary element method. It has been the
consensus of reviewers that the boundary element method is better
suited to infinite domain problems. The finite element method is still
a vital method and must be considered in the selection of a
computational simulation technique.
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Meodel Development

Once the numerical simulation technique has been selected, the
actual computational simulation model must be developed. Basic
considerations such as the definition of the governing equations and
the unknowns to be determined must be defined. The choice of
appropriate boundary conditions is essential in the accurate
computational simulation of the physical problem. Advanced computer
codes allow for a wide variety of mixed, both potential and current
density, unknowns. In addition to boundary condition definitions, there
are different methods of modeling available to the analyst which
combine geometric features and boundary conditions. For example, Zamani
[17] modeled the rudder and propellor components of a surface ship by
defining a cathodic region on the ship hull with a surface area equal
to that of the rudder and propellor. In contrast, DeGiorgi, Thomas and
Kaznoff {19] created separate geometric representations of the rudder
and propellor which resulted in a multiple part model.

After the variables and method of modeling have been determined,
the actual finite element or boundary element must be created. Numerous
geometric modeling programs exist for a wide variety of computers
ranging from PC’s to workstations. The use of this type of software
greatly enhances the analyst’s ability to create an accurate 2-D or 3-
D representation of the structure in a timely manner. To aid the novice
analyst, general guidelines for finite element and boundary element
mesh generation can be found in standard textbooks. Typically a much
finer mesh is required for finite element evaluation than is required
for boundary element evaluation.

Dimensional variations in structural features can introduce
additional levels of complexity to the generation of finite element and
boundary element meshes. In many structures, the region of concern with
respect to corrosion is only a small fraction of the overall structure.
It is possible for many orders of magnitude in scale to exist between
the entire structure and the region of interest. In these cases global
and regional models are combined in order to provide an computational
simulation of the material response while using a reasonable amount of
computer resources. The analyst must decide the most effective modeling
approach for the particular problem. Both finite element and boundary
element methods allow for use of global models and local detailed
models of a smaller region.

Mategrial . .

An issue which is common to computational simulations in many
fields is the selection of the most appropriate material
characterization. The adequacy of the material characterization will
have an impact on the overall accuracy of the computational simulation.

Examples of the effects of material characterization
appropriateness are easily drawn from structural integrity
evaluations. It is accepted that the linear elastic stress-strain
constitutive relationship is a valid material response representation
prior to material yielding. Once the stress and strain have surpassed
vield a variety of constitutive responses have been proposed. A recent
review of tensile specimen phenomenology cited over 20 theoretical and



82 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

computational studies on constitutive modeling [22]. The uncertainty
of the “correct” material characterization is not limited to corrosion
analyses.

Polarization curves are specific to material and environmental
effects such as, but not limited to, temperature, salinity, pH and flow
rate will effect the polarization response of a material. Changes in
material surface conditions, perhaps due to calcareous deposits or the
collection of corrosion products, will also affect the polarization
response. Time effects are also important if, for example, the surface
effects described are time dependent. Temperature variations also
fluctuate with time, either on a seasonal or daily basis. There are two
basic methods to incorporate time effects; explicit inclusion of a time
dependent polarization curve into the analysis would be the preferred
manner of solution.

Because of the environmental dependence exhibited by
polarization data in-situ measurements of current density and potential
have been used in computational simulations. One example 1is a
simulation of an offshore structure by Strommen et al [14). The authors
incorporated a time dependent polarization response determined from in-
situ measurements from a offshore structure similar to that modeled.

Polarization data gathered from controlled experiments has shown
a range of variation [23]. Scatter and variation in material
characterization data should not discourage the use of computational
simulations. It simply points out the care which must be exercised in
the selection of the appropriate polarization curve. A knowledge of
testing procedures is essential in order to determine the most
appropriate experimental polarization curve for use in a particular
computational simulation.

When it is considered appropriate to include the variation in
polarization data into the computational simulation maximum and minimum
response curves can be identified. Once identified these curves can be
used in two independent computational simulations establishing a range
of solutions values. While not offering a single solution value, this
procedure should result in solution values which bracket actual
structure behavior.

Another approximation approach is to establish an average or some
other statistical significant material behavior response curve.
Average material response is well suited for instances when the
experimental polarization curves are consistent and do not show an
extreme variation in potential for a given current density. Typical
curves can also be chosen to perform computational simulations which
will show performance trends. Typical curves are suited for structural
design type of analyses in which the effects of changes in geometry are
of interest.

Often the experimentally determined polarization curves extend
over several orders of magnitude of current density. Inclusion of the
entire response spectrum may result in numerical difficulties. One
major commercial code requires that the slopes and changes in slopes
be reasonable on a linear scale [24]. Obviously if this code, or codes
written using similar algorithms are used, inclusion of a multi-order
of magnitude response curve may result in unnecessary solution
convergence problems. The analyst’'s knowledge of the problem should be
sufficient to estimate the possible range of current density which will
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occur in the particular simulation. In this manner the range of current
density represented in experimental data may be truncated to one which
can be reascnably represented on a linear scale if necessary.

The resistance of the electrolyte is also a required material
property. In many cases single value definitions of resistance can be
determined from laboratory data. Resistance may vary with time as in
the case of bays or other water inlets. Variation in resistance with
time requires a multiple analyses approach similar to that required to
account for time effects on polarization data. In the case of buried
structures, resistance of the soil may vary in space around the
structure. This variation must be incorporated into the computational
simulation.

In summary, ocne of the major challenges for the analyst in any
computational simulation is the cheoice of an accurate and appropriate
material characterization.The analyst must carefully match
environmental conditions for the structure with envirconmental
conditions associated with experimental results.

Model .

One of the least documented steps in the development of a
computational simulation is the verification of the model. Once the
numerical procedure has been chosen, the model created and material
characterizations defined, the computational simulating must be
verified. In all computational simulations there is a degree of
simplification incorporated into the model and their effects must be
evaluated. Verification of model may take one of several forms. Two
methods are the use of simple problems which can be compared with closed
form analytical solutions and the use of comparisons with experimental
or in-situ collected data. Use of established “rules of thumb® to
evaluate analysis results can also be used as a partial verification
of the computational simulation.Once a simple boundary condition
problem has compared favorably with the analytical solution, the
boundary conditions can be changed so that the more complex physical
problem is accurately modeled.

A typical model verification was performed as part of a galvanic
analysis in 1984 by Bardal, Johnsen and Gatland [12). The boundary
element method was used to determine the galvanic corrosion rates and
distribution in a simple electrochemical cell. Galvanic corrosicn rates
and distribution are accepted as being functions of the electrochemical
properties of the two materials, the conductivity of the electrolyte,
and the geometry of the cell. Computational and experimental work was
performed offering a direct verification comparison of results. It is
noted by the authors that variations between experimental and
computational results can often be explained in terms of parameters,
such as surface conditions, not included in the computaticnal model.
The need to have an understanding of the physical as well as the
computational is emphasized in the comparison of results.

While it is not always possible for an analyst to perform both
experimental work and computational simulations, some sort of
computational simulation verification should be undertaken. It is
essential that the computational simulation model and procedure be
verified in some manner.
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oulat .

Once the model and material characterizations have been verified,
actual service conditions can be evaluated. The material data required
for evaluation of corrosion performance is typically potential and
current density levels. A wide range of graphical programs exist which
allow for the viewing of the simulation results as contour plots
superimposed on the structure geometry.

EXAMPLE

As part of a developmental program, the computational simulation
model of impressed current cathodic protections (ICCP) systems on for
a prototypical ship has been developed. Preliminary model verification
procedures have been completed(20].

The ability for ICCP systems to reduce the effects of corrosion
on structures is well established. The ability to design more efficient
ICCP systems using computational simulation techniques is one need
which may be met by use of computational simulations. Computational
simulations are seen as a supplemental design tool to be used in
conjunction with scale model testing and other design expertise. The
eventual goal is to use simulations in situations which are too complex
to be accurately addressed by either of those methods.

Following the computational simulation outline presented earlier
the ICCP system design outline with additional information is:

choice of a computational procedure (boundary
element)

model development (multiple part ship model)

material characterizations (average value
polarization curves from testing facility)

model verification (two part)

simulation completion

The boundary element method was chosen because it was felt to be
well suited to the infinite domain problem represented by the surface
ship. The electrolyte domain to be modeled is the sea surrounding the
ship. A commercial computer code was chosen to be used in the analysis.
Use of a commercial code will allow for a smooth transition from
developmental to design applications.

As part of the model development a particular ship and ICCP
system design to be simulated was selected. The verification analysis
prototypical ship is a U. $. Navy CG-47 with a 6 anode ICCP system. The
boundary element model developed is shown in Figure 1 and consists of
389 nodes and 319 elements. The ship model consists of three
components: the hull, the propellor and the rudder. The propellor and
rudder of the ship are modeled as separate geometric features.
Nonlinear cathodic polarization data is used to characterize the
material behavior. The number and placement of anodes is fixed.
Dielectric shielding of fixed dimensions is included for each ancde.
Each anode is a current source and is represented by an element with
prescribed boundary conditions. Elements which make up the dielectric
shields are assigned zero current density. The hull, rudder and
propellor can be assigned different material characteristics. The
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infinite seawater domain is approximated by a box created from constant
value elements used to enclosed the ship model. The edges of the box
are a large distance, 20 times the ship’s length, from the ends of the
ship. Box elements are defined with zero current density to approximate
the correct boundary conditions at infinity.

Model verification for the prototypical surface ship is divided
into two parts: mathematical capability and comparison of scale model
testing results.The mathematical capability phase of the verification
procedure consists of the evaluation of the surface ship model with all
components fabricated of bare steel. This phase verified the capability
of the boundary element method and the program used to accurately
assess ICCP system operation for a multiple part model. Use of bare
steel as the material for all three components resulted in extreme
conditions. Much higher levels of current are required to maintain
protection for the bare steel structure than for a fully or partially
painted hull. The results obtained will not be indicative of a full
scale ship system but can be compared with current requirements based
on simple analytical or graphical calculations. The first phase of the
verification procedure was defined as such because it was felt that if
the computer modeling techniques perform accurately for extreme
conditions, normal operational conditions and materials may be
accurately modeled using the same techniques. An average value
polarization curve was used since the results would be compared to
analytical estimates based on accepted values of current requirements
[25,26]. It was reasoned that an average response would more closely
approximate “rule of thumb” estimates than would a maxXximum or minimum
data curve.

The bare steel hull analysis resulted in a total current
requirement of 693 Amperes {A). to maintain adequate protection from
corrosion. This compares favorably with analytical estimates of 757 A.
The boundary element predicted current is within 8.4% of the analytical
estimated value.

The second phase of the verification procedure will consist of
comparing computational simulation results with results obtained from
experimental evaluation of ship ICCP system performance using scale
models. In the second phase, the hull, propellor and rudder will be
assigned realistic material characterizations. Various paint damage
patterns will be evaluated. Computational simulation results will be
compared in detail with scale model test data.

For this particular analysis program the final stage of a
computational simulation, simulation completion, is identical to the
model verification stage. The two phase model verification will
accredit the solution procedure and model as being able to accurately
predict ship behavior.

CONCLUSIONS

The essential steps to the creation of an accurate computational
simulation of a corrosion related problem have been outlined. Each step
has been discussed in some detail. The existing finite element and
boundary element models of corrosion problems can be used as examples
to aid the analyst in the creation of a new computational simulation.
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In reviewing the steps in creating an accurate computational simulation
it is apparent that the analyst must have an understanding of the
corrosion process modeled as well as the computational simulation
procedure used.

REFERENCES

[l] Peterson, M. H., “Physical and Mathematical Modeling of Current

Distribution and Cathoaic Protection,” The 8th Inter-Naval Coxrxogion
Conference Proceedings, Plymouth, England, 1988.

(&] Cook, R. D., Concepts and Applications of Finite Element Analvsis,
John Wiley and Sons, New York, NY 1981.

{3] Brebbia, C. A. and Dominquez, J., Boundarv Elements - An
Introductory Course, McGraw-Hill, New York, NY, 1989.

(4) Zamani, N. G., Porter, J. F. and Mufti, A. A., *A Survey of
Computational Efforts in the Field of Corrosion Engineering,”

] i i i ., Vol. 23,
1986, 1255-1311.

[3] Scully, J. R. and Hack, H. P., ¢“Prediction of Tube-Tubesheet
Galvanic Corrosion Using Finite Element and Wagner Number Analysis,”
Galvanic Corrosion, ASTM STP 978, Philadelphia, PA, 1988, 136-157.

(&) Kasper, R. G. and April, M. G., *“Electrogalvanic Finite Element
Analysis of Partially Protected Marine Structures,” gorrosion, Vol. 39,
No. 5, 1983, 181-188.

[1] Kasper, R. G. and Crowe, C. R., “Comparisons of Localized Ionic
Currents as Measured from 1-D and 3-D Vibrating Problems with Finite
Element Predictions for an Iron-Copper Galvanic Couple,” Galvanic
Corrosion, ASTM STP 978, Philadelphia, PA 1988, 118-135.

[8) Munn, R. S., *Analysis of Current and Potential Distribution in an

Internal Shipboard Seawater Tank,” Computers in Corrosion contxol,
NACE, Houston, TX, 191-200, 1986.

[2) Helle, H. P. E., *“The Electrochemical Potential Distribution Around
Ships, ” Royal Institute of Naval Architects, 1980, 253-263.

{10} Forrest, A. W. Jr. and Bicicchi, R. T., “Cathodic Protection of
Bronze Propellers for Copper Nickel Surfaced Ships,” Corrosion. Vol.
37, No. 6, 1984, 349-357.

{il] Chuang, J. M., Zamani, N. G., Hsiung, C. C., “Some Computat ional
Aspects of BEM Simulation of Cathodic Protection Systems,” Appblied
Mathematical Modelling, Vol. 11, 1987, 371-379.

{i12] Bardal, £., Johnsen, R., and Garland, P. 0., *“Prediction of
Galvanic Corrosion Rates and Distribution by Means of Calculation and



88 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

Experimental Models,” Corrosion. Vol. 40, No. 12, 1984, 628-633.

[13) Zamani, N. G., chuang, J. M., and Hsiung, C. C.,*Numerical

Simulation of Electrodeposition Problems,* Interxnatiopal Journal for
Numerical Methods in Engineering, Vol. 24, 1987, 1479-1497.

(14] Stommen, R., Kein, W., Finnegan, J. and Mehdizadeh, P., “Advances
in Offshore Cathodic Protection Modeling Using the Boundary Element
Method,” Materials Perxformance. Feb., 1987, 23-27.

{18] Telles, J. C. F.,. Mansur, W. J., Wrobel, L. C., and. Marinho, M.
G., “Numerical Simulation of a Cathodically Protected Semisubmersible
Problem Using the PROCAT System, " Corrosjon, Vol. 46, No. 6, 1990, 513-
518.

[16)] Zamani, N. G. and Chuang, J. M., “Optimal Control of Current in a
Cathodic Protection System: a Numerical Investigation,” Qptimal
centrol Applications and Methods, Vol. 8, 1980, 339-350.

{l7] Zamani, N. G., “Boundary Element Simulation of the Cathodic

Protection System in a Prototypic Ship,* applied Mathematics and
computation, Vol. 26, 1988, 119-134.

{1l8) DeGiorgi, V. G.,Thomas, E. D. II and Kaznoff, A. I., “Numerical
Simulation of Impressed Current Cathodic Protection (ICCP) Systems

Using Boundary Element Models,” Computer Modeling for corrosion, ASTM
STP 1154, 1991, In Press.

112] Adey, R. A. and Niku, $. M., *“Computer Modeling of Galvanic

Corrosion, ” Galvanic¢ Corrosion. ASTM STP 978, Philadelphia, PA, 1988,
96-117.

{20] Fu, J. W., “Galvanic Corrosion Prediction and Experiments Assisted

by Numerical Analysis.” Galvanic Corrosion, ASTM STP 978, Philadelphia,
PA, 1988, 78-85.

{&d] Fu, J. W., "Numerical Methods for Galvanic Corrosion and Cathodic

Protection Analyses,” Computers in corrosion Control, NACE, Houston,
TX, 1986, 161-175.

[22] Matic, P. Kirby G. C. II and Jolles, M. I., “Determination of
Ductile Alloy Constitutive Response by Iterative Finite Element and

Laboratory Video Image Correlation,” Enpgineering Fractuxe Mechanics,
1991, In Press.

[23] Hack, H. P. and Scully, J. R., “Galvanic Corrosion Prediction
Using Long and Short-Term Polarization Curves, Corrosion. Vol. 43, No.
3, 1986, 79-90

[24]) Computaticnal Mechanics, “BEASY-CP User'’'s Manual”, Computational
Mechanics Intl., Billerica, MA, 1990.



DeGIORG! AND KAZNOFF ON COMPUTATIONAL SIMULATIONS 89

[25] Peadboud, A. W., “Principles of Corrosion,*” NACE Basic Corrosion
Course, NACE, Houston, TX, 1970, 5-1 - 5-37.

{28} Laque, F. L, Maripe Corrosion, Cauges and Preveption, John Wiley
and Scns, New York, NY, 1975.



Fred H. Havnie!

EVALUATION OF AN ATMOSPHERIC CORROSION RATE MONITOR

REFERENCE: Haynie, F. H.,"Evaluation of an Atmospheric
Corrosion Rate Monitor," Corrosion Forms and Control for
Infrastructure, ASTM STP 1137, Victor Chaker, Ed., American
Society for Testing and Materials, Philadelphia, 1992.

ABSTRACT: An Atmospheric Corrosion Rate Monitor (ACRM) with
an improved polarization resistance type sensor design was
evaluated. A year of hourly average sensor data were
correlated with simultaneously collected environmental data
and corrosion data measured by mass loss and a rain runoff
technique. The study was done at an exposure site in the
Research Triangle Park, NC. Sensor responses to wetness
were reproducible. Although the sensors were sensitive
enough to detect environmental changes other than wetness,
these changes are apparently affecting cell resistance
rather than polarization resistance. The ACRM may be
modified to measure polarization resistance.

KEY WORDS: Atmospheric corrosion, time-of-wetness (TOW),
environmental effects, sensors, polarization resistance.
acid rain.

Predicting or even measuring the atmospheric corrosion
behavior of complex structures is a difficult task. Wind
and rain patterns around buildings, bridges, and tanks are
not the same as those around standard size corrosion
specimens exposed on standardized racks. Extrapolating the
corrosion behavior of standardized coupons to predict the
corrosion behavior of infrastructure is a very risky
procedure.

'Atmospheric corrosion consultant, formerly with the U.
S. EPA. Present address: 300 Oakridge Rd. Cary, NC 27511.
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A device that could be attached to a point on a
structure and measure corrosion rate as a function of time
would be a valuable tool for the corrosion engineer to use.
Through an EPA contract, Mansfeld, et. al. designed and
tested an atmospheric corrosion rate monitor (ACRM) for this
purpose [1]. The polarization resistance technique was
used. Mansfeld and others have evaluated such sensors for
reproducibility and ability to measure instantaneous
corrosion rates [2]. Sensor design affects both. This
paper describes the results of an experiment designed to
evaluate the corrosion monitoring effectiveness of a sensor
with approximately ten times the area of the original
design.

EXPERIMENTAL PROCEDURE

The experiment was performed at an atmospheric
monitoring site on the campus of Research Triangle
Institute, beginning in April, 1988, and ending in April,
1989. Three types of zinc corrosion monitoring were done
simultaneously with atmospheric monitoring; 1) mass gain and
loss on 10- by i15-cm coupons, 2) zinc accumulation in rain
runoff from similar coupons, and 3) recording instantaneous
current changes on zinc corrosion sensors using the
polarization resistance technique (atmospheric corrosion
rate monitor - ACRM).

Atmospheric Monitoring

Hourly averages of ambient temperature, dew point,
relative humidity, wind speed and direction, sulfur dioxide,
ozone, nitrogen dioxide, and rainfall amount were
continually recorded [3] .Particulate matter was measured on
a weekly basis [4].

Mass Gain and Loss

Galvanized steel coupons (10- by 15-cm with chromate
film removed) were exposed vertically and at 30 degrees to
the horizon, facing south. The lower side of the 30° coupons
and the northern side of the 90° coupons were protected from
the environment with tape. Triplicate specimens at each
angle were removed after 1, 2, 3, 4, 5, 6, and 9 months. At
12 months, sixteen 30° specimens and ten 90° specimens were
removed. Corrosion film mass was determined by weighing the
coupons before removing the film using ASTM Recommended
Practice G-1. Thus, both film mass and total corrosion loss
were determined.

Rain Runoff
Plastic troughs at the bottoms of duplicate 10- by 15-

cm galvanized steel specimens at 30° and 90° were used to
collect runoff from each major rain event. The bottom side
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of the 30° specimens and the northern side of the 90°
specimens were covered with tape. A total of 44 collections
from each of the four specimens were made during the year.
The pH of the ambient rain was determined each time a
collection was taken. The collected volumes were measured
and the concentrations of zinc and other ions were
determined using atomic adsorption and ion chromatography.

ACRM

An atmospheric corrosion rate monitor (ACRM) was
developed by Mansfeld, et al [1] under contract to the U. S.
Environmental Protection Agency (EPA). The zinc-zinc
polarization resistance sensor developed with this
instrument used the same geometry as sensors specified by
ASTMG84-84. EPA designed a sensor with ten times the area
(Figure 1) to improve reproducibility between sensors.
Figure 2 is a simplified diagram of the atmospheric
corrosion rate monitoring system and the potentiostatic
cycle used to measure polarization resistance. A more
detailed description of the system and its use in this
experiment has been reported [5].
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Fig. 1.--Configuration of zinc polarization sensor.

Two pairs of sensors were glued to each of two 10- by
15-cm galvanized steel specimens. One specimen with
duplicate sensors on it was boldly exposed at an angle of
30° to the horizon facing south. The other was exposed at
90° to the horizon. A thermistor was mounted on one
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sensor exposed at each angle. This arrangement is shown in
Figure 3. The data acquisition system was programmed to
record hourly average resistances of both thermistors and
sensors (six resistances each hour). After the study, all
data recorded on the laptop microtapes were transferred to
files on a desktop computer for analysis.

RESULTS AND ANALYSIS

The objective of this study was to compare the ACRM
responses to environmental changes and with other methods of
measuring corrosion. The analyses of different methods,
however, are interdependent. For example, mass loss coupons
corrode as a function of time-of-wetness (TOW) and the ACRM
is a good instrument for measuring that parameter [5].

Thus, TOW determination will be discussed first.

TOW

The evaluation of the ACRM as a TOW meter has been
reported[5]. Figure 4 shows that measured resistances of
sensors have definite modes indicating dry and wet
conditions. These responses are reproducible between
sensors exposed at the same angle. Other than when it was
raining, the sensors being wet was a function of the
difference between the surface temperature and the ambient
dew point and was not directly related to the ambient
relative humidity. Exposure angle and sun angle affect
specimen surface temperature. The average surface
temperature below the ambient dew point when the sensors
indicated going from dry to wet was 1.66° C with a standard
deviation of the mean of plus or minus 1.85° C. This
standard deviation is about the same magnitude as the
accuracy of dew point measurements.

In this study, the surface was considered to be wet if
the hourly average resistance of either sensor at the same
exposure angle was less than one million ohms. 1In addition,
the surface was considered to be wet when the average
resistance was greater than one million ohms and rainfall
was measured during the hour. Some rains contained very low
conductivity water. Based on these criteria, the 30°
specimens were wet 2477 hours while the 90° specimens were
wet for only 1723 hours. The total exposure time for the
experiment was 8805 hours.

Mass Loss and Gain

Mass was measured to the nearest milligram per panel.
Mass was converted to equivalent zinc thickness using 150
cm? (the lower and northern surfaces were sealed from
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exposure with tape) for panel area and 7.14 gm/cm® for zinc
density. Corrosion film mass was converted to equivalent
units of penetration depth as if all the film were zinc.
The results based on mass loss as a function of exposure

time is shown in Figure 5. The differences in corrosion

between the 30° and 90° coupons are large. Figure 6 shows
that as a function of TOW, corrosion rates (slopes) on the
coupons exposed at the different angles are similar. The

lines in Figure 6 represent least squares fits of the
corrosion model [6]:

C = Bt, + {(A/B){1 - exp(-BC/A)) (1)

where C is corrosion penetration, t, is TOW, A and B are
empirical constants. The first term is the corrosion lost
to dissolution and the second term is the metal remaining on
the surface in the corrosion product film. The constants A
and B are respectively 1.14 pu?/y and 2.78 u/y for 30°
coupons and 0.61 p?/y and 2.71 u/y for 90° coupons. The A
term has units of diffusivity and the B term represents the
average rate of film dissolution.

The second term in Equation 1 represents the amount of
zinc in the corrosion product film. A multiple linear
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regression of penetration on TOW and film mass expressed as
zinc thickness penetration, through the origin, yields
values for the dissolution rate (B) and the fraction of film
mass that is zinc. The resulting 30° and 90° values for B
are, respectively, 2.03+0.22 p/y and 1.71 u/y+ 0.24. The
respective fractional amounts of zinc in the films are
0.69+0.07 and 0.59+0.07. The regressions for the two
exposure angles are not statistically different from each
other at the 95% confidence level. Neither are the
coefficients representing the fractional amounts of zinc in
the film significantly different from the value of 0.5955
for zinc in basic zinc carbonate. Based on measured
concentrations of zinc in 30 samples of stripping solution,
the average fraction of zinc in the film is 0.62+40.11.

By assuming the film is basic zinc carbonate, the
amount of zinc dissolved can be calculated as total
corrosion less 0.5955 times the film mass. Figure 7 is a
plot of these results as a function of TOW. The siopes of
the lines are regression obtained dissolution rates. These
are believed to be the best estimates of average dissolution
rates for the two exposure angles. For the 30° and 90°
angles, respectively, the values for B are 2.33+0.05 u/y and
1.71+0.08 u/y. These values are statistically different from
each other.
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Runoff

Measuring the amount of zinc in rain runoff from
coupons is part of an input-output analysis of the corrosion
process. The runoff from small 10- by 15-cm coupons,
however, is subject to splash losses {7]. In this
experiment, the collected runoff volumes from the 30°
coupons, averaged 57.3 % of a calculated volume expected to
fall vertically on the coupons based on measured rain
volume. Since the amount of zinc dissolved is the product
of measured concentration and measured runoff volume, more
than 40% of the zinc may not be accounted for. Figure 8
confirms these losses. The accumulated zinc in the runoffs
from the four coupons is compared with the linear regression
dissolution lines calculated from the mass loss coupons.

The amount of zinc accumulation in runoffs averages
57.20+40.02 % of the amounts calculated for comparably
exposed mass loss coupons.

The curves for duplicate specimens follow each other
very closely. The variability is much less than that for
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mass loss coupons, thus, corrosion rate changes with time
are more easily determined. Part of the observed
differences in corrosion behavior of the 30° and 90° exposed
coupons is attributable to the difference in rainfall

striking the specimens. The volumes collected from the 90°
coupons averaged 25 % of the volumes collected from the 30°
coupons. The difference in corrosion rates is not that

large because most of the corrosion occurs when the coupons
are wet with dew.

Effects of Environmental Changes

A model for dissolution of zinc as a function of
environmental conditions has been developed [6]. There are
three components to the model: 1) corrosion due to gaseous
deposition of sulfur dioxide (S0,), 2) corrosion due to rain
acidity, and 3) corrosion caused by dissolved carbon dioxide
in rain. The first term is:

Cq = 0.045V4(80,)t, + 1.29 x 107™%N (2)

where C4 = zinc corrosion (penetration) due to deposition of
50,3, um,
V4 = deposition velocity, cm/s
= 0.73 x square root of windspeed in m/s for
standard coupons,
ambient sulfur dioxide concentration, ug/m®,
time of surface wetness, years,

N = number periods between periods of surface
wetness

The second term is:
Cga = 46R.107PH (3)

where Cg, = zinc corrosion (penetration) due to H', um, and
R, = total rainfall during exposure, cm.

For standard panels exposed at 30° from the horizontal, the
average corrosion to the top side is multiplied by a factor
of cos30°. From the runoff results, the 90° coupons would
be 25 % of that amount.

The third term is:
Cge = 91.56(rR.)exp(~21.34 + 3651/T) (4)

where Cz, = zinc corrosion (penetration) due to carbon
dioxide in rain, um,

r = residence time factor,
R, = rainfall, cm, and,
T = absolute temperature, °K.

As with the effect of rain acidity, the fraction of
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rain striking the surface must be considered. The 30°
calculations are multiplied by cos30° and the 90°
calculations are multiplied by .25c0s30°. From previous
experience [7], the residence time factor (r) on standard
coupons is about 0.2.
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mass loss data.
rates for 90° exposures

on massloss

striking the 90°
the calculated lines are within the 95 % confidence

however,

limits for the mass loss coupon data.
in the calculated lines are

changes

the components of these equations were measured
experiment except the residence time factor.
temperature is used for T. Thus, the expected
of coupons exposed at both angles can be

The results of model calculations are shown in

The calculated dissolution from 30° exposures

is the same as the average based on
The average of the calculated dissolution
is about 60 % of the average based
The estimated fraction of rain

In both cases,

from coupons.
coupons may be too low.

The major slope

due to differences in

rainfall and are comparable to those observed from runoff

measurements shown in Figure 8.

Concentrations of S0, and

wind speeds were low during periods of wetness and

calculated effects of differences,

therefore, are small
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compared with the effects of rain. There are changes in the
slopes of both curves from the first half (summer) to the
last half (winter) that are attributable to the deposition
of S0,.

ACRM

The ACRM measured currents through the sensors
resulting from potentiostatically applied 30 mv potentials.
Resistances (dE/dI) were calculated and averaged for each
hour. These resistances include cell resistances as shown in
the model in Figure 10.

R viis i

water

9. 7m Zing el = 70c )

T Fiberglass-Epoxy

R=R +2Dp

Fig. 10.--Polarization resistance cell model.

The polarization resistance is:

R, = 6(R - R.)/2 (5)
whsre R, = polarization resistance on 6 cm? half cell, ohm
cm

R measured resistance, ohms, and

R, unmeasured cell resistance, ohms.

Although the cell area that is wet during periods of
wetness varies, to analyze the data, the sensors were
assumed to be completely wet. Also, the unmeasured cell
resistance was assumed to be negligible (although actually
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it is significant most of the time). Assuming an anodic
Tafel slope (b,) of 60 mv, the calculated corrosion current
is:

I. = 0.026/R,
(6)

where I_ = corrosion current, amps/cm?®.
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Fig. 11.--ACRM results compared with best fit coupon
results.

Therefore, zinc corrosion is calculated to be 44.4/R, u/hr
or 14.8/R u/hr. The accumulated results are presented in
Figure 11. The curves, based on measured average
resistances for each hour of wetness, are consistent between
sensors exposed at the same angle but indicate much lower
corrosion rates than calculated for mass loss coupons. After
the first month of exposure, these curves are almost linear
and do not reflect the environmental changes that have
occurred. The respective apparent corrosion rates for the
30° and 90° sensors are approXimately 1 u/y and 0.5 u/y.
These rates are equivalent to resistances of about 130,000
ohms and 260,000 ohms respectively. A corrosion rate of 2
u/y would be expected to have a polarization resistance of
about 65,000 ohm cm?. Based on the dissolution rates for
30° and 90° coupons, the respective average cell resistances
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R, are approximately 105,000 ohms and 235,000 ohms during
hours of wetness. From this analysis, cell resistance is
much greater than polarization resistance during most wet
hours. Cell resistance should be least when the sensors are
fully wet., Sensors are more likely to be fully wet during
long periods of wetness., Considering this probability,
corrosion was calculated from the minimum resistance on
either sensor exposed at the same angle any time during the
wetness period and that resistance was assumed to be
inversely proportional to the corrosion rate during the
entire period of wetness. These results are plotted as
accumulated corrosion in Figure (1. The relatively linear
slopes of the curves indicate corrosion rates of about 1.5
u/y and 1 p/y for the 30° and 90° sensors respectively. Even
with these assumptions the rates are considerably lower than
rates calculated from mass loss coupons. The linear
behavior suggests that cell resistances are larger than
polarization resistances and that environmental effects on
corrosion are not detectable with such high cell
resistances, The cell resistance in ohms should be less
than the expected polarization resistance in ohm cm? before
significant effects of environmental changes may be
apparent.

A subset of low resistance ACRM data were statistically
analyzed to determine probable responses to environmental
changes. The first 600 hours of exposure when there is a
rapid buildup of corrosion product film was excluded and
only those hours when the average resistance was less than
100,000 ohms were analyzed. Meeting these criteria were 790
hours for the 30° sensors and 102 hours for the 90° sensors.
Multiple linear regressions on environmental parameters were
performed in analyzing each set of data and both sets
combined. The environmental parameters considered as
independent variables were SO,, windspeed, ambient
temperature, dew point, relative humidity, hourly rainfall,
surface temperature, and previous TOW. The analyses
produced statistically significant coefficients for three of
the variables; surface temperature, hourly rainfall, and
TOW. The coefficients were statistically different from zero
at confidence levels exceeding 95%. The same analysis was
performed on 30° and 90° data sets and with both combined.
Comparable coefficients were not statistically different
from each other at similar confidence levels. The resulting
coefficients from the combined analysis of 892 hours of data
are; -7.80+0.90 ohms/hr for TOW, -693+88 ohms/°C for surface
temperature, and 1518+371 ohm hr/mm for hourly rainfall.
These variables can affect both polarization resistance and
cell resistance.

Polarization resistance is expected to increase with
increasing TOW as a corrosion product film builds up and
decreases the corrosion rate. A significant decrease in
total resistance suggests that increasing surface area



104 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

causes decreasing cell resistance. Increasing amounts of
rain can dilute concentrations of species reacting with the
zinc and the basic zinc carbonate film and thus increasing
polarization resistance. The dilution effect can also
increase cell resistance. The decrease in resistance with
increasing temperature is consistent with both a change in
polarization resistance and a change in cell resistance. The
magnitude of the change, however, suggests that it is a
reaction effect rather than a conductivity effect.

DISCUSSION WITH RESPECT TO INFRASTRUCTURE CORROSION

In this study, four methods were used to estimate the
corrosion behavior of zinc from thin galvanized steel
coupons. Each has advantages and disadvantages as they may
be applied to corrosion of infrastructure. The experimental
results will be discussed with respect to their application
to infrastructure corrosion.

Mass Loss Coupons

Standardized testing of coupons has been a valuable
tool used to compare the relative corrosion behavior of
different alloys in different atmospheric environments. The
wealth of data accumulated by this method is often used as a
basis in selecting construction materials for
infrastructure. Metals in infrastructure, however, are not
exposed as thin small coupons, 30° facing south, to the same
environmental conditions. Thus, extrapolating coupon testing
results to infrastructure corrosion is a long and difficult
step that is subject to considerable error.

In this study, replicate specimens produced results
with variability typical of standard testing. This
variability is attributable to the fact that small specimens
exposed at the same angle, on the same rack are not exposed
to the same exact environmental conditions. Wind and rain
patterns differ between locations on a rack and these
patterns affect the corrosion behavior of coupons. Such
patterns are even more variable around infrastructure
exposed to ambient environments. The collected data were
not sufficiently reproducible to detect environmental
changes within the time frame of the experiment. Year to
year changes in environmental effects may be detectable
using this method after an initial exposure period of two to
three years.

Runoff

The runoff method of monitoring corrosion has not been
used extensively and has not been standéardized. 1It,
however, is a technique that could be applied to the
monitoring of infrastructure corrosion. Based on this
study, the results are much more reproducible than those
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from mass-loss coupons and can detect environmental changes
within the time frame between rain events. Only soluble
losses are measured, however, and small surface areas may
have relatively large splash losses. For large surfaces of
metals that produce protective corrosion product films,
these technique disadvantages are not applicable after the
film has reached a relatively steady state thickness.

The technique can be modified to measure corrosion in
areas protected from rain but subject to condensation of
moisture. A corroded area can be periodically rinsed with
deionized or distilled water and the rinse analyzed for
ions.

Modelling the Effects of Atmospheric Changes

Some type of model is required to predict the corrosion
behavior of a metal structure in its environment.
Prediction accuracy is a function of how well the model
simulates real corrosion behavior, the accuracy of the
predicted values for environmental parameters, and the
sensitivity of the model to changes in those parameters.
Environmental effects of corrosion of complex structures is
difficult to simulate mathematically. In model
simplification, some times parameters that can cause
significant effects are ignored.

The model used to calculate environmental effects in
this experiment is for a well defined system on a simple
structure. It, however, can be modified to be applicable to
galvanized steel structures of different shapes and sizes in
less well defined environments. Extrapolating the model to
other metals is possible but is more difficult and is
subject to greater potential for error.

ACRM

The intended purpose of the ACRM was to monitor
corrosion rates "instantaneously” rather than over periods
of exposure of weeks, months, or years. Using the
polarization resistance technique, it is possible to
estimate corrosion currents in a matter of minutes which is
relatively "instantaneous”. The ACRM can be used to
reproducibly measure TOW, which is the most important
parameter in atmospheric corrosion. Although this
experiment has shown that the ACRM can detect environmental
changes other than wetness, those changes appear to be
affecting cell resistance rather than polarization
resistance.

It is possible that through changes in hardware,
software, or both, polarization resistance can be measured
with the ACRM. Increasing the metal thickness and reducing
the distance between sensor fingers can reduce cell
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resistance. Reducing the distance between fingers increases
the probability that the cell may be shorted by corrosion
product buildup.

The ACRM can be modified to measure high and low
frequency AC impedance and record the difference as
polarization resistance [8]. Another approach is to program
the ACRM to extrapolate measured DC resistances over a one
minute period to zero and infinite times and take the
difference as polarization resistance.

CONCLUSIONS
The conclusions derived from this study are:

1. The ACRM can reproducibly measure TOW within a period
of a few hours rather than days.

2. Although the ACRM can detect environmental changes
other than surface wetness, those changes appear to be
affecting cell resistance rather than polarization
resistance.

3. It is possible that hardware and software changes
to the ACRM can be made so that polarization
resistance can be measured.
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ABSTRACT: Bare exposed weathering steel is an economical alternative to
ordinary painted steel if the weathering steel develops a protective
oxide coating, meaning that the bridge need not be painted during its
service life. To ensure satisfactory corrosion performance, engineers
should follow the guidelines for the use of weathering steel in bridges
described in this paper.

KEYWORDS: Weathering steel, bridges, atmospheric corrosion, design

This paper describes the corrosion forms found in highway bridges
made of bare exposed weathering steel and how the corrosion affects the
performance of the bridges. The designer must clearly understand the
conditions that interfere with the proper development of the oxide
coating to successfully apply the material. An evaluation of the
macroenvironment and the simple substitution of weathering steel for
ordinary steel in a set of standard engineering drawings is simply not
sufficient.

Several examples of excessive corrosion of bridges in service
illustrate conditions under which weathering steel does not develop a
protective oxide coating. These examples form the basis for recommending
guidelines for the design, fabrication, maintenance, and rehabilitation
of weathering steel bridges.

For more detail on the information presented herein the reader is
referred to Refs. 1 and 2 which, in turn, contain numerous references to
the pertinent literature.

CHARACTERISTICS

Weathering steel is a term applied to a carbon steel base that is
alloyed with about two percent of alloying elements such as copper,
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nickel, chromium, and silicon. This addition inhibits the steel’s
tendency to rust continuously in the atmosphere. When the structural
details are properly designed and the bridge is located in a suitable
environment, weathering steel forms a protective oxide coating and need
not be painted.

The main advantage of using weathering steel is the potential it
offers for savings in life cycle costs by eliminating the need for the
initial painting and the periodic repainting of the bridge
superstructure. These procedures are required for bridges made of
ordinary steels that do not have enhanced atmospheric corrosion
resistance. There are other advantages of not having to paint a bridge
weathering steel bridge. For example: traffic lanes on highways passing
under the bridge need not be closed; painters and motorists are not
exposed to hazardous conditions; and expensive paint jobs over difficult
terrains, bodies of water and electrified railways are avoided.

However, weathering steel bridges are not maintenance free. Proper
detailing and choice of a suitable environment can reduce the need for
some, but not all, maintenance.

SPEGIFICATIONS

Weathering steel is supplied to the requirements of the following
ASTM standard specifications:

o High-Strength Low-Alloy Structural Steel (A242)

o High-Strength Low-Alloy Steel with 345 MPa Minimum Yield
Point to 100 mm Thick (A588)

o Structural Steel for Bridges (A709)

o] Quenched and Tempered Low-Alloy Structural Steel Plate with

485 MPa Minimum Yield Strength to 100 mm Thick (A852)

It comes in yield strengths of 345 to 690 MPa. A242 steel is used
only for architectural applications because the high phosphorus content
impairs the weldability and toughness required of bridge steels. A588
steel is now available in five proprietary grades. Each grade is a
variation of the same basic chemical composition which contains copper,
chromium, nickel, and silicon for enhanced atmospheric corrosion
resistance. A709 is a general specification for bridge steels. The two
grades with enhanced atmospheric corrosion resistance, 50W and 100W,
correspond to AS588 steel and a modified A51l4 alloy steel. A852 steel is
a new quenched and tempered weathering steel with 485 MPa minimum yield
strength and a generic chemical composition.

The weathering steel specifications A242, A588, A709, and A852
were first issued in 1941, 1968, 1974, and 1986, respectively, and have
undergone a number of changes over the years. The most important change
affecting the corrosion resistance was made in the mid 1970's when it
became apparent that the results of long-term exposure tests failed to
confirm the claim that weathering steel has four times the atmospheric
corrosion resistance of structural carbon steel without copper (0.02 %
Cu max) and two times the corrosion resistance of structural steel with
copper (0.2 % Cu min). These two reference steels are hereafter simply
called carbon and copper steels. The compositions of A588 Grade A to E
steels were then enriched with nickel, chromium, and silicon. At the
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same time the atmospheric corrosion rating of A242 steel was lowered
from "at least" to "approximately” four times that of carbon structural
steel without copper.

APPLICATIONS

According to a 1987 telephone survey, some 2,300 weathering steel
bridges were built on state highway systems alone. Not included in this
number are weathering steel bridges on mass transit systems and on
county, city and toll roads. Among the 50 states and the District of
Columbia there are 4 nonusers of weathering steel, 14 former users, and
33 remaining users. The four states that do not have weathering steel
bridges are Arizona, Hawaii, Nevada, and South Dakota. Hawaii has not
used it because concrete is more economical than steel and its severe
marine environment is too corrosive for steel. The climate in the other
three states is so dry that paint systems on their ordinary steel
bridges last 30 years. Moreover, weathering steel in these arid states
would not develop an oxide coating of uniform appearance for a long time
because precipitation and relative humidity are very low.

The 14 former users no longer build weathering steel bridges for
the following reasons:

O Excessive corrosion of bridges in their state - Indiana, Iowa,
Michigan, Washington, and West Virginia.

O Concern over the experience in other states - Alabama, Florida,
Georgia, Oklahoma, and South Dakota.

O Aesthetic considerations - New Mexico and South Carolina.

O Economic factors - California and North Dakota.

Some states have more than one reason for not using weathering
steel. For example, New Mexico and North Dakota also have a semi-arid
climate in which paint systems on ordinary steel last a long time.

Among the 33 remaining users there is a great variety in degree of
usage for new bridges, from almost exclusively (Vermont) to practically
none (Pennsylvania and Tennessee). Recognizing the limitations of the
material, most remaining users now follow their own design criteria for
enhancing the corrosion performance such as:

O Using weathering steel mainly in rural areas, remote areas, or
where the bridge is not visible to the public (8 states).

O Using it mainly over streams (5 states) and over railroad
tracks (3 states).

O Not using it for grade separation structures (4 states), nor in
cities and where the average daily traffic exceeds 10,000 (1
state).

O Not using it along the coast (6 states), on heavily salted

highways (4 states), or high humidity areas (3 states)

Painting steel 1.5 to 3 m on each side of joints (10 states).

Blast cleaning all steel before erection (2 states).

Keeping drainage water from running over substructure and

protecting concrete against rust staining (5 states).

O Galvanizing scuppers, bearings, and expansion devices (1
state); and galvanizing finger plates (1 state).

000
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O Not using hinges or sliding plates (1 state).
0 Making decks jointless, and building bridges integrally with
abutments where conditions permit (1 state).

The successful application of weathering steel for bridges
requires on the part of the designer a clear understanding of the type
of detail and microenvironment that initiate and support corrosion at a
specific bridge site. An evaluation of the macroenvironment and the
simple substitution of weathering steel for ordinary steel in a set of
standard design drawings is simply not sufficient. This point must be
emphasized.

EXPERIENCE

Experience with weathering steel bridges over the last 27 years --
the first three bridges were built in 1965 -- has revealed many
satisfactory applications as well as problems with several bridges
located in the snowbelt states of the Midwest and Northeast, in Gulf
Coast states, and in high rainfall and foggy regions along the West
Coast. The problems were generally caused by contamination of the steel
structure with deicing salts, exposure to onshore breezes laden with sea
salt, extended periods of wetness in areas of persistent high relative
humidity, low clearance over bodies of water, and structural details
that trap moisture. These types of problems have raised questions
concerning the long term performance of weathering steel bridges.

As a result of poor performance, several states have remedially
painted some bridges (lowa, Louisiana, Michigan, and Ohio) or are in
various stages of planning such work (Alaska, Indiana, Texas, and
Washington). In other states where weathering steel bridges are
excessively corroding only in limited areas, all steel within a certain
distance of joints was remedially painted (Kentucky, Maryland,
Massachusetts, Missouri, and New Jersey Turnpike).

Past experience has also shown that weathering steel is not a
maintenance free material and has distinct limitations with regard to
the environmental conditions under which it can be used. In essence,
weathering steel does not develop a protective oxide coating if the
steel remains wet for a long time or is contaminated with salt from any
source,

Moisture Deposition

Direct precipitation of rain or snow is not needed for a steel
surface to become wet. Weathering steel bridges can become wet in the
following ways:

O Moisture condenses during the night when the surface
temperature of the steel falls below the dew point.

O Radiant cooling of the skyward deck surface in a clear night
causes moisture to condense on the upper portions of the steel
girder and run down the web along drip lines.

O Capillaries in the porous oxide coating and crevices in
structural details absorb moisture.
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O Corrosion products adsorb moisture particularly in the presence
of salt.

O Runoff water leaks through joints and cracks in the concrete
bridge deck.

O Traffic spray is kicked up in the wake of high-speed traffic
and settles on the overhead members of a bridge.

High relative humidity, nightly fog, moisture evaporating from
bodies of water, and poor air circulation enhance the deposition of
moisture.

Salt Contamination

Salt is deposited on bridges built in marine environments or where
salt is spread on highways to melt ice and snow.

Oceanic air contains residual salt particles from evaporated
droplets that form when waves breaking on the open sea surface release
bubbles. These particles are mixed upwards 2 km into the marine
atmosphere over the ocean. Onshore winds carry the salt-laden air
inland, where the particles are deposited by wind impingement,
gravitational fall-out and diffusion, or are washed out by
precipitation. As a result, the salt concentration in the air and the
rate of deposition diminish as the distance from the sea increases.

Waves breaking along the beach also release many bubbles. The
larger bubbles are rapidly deposited by gravitational fall-out, making
the marine environment more severe near the shore line than away from
it.

Deicing salt is deposited on weathering steel bridges by salt-
laden runoff water leaking through the deck joints and by salt-laden
traffic spray that is kicked up behind trucks and settles on the
overhead bridge members.

Salt deposition by traffic spray poses a severe corrosion hazard
under combinations of low clearance, high traffic speed, and heavy usage
of deicing salt. Its effect is particularly severe in depressed and
half-tunneled highways where the lateral confinement helps to direct the
spray onto the overpass bridge and prevents winds from clearing the
spray. Traffic spray deposits deicing salts on large areas of all steel
members, with larger amounts being deposited over the traffic lanes and
smaller amounts over the shoulders.

CORROSION PERFORMANCE

Unpainted weathering steel resists only specific types of
atmospheric corrosion in a limited range of environments. Therefore, the
proper design of bridges must be based on a clear understanding of how
chemical composition and environment influence the material'’s
performance.,

An important requirement for the satisfactory performance of
weathering steel is an adequate content of alloying elements that help
the steel form a protective oxide coating and hence reduce corrosion
rate. The most important elements for increased corrosion resistance are
copper, nickel, chromium, and silicon.
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It is possible to develop weathering steels with higher alloy
contents that would resist atmospheric corrosion in much more aggressive
atmospheres. However, the available grades of weathering steel have
limited atmospheric corrosion resistance because an increase in alloy
content that improves corrosion resistance adversely affects other
required properties such as toughness and weldability. The practical
upper limit on alloy content restricts the types of enviromments in
which weathering steel can be used for bridges.

For weathering steel to perform satisfactorily, the environment
must provide adequate periods of drying, must not provide excessive
periods of wetting, and must not contain excessive amounts of corrosive
contaminants. The environment of a bridge is a combination of factors
related to the general climate of the region (macroenvironment) plus
factors related to the specific bridge site (microenvironment). Both
must be considered in the selection of a suitable site and the design of-
the bridge.

An adequate design is necessary to ensure a protective oxide film
develops on members exposed to the specific microenvironment. The design
must allow for alternate wetting and drying cycles, must not create
prolonged conditions of wetness, and should avoid connections and
details subject to crevice and galvanic corrosion.

Atmospheric corrosion data are useful in determining the effects
of types of atmospheres and exposure conditions on corrosion of
weathering steel. However, such data do not usually reflect the
corrosion rate of weathering steel in bridges exposed to the same type
of atmosphere. This is so because most test data were obtained from
small coupons exposed fully to the sun and precipitation -- called
boldly exposed in the corrosion literature. In contrast, bridge members
have greater mass and hence different thermal behavior than test
coupons. In addition, most bridge members are not boldly exposed and are
subjected to other environmental factors such as spray from roadway
water. Finally, the atmospheric corrosion data reported in product
literature are for A242 steel. This type of weathering steel has a
higher alloy content and exhibits lower atmospheric corrosion rates than
the A588 steel commonly used in bridges.

In addition to the effects of the atmosphere types in the
macroenvironment, the corrosion performance of weathering steel bridges
is also affected by several factors of the microenvironment such as
shelter, orientation, contamination with local airborne pollutants,
accumulation of debris, deposition of moisture, structural details, and
geometry. The combined effects of the micro- and macroenvironments
reduce the corrosion resistance of weathering steel in bridges to values
lower than are measured with boldly exposed test coupons.

Weathering steel performing satisfactorily in a variety of bridges
in the contiguous United States corrodes at a rate of 7.5 lm/yr/surface
or less. Weathering steel corroding at a higher rate cannot be expected
to develop a protective oxide coating and should be painted,

SITE ANALYSIS

To determine if weathering steel is suitable for use in a bridge
at a specific site, the engineer must evaluate the corrosivity of both
the macro- and microenvironments. The factors that play a critical role
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in the corrosivity of a macroenvironment are climate, atmospheric
pollutants originating from industrial activity, and airborne chlorides.
Among the important factors to be considered in an evaluation of the
corrosivity of the microenvironment are the performance of existing
steel structures, site topography, local industrial plants, and deicing
salt usage. A study of the microenvironment must include a site visit.

Since several years are needed to plan and design highways and
bridges, there is sufficient time to measure the corrosivity of the
environment and determine if weathering steel will perform
satisfactorily. The most helpful tests are those that sample the
atmosphere for the presence of salinity, and wonitor time-of-wetness of
the steel and sulfur dioxide content of the atmosphere. Instead of
measuring the corrosivity of the environment, the corrosion penetration
of weathering steel may be determined from exposure tests of coupons. At
least two-year data are.meeded for this purpose. There are ASTM
standards for all tests cited above.

If short time-of-wetness and low contamination of the steel are
found to create favorable conditions for the formation of a protective
oxide coating, then unpainted weathering steel may be specified.

ECONOMIC ANALYSIS

In choosing a type of steel, engineers should consider the life
cycle cost of the structure. Calculations of life cycle cost must
include the initial cost of the bridge, the cost of maintaining it, the
repainting interval, and the time value of money. Life cycle costs were
calculated for three bridges, each having five alternate systems of
steel type and corrosion protection. The results showed
that bare and maintenance-free A588 steel (initial cost only) would be
the most economical. But experience with bridges in service and current
manufacturers’ literature show that weathering steel is not a
maintenance free material. Of the other four systems considered, painted
High-Strength Low-Alloy Columbium-Vanadium Steels of Structural Quality
(A572) was the least expensive, followed by remedially painted A588
steel, painted Structural Steel (A36), and bare periodically hosed A588
steel. Engineers should perform such cost analyses to determine the most
economical alternate for a specific bridge.

DESIGN DETAILS FOR ENHANCED CORROSION PERFORMANCE

The most important considerations in designing a weathering steel
bridge are to prevent water ponding, divert the flow of runoff water
away from the steel superstructure, prevent the accumulation of debris
that traps moisture, and avoid environments in which the bridge would be
contaminated with salt. Under conditions of prolonged wetness or
contamination with salt, weathering steel does not form a protective
oxide coating. In fact, it corrodes at about the same rate as carbon
steel and, thus, offers no advantage in corrosion resistance.
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Deck Joints

Leaking joints are the most serious and common cause of corrosion
problems in weathering steel bridges. Runoff water leaking through the
deck joints persistently wets the bearings, flanges, webs, stiffeners,
and diaphragms in the vicinity of the joint. The runoff water migrates
for long distances along the bottom flange and wicks about 150 mm up the
web. The resulting excessive corrosion of the superstructure and the
freezing of expansion bearings created major bridge maintenance
problems. To avoid the problems created by leaking joints, the steel
girders and concrete deck should be continuous over the piers and the
girder ends should be built integrally with the abutments if soil
conditions permit. There should be no expansion joints unless absolutely
necessary. When expansion joints cannot be avoided, they should be
sealed and maintained properly. Hanger plate-and-pin connections of
girders at open deck joints must not be used. They are susceptible to
crevice corrosion and are costly to maintain.

Box and Tubular Members

Whenever possible, box and tubular members for truss bridges
should be constructed air-tight. If tight construction is not feasible,
a sufficient number of hatches, vents, or openings should be provided to
create a draft. The inside surfaces should be painted, and the coating
around the openings should be extra heavy.

Box girders camnot be sealed against moisture entry. Therefore,
the box must be adequately drained and ventilated to reduce the
potential for moisture entrapment and accelerated corrosion.
Furthermore, if the box girder is inaccessible for inspection and
maintenance, the interior surfaces must be painted. Accessible box
girders may be left bare but the inside must be periodically inspected
for evidence of corrosion. Owing to its smooth contour, the exterior of
a box girder is less prone to corrosion than an I-girder on which
debris, moisture, and salt spray accumulate more easily.

Water Ponding and Debris Accumulation

In I-girder bridge members, water ponds and debris accumulates on
horizontal surfaces and in corners formed by horizontal and vertical
plates (reentrant corners), fostering excessive corrosion. The most
susceptible locations are bottom flanges, gusset plates for horizontal
bracing, longitudinal stiffeners, bolted splices of horizontal and
sloped members, and intersections of bearing and intermediate stiffeners
with flanges and gusset plates. To avoid water ponding and debris
accumulation, it is important to: minimize the number of horizontal
surfaces on which water can pond and debris can accumulate, minimize the
number of reentrant corners that may entrap windblown dust and debris
that prevent drainage, design details for self cleaning and easy
discharge of water, and avoid crevices. Similar design criteria apply
for truss bridge members.
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Water Drainage

Water on the approach roadway must be intercepted before it flows
onto the bridge deck. Downspouts for deck drains must be located such
that runoff water is discharged away from any part of the bridge, and
must extend below the adjacent members. Bridge decks should be drained
with downpipes only when no acceptable alternative is available.
Downpipes must be of rigid corrosion-resistant material and have
cleanouts in sufficient numbers and at convenient locations to permit
access to all parts of the downpipe system. Drain pipes must not be
routed through box members.

Concrete Staining

Runoff water carrying suspended particles of iron oxide released
by weathering steel will stain concrete surfaces if it is allowed to
drain over abutments and piers, particularly during the early years of
exposure. For aesthetic reasons, every effort should be made to minimize
unsightly rust staining of concrete supports visible to the public by
preventing runoff water from draining over the weathering steel and onto
the concrete. Continuous jointless decks and integral abutments are most
effective in preventing such staining.

Vertical Clearance

Combinations of high speed traffic, low clearance, and heavy usage
of deicing salt on the lower roadway pose a severe corrosion hazard, as
the spray plume kicked up by passing trucks is about twice as high as
the truck. Grade separation structures must have adequate clearance to
keep most spray from reaching the bridge. It is equally important to
provide adequate clearance over bodies of water so that vapor emanating
from the water surface does not condense on the weathering steel. The
required clearance depends on the degree of air circulation and the
topography at the site.

Guardrails

The lapped surfaces of guardrails are susceptible to crevice
corrosion. The crevices accumulate salt, soak up moisture by capillary
wicking, and corrode at a much faster rate than the freely exposed
surfaces. Guardrails may be built from weathering steel, but the contact
surfaces at the lap joints should be painted to protect them against
crevice corrosion.

CORROSION RESISTANCE

The ASTM specifications A242, A588, and A709 state that the
atmospheric corrosion resistance of weathering steel is approximately
equal to two times that of carbon structural steel with copper, which is
said to be equivalent to four times that of carbon structural steel
without copper (max. 0.02 percent Cu).

The ASTM requirement is based on analysis of pre-1968 data for
which the corrosion resistance was calculated as the ratio of the
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corrosion rate of the reference steel (carbon or copper steel) to that
of weathering steel, over an increment of exposure time. This rating
criteria was shown to be unreliable and misleading because it did not
consistently discriminate between good and poor performance of
weathering steel in a variety of environments ranging from rural to
moderate marine. The rating numbers do not reliably reflect the actual
corrosion resistance of a weathering steel in a given environment. Thus,
statements of relative corrosion rates are not helpful for purposes of
stress analysis of weathering steel members. Instead, members must be
designed for average, uniform corrosion penetration (loss of metal
thickness) per surface expected at the end of the service life of the
bridge.

Weathering steel performing satisfactorily can be expected to
corrode at a rate not exceeding 7.5 lm/year/surface, depending on the
type of exposure. For members 38 mm or greater in thickness, production
tolerances will provide sufficient steel to compensate for these
corrosion rates. For members less than 38 mm thick,. the thickness should
be increased by 0.8 mm per exposed surface above that arrived by stress
calculation. Where corrosion rates greater than 7.5 lm/year are
anticipated, weathering steel should not be used in bare condition.

It has recently been shown that A242 steel does not have four
times the corrosion resistance of carbon steel [3]. Also, A588 steel has
neither four times the corrosion resistance of carbon steel nor two
times the corrosion resistance of copper steel. As a result, ASTM is now
deleting the corrosion resistance statements from all weathering steel
specifications and will refer the reader instead to the Standard Guide
for Estimating Corrosion Resistance of Low-Alloy Steels (G101). The
Guide quantifies the atmospheric corrosion resistance in terms of an
index number that is of no help in designing bridges. Instead, engineers
should refer to the corrosion penetration data for A588 steel exposed in
rural, industrial, and marine environments [2].

WELDING

The welding procedure for weathering steel is similar to that for
ordinary steels of comparable strength. The main difference is that the
rust color and corrosion resistance of the weld metal must match those
of the base metal. As with any other structural steel, good shop or
field practice must be followed to obtain sound welds of desired
strength and ductility,

Combinations of any approved grades of weathering steel may be
welded together. Any grade of weathering steel may also be welded to
ordinary steels such as the A36, A572, and A514 steels. In this case,
however, the steels should be painted to prevent galvanic corrosion.

A588 steel and A709 Grade 50W steel are weldable by the
prequalified procedures of ANSI/AWS D1.1 Structural Welding Code --
Steel. The weldability of A242 steel must be investigated by the
engineer and that of A709 Grade 100W must be established by the
producer.

Shielded metal arc (SMAW), submerged arc (SAW), gas metal arc
(GMAW), and flux cored arc (FCAW) welding procedures, which conform to
the provisions of AWS D1.1, may be used for welding weathering steel.
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Electroslag and electrogas welding procedures may be used only for
weldments of A242 and A588 steel members subjected to compressive
stresses. These procedures must not be used for welding A709 Grade 100W
steel nor for welding bridge members of any steel that are subjected to
tensile stresses or reversal of stresses.

Unpainted A242 and A588 steel structures must be welded with
electrodes or electrode-flux combinations matching the strength,
corrosion resistance, and color of the base metal. In multiple-pass
welds only the two outer layers on all exposed surfaces and edges must
match the strength and corrosion resistance of weathering steel,
provided the underlying layers are deposited with a filler metal
matching the strength but not the corrosion resistance of weathering
steel.

In single-pass welds, absorption of alloying elements from the
steel base may give the weld metal a corrosion resistance and coloring
similar to that of the steel base. Accordingly, filler metal matching
the strength but not the corrosion resistance of weathering steel may be
used for single-pass SMAW welds up to 6 mm and SAW, GMAW, and FCAW welds
up to 8 mm in size.

Unpainted A709 Grade 100W steels must be welded with filler metal
containing one or more of the elements Ni, Cr, Cu, and Si in quantities
sufficient to match the corrosion resistance and color of the base
metal. )

The allowable stresses for the static design of welds for
weathering steel bridges are the same as those for ordinary steel
bridges. Reductions in allowable stress range are recommended for the
fatigue design of welded details.

Joints must be continuously welded on all sides to prevent
moisture intrusion and corrosion in the crevice formed by the contact
surfaces. Fillet welds in built-up members must also be continuous.

BOLTING

Mechanical fasteners are supplied to the requirements of the ASTM
Specifications for High-Strength Bolts for Structural Steel Joints
(A325) and Heat Treated Steel Structural Bolts with 1,035 Minimum
Tensile Strength (A490). The bolts designated Type 3 in these
specifications are made of steels whose chemical compositions provide
atmospheric corrosion resistance and weathering characteristics
comparable to those of the A242, A588, and A709 weathering steels. The
mechanical requirements for A325 and A490 Type 3 bolts are identical to
those of their Type 1 and 2 counterparts which do not have atmospheric
corrosion resistance.

Other types of fasteners such as regular bolts, unfinished bolts,
and rivets may not be readily available in weathering steel grades.

Zinc and cadmium coated bolts, including galvanized steel bolts,
should not be used in weathering steel bridges because in time the
coating is sacrificed through cathodic corrosion, leaving an exposed
carbon-steel bolt less resistant to atmospheric corrosion than the
weathering steel.

The tightening of high-strength bolts must be controlled by (a)
the turn-of-the-nut method, (b) with a calibrated wrench, or (¢) with a
load indicating device. The load indicating devices available for use in
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bolted joints are the load indicator washer and the tension-control
bolt.

Load indicator washers with epoxy coated and either mechanically
galvanized or mechanically cadmium coated surfaces are supplied for use
with Type 3 high-strength bolts. The gap between the washer and the bolt
head, which is maintained by the flattened protrusions on the washer,
may act as a crevice that serves as a path for water ingression to the
shank and threads of the bolt. This condition may lead to accelerated
crevice corrosion of the weathering steel bolt and plates particularly
in the presence of salt water. Lacking long-term exposure data, load
indicator washers are not recommended for use in joints of unpainted
weathering steel bridges.

Tension control bolts conforming to the requirements of
Specification A325 are available in Type 1 alone. They do not have the
atmospheric corrosion resistance and weathering characteristics of Type
3 bolts and must, therefore, be painted.

Bolted joints of weathering steel members perform satisfactorily
if: the bolts are initially tensioned to 70 percent of the tensile
strength; the pitch on a line of fasteners adjacent to a free edge does
not exceed 14 times the thickness of the thinnest part joined, nor 175
mm; and the distance between the center line of any bolt and the nearest
free edge does not exceed 8 times the thickness of the thinnest part
joined, nor 125 mm. Under these conditions the joint remains tight, and
the space between the contact surfaces of two weathering steel plates
seals itself with corrosion products that form around the plate edges.
The contact surfaces of bolted joints that do not meet the aforecited
guidelines must be painted.

High-strength bolts in tension or bearing may be designed to the
allowable stresses given in the AASHTO specifications. Bolts in slip-
critical connections of mill-scaled weathering steel members must be
designed to lower allowable shear stresses corresponding to a slip
coefficient of 0.23. This reduction is needed because the mill scale is
more slippery and adheres more tightly to the underlying weathering
steel base that does the mill scale of an ordinary steel base. If the
mill scale is removed, the allowable shear stress for slip-critical
connections of weathering steel members is the same as that for ordinary
steel members.

Good detailing of bolted commections is important. Any detail that
traps water and debris facilitates accelerated pitting or crevice
corrosion. The designer must, therefore, detail such elements with
extreme care to ensure there is no possibility of moisture entrapment.
If this condition cannot be avoided all such unexposed surfaces,
including the contact surfaces between the plies of the connection, are
to be treated like ordinary steel and must be painted.

FATIGUE

Unlike painted bridges in which the steel is protected against the
environment, weathering steel bridges are concurrently exposed to
aqueous environments and subjected to truck-induced stress cycling
during their service life. The combinations of exposure and loading are
complex. Before the bridge is opened to traffic and during the initial
years of service, weathering creates rust pits from which cracks may
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eventually initiate. During the service life the aqueous environment
enhances crack initiation and accelerates the rate of crack propagation.
Therefore, the exposure conditions of a weathering steel bridge lead to
a reduction in fatigue strength caused by the effect of weathering and
corrosion fatigue on the crack initiation life plus the effect of
corrosion fatigue on the crack propagation life. The effects are
cumulative. These findings are supported by a vast amount of data on
weathering fatigue, corrosion fatigue crack initiation life, corrosion
fatigue crack growth rate, and corrosion fatigue life.

Based on a careful analysis of all data, the following reductions
in allowable stress range are recommended for unpainted weathering steel
bridges, depending on the type of detail and the type of environment to
which a bridge is subjected.

O For environments of medium corrosivity in which members corrode
at a rate of 1 to 5 lm/year/surface: A -- 34%, B -- 24%, C --
13%, and D through E' -- 10%.

O For environments of high corrosivity in which members corrode
at a rate of 5 to 10 lm/year/surface: A -- 44%, B -- 34%, C --
23%, and D through E’ -- 20%.

The reductions should be applied to the allowable stress ranges for
painted bridges made of ordinary steels.

The recommended reductions in allowable stress range are not
applicable to weathering steel structures exposed to environments of
very high corrosivity in which long periods of wetness or high levels of
contamination with salt deeply pit the surface and significantly reduce
a member’'s net section. Recent work has shown that such severe corrosion
reduces the fatigue strength of category A base metal and category B
welded beams to that of category E [4].

The allowable stress ranges need not be reduced for painted
weathering steel bridges whose paint system is properly maintained.

CONSTRUCTION

Exposed weathering steel must be handled carefully in shipment,
storage, and erection. It should be treated with the amount of care
required by a finished architectural product. To prevent damage from
occurring during handling, members must be padded in appropriate places,
blocked in transit, and handled with slings instead of chains.

Weathering steel members are best stored at the construction site
in bold exposure and on an incline so as to facilitate drainage of any
rainwater, melted snow, or condensed dew. To prevent unsightly and
excessive corrosion, the following conditions should be avoided or
minimized: long transit times in railcars or open trucks; ponding of
water at the construction site; contact with the soil; and entrapment of
water through nesting of I-beams, girders, angles, gusset plates, and
the like. Intimate contact with treated or untreated lumber used in
blocking or support must be avoided by inserting a plastic sheet at the
contact points. Care must be taken to avoid deposits of soil and other
surface contaminants.

The color and texture of the mill scale do not match those of the
corroded steel surface. Unless the mill scale is removed, the steel
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surface will appear mottled, flaky, and nonuniform for several years
depending upon the degree of exposure and the aggressiveness of the
local environment. Therefore, all surfaces visible to the public should
be blast-cleaned to a near-white condition for aesthetic reasons.

The mill scale should also be removed when parts of, or the
entire, structure may be exposed to long periods of wetness or
contaminated with salt. Under these conditions the less noble weathering
steel corrodes galvanically along the numerous cracks in the mill scale
and where flecks of scale are missing. As a result, deep corrosion pits
forming at the scale-free anodic sites may lead to large reductions in
fatigue strength. In this case, commercial blast cleaning suffices for
surfaces not visible to the public.

Foreign substances that adhere to the steel and inhibit the
formation of the protective oxide must be removed soon after erection.
Some materials such as mud, concrete dust, etc., will normally be
displaced by the corrosion products during the natural weathering
process. Paint or wax-based crayons should not be used for marking
weathering steel, because these materials do not wash or weather away
even after many years of exposure. 0il, grease, cutting compounds, and
similar insoluble contaminants can be removed from steel surfaces by
solvent cleaning.

Minor contamination of the steel surface with salt and other water
soluble compounds during the early stages of exposure can be removed by
fresh water hosing: More severe contamination requires steam cleaning,
using detergents and cleaners, followed by a steam or fresh water wash
to remove detrimental residues.

Water insoluble material such as loose mill scale, loose rust,
loose paint (markings), rust scale, and weld slag can be removed by hand
or power tool cleaning.

During construction, before the concrete deck is cast, water
running over the weathering steel superstructure and onto the piers and
abutments will stain the concrete. To prevent staining during this
period, the vulnerable concrete surfaces should be draped, wrapped, or
otherwise sheltered with heavy-gage plastic sheeting. After comstruction
and during the service life of the bridge, the concrete surfaces
continue to be rust stained for an indefinite period if water running or
dripping off the girders reaches the piers and abutments. To reduce the
penetration by rust particles, the concrete can be coated with liquid
silicone-based sealers. Rust stains on concrete surfaces can be removed
with proprietary chemical stain removers or, if the stained areas are
large, by abrasive blast cleaning.

INSPECTION

An effective inspection and maintenance program is essential to
ensure a weathering steel bridge reaches its design life. The inspection
differs from, and is more difficult than, that of a painted ordinary
steel bridge. Rust spots in a painted steel bridge are visible from afar
and serve as a warning of paint failure. In contrast, the entire
weathering steel bridge is covered with rust, and areas of severe
corrosion can be detected only at close range.
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Weathering steel bridges must be inspected at least every two
years as is required for painted bridges. More frequent inspections may
be warranted if the bridge is corroding severely.

The principle signs of existing or impending distress that the
inspector should look for are the appearance of a nonprotective oxide
film; accumulation on horizontal surfaces and in sheltered corners of
windblown dust, debris, and oxide particles shed during weathering;
water streaks and drain patterns on vertical and sloped surfaces; leaky
expansion joints; and rust packout in crevices.

The inspector must be familiar with the colors and textures that
the oxide film assumes when exposed to different macro and
microenvironments. They indicate whether the oxide that forms on
weathering steel is protective. The colors are indicative of the

following conditions! yellow or orange -- initial stage of exposure,
light brown -- early stage of exposure, chocolate brown to purple brown
-- protective oxide, and black -- nonprotective oxide.

However, visual appearance alone can be deceptive. In addition,
the oxide film must be tapped with a hammer and vigorously wire brushed
to determine if it still adheres to the underlying steel base or has
debonded. loose oxide granules are indicative of problems, depending on
the age and location of the structure. Nodules, flakes of 6-mm and
greater diameter, and laminar sheets are all indicative of nonprotective
oxide and severe corrosion.

When the appearance suggests the oxide film is nonprotective, the
uniform corrosion penetration and pit depth should be measured with an
ultrasonic thickness gage or a depth gage at selected locations on a
member.

The visual detection of fatigue cracks in painted steel structures
is made easier by the contrast between the color of the paint and the
streak of moisture-laden rust oozing from the crack. This advantage is
absent in weathering steel structures. Furthermore, rust fills the
crevice formed by the crack in a weathering steel member during the long
service exposure, thus hiding the crack from view. As a result, fatigue
cracks in weathering steel bridges are not likely to be found by visual
inspection until the member has fractured. The reliability of detecting
cracks in weathering steel members with other methods such as
ultrasonics, acoustic emission, and radiography has not yet been
evaluated.

MAINTENANCE

Weathering steel is not a maintenance free material. Experience
has shown that highway bridges, by their nature and use, accumulate much
debris; become wet from condensation, leaky joints and traffic spray;
and are exposed to salts and atmospheric pollutants. Different
combinations of these three major factors may create exposure conditions
under which weathering steel cannot form a protective oxide coating.
Therefore, the bridges must be maintained properly. The following
examples illustrate the type of periodic maintenance that is needed:

O Remove loose debris with a jet of compressed air or vacuum
cleaning equipment.
O Scrape off sheets of delaminated rust.
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O High-pressure hose wet debris and aggressive agents from the
steel surfaces.

Trace leaks to their sources.

Repair leaky joints.

Install drainage systems, drip plates, and deflector plates to
divert runoff water away from the superstructure and abutments.
O Clean drains and downspouts.

O Clean and caulk all crevices.

O Remedially paint areas of excessive corrosion.

o000

Washing bridges does remove debris and contaminants from the
surface, but it cannot wash out the salt that typically migrates to the
interface between the oxide film and the underlying steel.

REHABILITATION

Severely corroding weathering steel bridges must be remedially
painted to protect the affected areas against further section loss.
Similar to the repainting of ordinary steel bridges, this involves the
following steps: selecting a coating system, developing sound and
practical specifications, estimating the cost of painting, inspection of
the painting job by an expert, and proper maintenance after the painting
is completed.

Coating systems for remedially painted weathering steel must
tolerate large dry film thickness variations caused by the roughness of
the steel substrate, be insensitive to residues of rust and chemical
contaminants that are difficult to remove from the deeply pitted
surface, and have a low water vapor transmission rate to prevent osmotic
blistering of the film.

The roughness of the surface and the presence of numerous pits
make it very difficult to remove all visible rust products. Some rust
products often remain at the bottom of the pits even after the surface
has been thoroughly cleaned. Since specifications for painting steel
structures usually require near-white blast cleaned surfaces, meaning
removal of all visible rust products, the difficulty in achieving this
condition must be addressed in the specification. One method is to
specify that the surface meet the requirements of the Steel Structures
Painting Council (SSPC) visual standards at a viewing distance of 0.6 m,
deleting the verbal description of near-white blast cleaning.

A large quantity of primer is required to fill the pits of a
corroded surface. Experience with remedially painted weathering steel
bridges has shown that one gallon of primer covers only about one-fourth
of the area given in the manufacturers' product data sheet.

Performance testing of generic paint systems that were applied on
hanger plates, which had been removed from severely corroded joints on
weathering steel bridges in Detroit, Michigan, has shown the following
ranking, from best to worst: (1) multi-component organic zinc-rich, (2)
single-component organic zinc-rich, (3) single-component inorganic zinc-
rich, (4) moisture-cured urethane, (5) epoxy primer, (6) chlorinated
rubber, and (7) alkyd systems.

A similar study on‘remedial painting of A588 steel panels that
were exposed six months atop a bridge near the Gulf Coast in southern
Texas showed that: overall, the organic zinc-rich systems (epoxy primer,
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epoxy intermediate coat, and vinyl topcoat) were the best; the barrier
type systems (e.g. those that did not contain zinc) were the best over
flash rusted panels; flushing with water improved overall performance;
only zinc-rich systems were not undercut; and it is more difficult to
clean weathered A588 steel than A36 steel.

To summarize the results of the paint studies, coating systems
with demonstrated good performance over weathered A588 steel consist of
an epoxy zinc-rich primer, an epoxy polyamide intermediate coat, and
either a urethane or vinyl topcoat. This hybrid system of galvanic and
barrier protection has good tolerance to film thickness variation,
surface contaminants, and application errors.

A comparative cost analysis of painting bridges in service,
performed in 1988 dollars, yielded a unit cost of $2.29/ft2 for
repainting an A36 steel bridge and $3.55/ft? for remedially painting an
A588 steel bridge. The Michigan experience with remedially painting four
weathering steel bridges confirmed those estimates.

The major section losses result from accelerated corrosion in
crevices and exposure to long periods of wetness. Both can be compounded
by chloride contamination. The crevices that are formed between back-to-
back angles, intermittently welded members, and between hanger plates
and the web at some expansion joints are particularly vulnerable. The
corrosion rate is much higher within crevices than on exposed surfaces
of the steel. Crevices must be rehabilitated before the structure is
remedially painted,

CONCLUSIONS

Bare exposed weathering steel is an economical alternative to
ordinary painted steel, if the weathering steel develops a protective
oxide coating and, as a result, the bridge need not be painted during
its service life. To ensure satisfactory corrosion performance,
engineers should follow the guidelines for the use of weathering steel
in bridges described in this paper.
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ABSTRACT : The ASTM G-84 time-of-wetness sensor was used to study
the moisture deposition on the exterior of a large building for an autumn and
a winter period. It was possible to detect the presence of all types of
moisture deposition and to measure the time-of-wetness at any location on
the building. The influence of such parameters as orientation, design, and
temperature on the moisture deposition is discussed.

KEYWORDS : time-of-wetness, TOW, moisture, condensation,
atmospheric corrosion, building materials.

Atmospheric deterioration, corrosion and weathering of building materials are
the results of a complex interaction of different physical, chemical and mechanical
factors. One of the most important factors is humidity. It is now well established for
metallic materials that this factor can be represented by what is now called time-of-
wetness (TOW), the time during which the material is covered by a layer of moisture,
when establishing damage functions [1]. Using electrochemical techniques, several
sensors have been developed to measure TOW values [2, 3, 4]; among them the
ASTM G-84 TOW sensor [5] is the most common, being commercially available [6].
Using climatic parameters, ISO also defines the TOW as the time for which the
relative humidity is higher than 80% when the temperature is higher than 0°C [7].

The ASTM sensor was essentially developed to measure moisture on buildings,
but strangely enough, with the exception of two very limited and not very recent
studies [1], it has never been used to monitor the wetness outside a whole building.
Some other uses are described by Yamasaki et al. [8] and by Yamasaki [9]. The
results on the TOW presented here are part of a more comprehensive study on the
effects of the design and orientation on the corrosion of metals on a building [10, 11]
and are intended to establish the usefulness of this sensor in this field.
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EXPERIMENTAL

The sensor described in ASTM G-84 consists of a copper and 2 gold electrode.
When covered with moisture, it develops a galvanic voltage which can be as high as
500 mV but most of the time lies between 0 and 100 mV. The TOW is defined as the
time for which the voltage is higher than 10 mV (20 mV can also be taken but leads to
a smaller value of the TOW). Discussions on the significance of this threshold can be
found in Sereda et al. [2] and in Hechler et al. [11]. Several problems have been
encountered with these sensors, which at times give very different values for the
TOW. A study of a large number of these sensors revealed that most of the problems
arise from their different sensitivities to dew [11]. With a standard deviation of 7% for
the rain TOW and 40% for the dew TOW, they behave very well in atmospheres with
little dew compared to rain. For atmospheres where dew is important when compared
to rain, a special selection of the sensors is recommended and was performed to select
the sensors used in this study. A special measuring system was developed [12] in
order to measure the small voltages from the sensors over the large distances
represented by buildings, with only two wires running over the building on which the
measuring electronics and the sensors are connected. The whole system is driven by a
microprocessor which also stores the data on floppy disks. The total TOW is
measured by continously scanning the sensors placed at 44 locations on the chosen
building. Each 1/2 hour the voltage of each sensor is stored on the floppy disks and
printed along with its total TOW for further data treatment.

FIG. 1 - The mini-rack .
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Fig. 1 shows the mini-rack used at each of the 44 locations. This rack was
fastened to the exterior frame of the windows. The TOW sensor is glued on an
aluminum plate which is fastened to a plastic box containing the electronics. At five
locations (NE, SE, SW, NW and on the roof), this mini-rack also had a temperature
sensor glued on the same aluminum plate as the TOW sensor, thus giving the
temperature of the sensor. The measured temperature is thus also the temperature of
the aluminum plate, which is different from the temperature of the bricks used on the
building. This arrangement was preferred since one purpose of this study was to
determine the parameters responsible for the corrosion of metals and not bricks. The
values of other climatic factors mentioned in the text were measured by Environment
Canada at a nearby airport, some 15 km east of the building. This rack also contained
two metallic samples to determine the corrosion rates and passive and two passive
monitors (sulfation and nitration plates) to assess the pollution deposition.
Corresponding results are presented elsewhere [10, 11].

FIG. 2 - Aerial view of the buiding

Fig. 2 shows an aerial view of the chosen building. It is the Ecole
Polytechnique, the engineering school of the Université de Montréal in Montréal,
Canada. This building is located on the western slope of Mount Royal and is a free-
standing building. Its only protection from the wind comes from the slope of Mount
Royal on its southeastern face. It is basically a 4-story building (around 160 metres
long, 80 metres wide and 30 metres high) with three external blocks on the horth and
south faces (Fig. 3). In its length it is oriented NE-SW. The difference in height
between the NW and SE faces, due to the slope of the mountain, is equal to two
stories. The mini-racks were placed on each wall at two different heights : on the
second and fourth floor when possible, on the first and third floor when not possible.
An ASTM G-90 rack with the same measuring devices was placed on the roof.

The monitoring took place between September 1986 and April 1987 and
covers two seasons: autumn 1986, a period of 91 days, and winter 1987, a period of
114 days. Construction work on the building prevented the monitoring over a longer
period.
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FIG. 3 - Orientation of the building. In the text, the ( ) walls are caller the
outermost walls and the (===) walls the particular walls.

RESULTS AND DISCUSSION
nse of the sensors for diff climati ndition

Heavy rain : Fig. 4 (1/10/86) gives the response of two sensors facing NE
and SW for almost two identical periods of rain in October. The wind came from SW
and W at around 20 km/h, causing wetting of the SW wall while the NE wall remains
dry. The NE sensor develops only 2 or 3 mV due to the high ambient relative
humidity, showing only traces of absorbed humidity coming from the high ambient
relative humidity (around 90%). The change of the voltage with time is characteristic
of a rain period : a very sharp increase of the voltage (up to 50-100 mV) then a small
decrease during the rainfall followed by a slow decrease to zero during the drying
period.

Dew and fog : Fig. 5 (21/9/86) shows some interesting correlations between
temperature, orientation, wind direction and deposited moisture in September.
Through a slow decrease in temperature during the night (12 p.m. to 7.00 a.m.), dew
appears on all locations except on some SW locations. During that time, the wind
blew from NNE. The NW, SW and SE sensors show the typical shape of the sensors'
response during a dew period : a slow and small increase of the voltage (up to 10 mV)
during the gradual appearance of the dew (4 a.m. to 7 a.m.), followed by a slow
decrease to zero of the voltage due to drying when the temperature increases at the
appearance of the sun (7 a.m. to 10 a.m.). During that time, the sensors exposed NE
all developed a much higher voltage, up to around 40 mV, which is close to the
voltage developed for thick humidity layers, as for rain. These sensors are exposed to
the direction of the wind and such a high wetness can be explained by the deposition
of some fog which was also present at that time. It is also interesting to note that one
out of two NE sensors remained somewhat wet during the remaining of the day for
two reasons. Firstly, they are not exposed to the sun and are much colder (14°C max.)
than the SW sensors (32°C max.). Secondly, after 12 a.m., the wind changed
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gradually to the SW, which slowed down the drying of the NE wall. This clearly
shows the difference in condensed moisture which can prevail on different locations,
some locations being wet all day while some other locations hardly see any moisture.

Low temperature and high humidity: Fig. 6 (18/2/87) shows some typical
behaviour associated with subzero temperatures in winter. While the ambient
ternperature in this case remains below - 10°C, the three NW, SW and SE walls have
periods with temperatures above zero and therefore experience very different
humidity conditions than the NE wall, whose temperature remains close to the
ambiant temperature. This particular day was sunny and calm. A decrease in the
temperature in the morning created hoarfrost on most locations, the exceptions being
some of the lower sensors. This hoarfrost disappeared around 8 a.m. as soon as the
sun appeared, raising the temperature of the walls, except for the NE walls where
nearly all sensors remained somewhat wet during the afternoon. At the disappearance
of the sun and the decrease of the temperature, hoarfrost appeared again as in the
morning.

Low temperatures and wet snow: Fig. 7 (30/3/87) corresponds to a cloudy day,
with high winds from the south and with a period of wet snow in the afternoon. All
sensors more or less see the two periods of wetness : hoarfrost in the morning and wet
snow in the afternoon. The responses of the two sensors shown here are the two
extremes observed; the NE sensor sees the hoarfrost, but being on the wall protected
from the snow does see the snow only through a small increase of the ambient relative
humidity, which causes a very small increase of the voltage; the SW sensor sees
mainly the wet snow and almost does not detect the hoarfrost, probably due to a
drying effect from the south wind.

Low temperatures and conditions close to condensation: Fig. 8 (4/1/87) shows
a very close relationship between the temperature variations and the voltage of the

sensor. A small decrease in the temperature increases the ambient relative humidity
and the humidity absorbed on the electrodes, resulting in an increase of the voltage.
This happens generally for this sensor when the relative humidity is close to 45%
[11]. The same behaviour occurs on the five locations where temperature was
measured.

These few examples have shown that, if properly selected, this sensor follows
very closely any type of humidity, at any temperature even down to - 25°C, which
appeared to be, at least at that location, the lowest temperature where a TOW can be
measured.

Time-of-wetness changes with time

When one particular wetness event is analysed, it is more or less easy, when
the wind direction is known, to follow the location and the appearance of the wetness.
In the case of a rainfall, the first locations to become wet are usually on the side
facing the wind, although due to the complex geometry of the building and due to the
turbulence created, unexpected points downwind become wet as soon as the event
starts. Other points become wet just by adsorbing humidity due to the increase of
relative humidity at the start of the rain. Some other points protected by some
structural design (i.e. roof overhang) seldom became wet and their behaviour can
casily be predicted. Each event has its own particularities which influence the wetness
and its appearance on a particular location on the building, and examples have already
been shown above. More general tendencies on the building appear when the
occurence of the TOW is studied over longer periods of time, one season, for
example.
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Fig. 9 shows this evolution for selected sensors during the autumn period.
These curves all have the same shape and, with few exceptions, one curve never
crosses another one. This shows that during the chosen period the same general
parameters responsible for the wetness pattern on the building do not change
appreciably. The same is true for the winter period. The highest TOW at any moment
of the period is the ASTM location on the roof. This result was more or less expected
since this unprotected location is exposed to all wind directions. It will therefore be
important to compare all locations on the building to the roof location.

Qutermost walls : By looking at all these curves, no very distinctive pattern on
the building appears. This is certainly due to the complicated air flow, resulting from
the geometry of the building, carrying the rain on the building in a very different
manner from one point to another of the building [13] [14]. When only the outermost
walls are considered a certain trend appears which is given in Table 1. This table
gives the mean value of the total TOW for the main orientations including the value
for the roof. For the autumn period, the NW and the SW faces of the building are the
wettest, and for the winter period the wettest faces are NW and SE. By assuming that
the air flow on the outermost walls can be represented mainly by the wind direction
and wind speed, these two faces should be on the side of the prevailing winds. This is
indeed the case : for the autumn period the wind direction was most of the time
between west and south, and between west and north for the winter period. The
relationship is good for the autumn period. For the winter period, the relationship with
the prevailing wind is less clear : the mean values of the TOW are much closer one to
another than for the summer period. This can be accounted for by the fact that during
the winter period, with mainly subzero temperatures, the wetness is largely due to
adsorbed moisture (as in Fig. 7) rather than to moisture (i.c. wet snow) driven on the
walls by the wind.

Particular walls : Again it is very difficult to find a general trend on these
walls, even if the study is restricted to three adjacent walls. For locations at the same
height on these walls and on those on the adjacent outermost walls, when one
compares the TOW, the values can be equal, higher or lower. The only common point
that is observed is that generally the highest TOW on a wall is given by the lowest
location for autumn while in winter this is only true for around half of the walls. This
difference from one season to another reflects certainly the different predominant type
of moisture present : in autumn the highest location is somewhat protected from the
rain by the roof overhang, which in winter does not provide protection from absorbed
moisture.

The TOWs of the three particular walls on the NE face close to the N corner
can nevertheless be explained. One of these walls has on thLe ground floor a passage
(see Fig. 3) as wide as the wall to permit access to a small interior space which is not
covered by a roof. This design is responsible for the existence of a permanent draft
through this passage. Table 2 gives the TOW values for these walls and for the
adjacent outermost walls. It can be seen that the three lowest locations surrounding
the passage have in autumn much higher TOW values than the higher locations and
those on the adjacent outermost walls. During several rain events, these three
locations also are amongst the first wet, even when the wind comes from the south.
This shows clearly how, due to a special design, a resulting air flow increases the
wind driven rain. During the winter, the highest locations on these walls are wetter
than the lowest, again reflecting the different kind of moisture deposition (rain or
hoarfrost) in autumn and in winter.
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TABLE 1 - Mean TOW values for the outermost walls

Orientation Mean TOW (hours) Mean TOW/roof TOW
a) Autumn
NW 632 (160) 0.70
Sw 525 (170) 0.58
SE 418 (69) 0.46
NE 322 (177) 0.36
Roof? 899  (84) 1.00
b) Winter
Nw 1628 (231) 0.92
SE 1450  (99) 0.82
SwW 1382 (224 0.78
NE 1339 (220) 0.76
Roof2 1762 (116) 1.00

2 The roof TOW is also the ASTM TOW.
Standard deviations are given in parentheses.

TABLE 2- TOW values for the N corner of the building

(all values in hours)

Walls Higher locations Lower locations
a) Autumn
410 783
Particular walls 459 704
515 764
Adjacent 339 386
outermost walls 65 600
b) Winter
1913 1614
Particular walls 1914 1600
1339 1496
Adjacent 1296 1277
outermost walls 994 1394
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Wetness frequency.

Having measured every half an hour the voltage of every sensor, it is therefore
possible over any period of time to determine for any location its "wetness
frequency". This frequency is defined as the percentage of the number of days during
which a location is wet at a certain time of the day (for instance, if location 34 is wet
at noon during 30 days out of 60, the frequency of that location for noon is 50%).

75T T -~ T

%

Frequency,

Time, hours

FIG. 10 - Wetness frequencies for the particular walls close to the N corner.

Influence of location and time of day : Fig. 10 shows some examples of how
this frequency changes with location and time of the day. All curves have the same
shape with a maximum between 4 a.m. and 8 a.m., reflecting the presence of the dew,
and a minimum between noon and 2 p.m., which is the warmest part of the day
corresponding to the least moisture on the exposed surfaces. These curves are very
useful to detect any difference in behaviour within a wall or between walls. The
curves presented in Fig. 10 are those for the three particular walls on the NE corner of
the building. The three top curves shown in the figure correspond to the lower
locations and the bottom curves to the higher locations. The three top curves are
closely grouped and well separated from the three bottom curves which are also
closely grouped. Again there can be seen very clearly the influence of the passage
mentioned previously : it doubles the wetness frequency of the lower surrounding
parts of the building. This is a good example of the usefulness of the sensor (and the
notion of wetness frequency) in studying the effect of the design on the wetness
outside a building. When all curves are similarly grouped for all the other walls, the
figures are similar to Fig. 10 with no special features and with well distributed values
of the frequency.
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FIG. 11 -Wetness frequency () and temperature () on the roof
for the autumn period.
n : This influence can be determined only on the 5

locations having both a temperature and a TOW sensor. Fig. 11 shows the wetness
frequency and the mean temperature versus the time of the day for autumn for the roof
location. This location has the widest range of temperature and wetness frequency.
The curves for the other four locations are similar; the NE location, having no sun,
has the smallest range of temperature and wetness frequency. The relationship
between wetness frequency and temperature is obvious. Fig. 12 shows this
relationship for the SW location. Except for the NW wall, there is a good linear
relationship between the frequency and the temperature. It would be interesting to
know what the slope represents, being the change in wetness frequency induced by a
change of one degree in the mean temperature. This slope is around - 3.3 for the SW,
NW and SE walls, - 4.5 for the roof and - 6.4 for the NE wall. It depends certainly on
parameters like wind direction and speed, orientation, close architectural features and
surrounding structures, etc... More measurements are needed to assess its meaning. It
is hoped that the wetness monitoring of three bridges in Québec currently underway
will bring some additional information on that subject [15].

[ime-of-wetness and total time,

Wetness occurs only during a fraction of the total real time. Its percent of the
total time can not only vary greatly from one climate to another, but also, as has been
shown here, between two locations very close on a building. Table 3 gives some
values for the two periods. The roof TOW, measured on an ASTM rack which is the
TOW usually reported in the literature, is 41% of the total time for autumn and 64%
for winter. This value is around 35% over a whole calendar year for similar
geographical locations [1]. It can be seen that some locations chosen here almost
never get wet during the autumn period, but, due to the different type of moisture
deposition, do get wet in the winter. Again it can be seen that due to this difference,
the values are higher in winter and their range is much narrower than in autumn. Thus,
in this particular study, the % of time when the building is wet varied from 0 to 64%,
depending on the location where it is measured.
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FIG. 12 - Relationship between wetness frequency and the mean temperature
for the SW location.

Mean temp.,

deg.

TABLE 3 - TOW values as a percentage of the total time

for selected locations of the building
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Location Autumn Winter
NE, under the roof overhang 3 36
NE, under the roof overhang 8 62
NE, lower location 21 56
NW, higher location 24 67
SW, lower location 31 39
SE, higher location 36 50
Roof, ASTM rack 41 64
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CONCLUSION

This study has shown that measuring the wetness on large buildings is not
only possible but also that it provides especially a better understanding of its
deposition. Information on how, where and when moisture presence develops can be
easily obtained. The particular sensor used here also provides information on the
nature of the wetness (rain, dew, hoarfrost, etc..) and on the speed of deposition and of
drying, just by looking at the shape of the plot of its potential with time. As such, it
should continue to prove itself very useful in any study related to degradation,
restoration, design, etc..
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concrete (LSDC) overlay, and cathodic protection (CP) in preventing or halting reinforcing steel
corrosion and corrosion-induced deterioration in salt-contaminated concrete. The paper documents the
results of testing five LMC, five LSDC, and two CP bridge decks. The test bridges had experienced
severe corrosion-induced deterioration and/or severe salt contamination before protection. At the time
of testing the average age of both the LMC and LSDC overlays was about seven years, and the average
age of the CP installations (slotted system) was five years. Also, among the concrete overlaid decks,
seven had been subjects of previous similar investigations. Thus, the study determined changes in the
effectiveness of concrete overlay protective systems with time.
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as rate of corrosion-induced deterioration. A criterion was established for the condition beyond which
deterioration impairs deck serviceability. Accordingly, the effective service lives of the
rehabilitated /protected decks were estimated. Also, the performance information was analyzed for
factors affecting the condition of a rehabilitated/protected deck. Overlay surface cracking and overlay
thickness were found to affect the corrosion-induced deterioration in the concrete overlaid decks.
Correlations were made between those factors and the deterioration. In CP decks various types of
concrete deterioration were found, their magnitudes were measured, and their causes were identified.
Those types of deterioration, generally, were not related to corrosion of reinforcing steel. The cost-
effectiveness of concrete overlay and cathodic protection strategies were determined on the basis of
bridge deck life-time costs and compared.
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The protection of reinforced concrete bridge decks against corrosion of reinforcing steel
has been a major effort for highway agencies in the United States. The majority of bridge decks were
originally constructed according to design practices that did not provide sufficient protection against
reinforcing steel corrosion. As a result, the application of deicing salt on some bridge decks during
winter, or salt from marine environments, have caused embedded reinforcing steel to corrode and
expand and therefore have caused the concrete to crack and deteriorate internally.

The rehabilitation of deteriorated bridge decks usually does not include the complete
removal of salt contaminated, but sound, concrete. The contaminated concrete that remains in place has
the potential to continue to corrode the embedding reinforcing steel. A bridge deck with salt
contaminated, but sound, concrete may be protected against the occurrence of reinforcing steel
corrosion. One of the most frequently used protective strategies has been the application of special
concrete overlays (i.e., latex-modified concrete (LMC) and low-slump dense concrete (LSDC)). Those
overlays are used to seal the underlying salt-contaminated bridge deck against the penetration of
moisture and oxygen, the two elements that promote corrosion. Cathodic protection is another strategy.
In this strategy, sufficient current in the proper direction is applied to the reinforcing steel to reverse
the galvanic corrosion process. The corroding metal, which previously had been anode, becomes a non-
corroding cathode.

This paper is based on a research study aimed at determining the relative effectiveness of
three bridge deck protective systems (i.e,, LMC overlay, LSDC overlay, and CP) in preventing or halting
reinforcing steel corrosion and corrosion-induced deterioration in salt contaminated concrete. To pursue
the project goal, the research team selected five LMC, five LSDC, and two CP (slotted system) bridges
on which to conduct detailed field investigations and determine the relative performance of the systems.

SELECTED TEST SITES

All of the test bridges were located in the state of Washington. The test bridges had
experienced severe corrosion induced deterioration and/or severe salt contamination before
rehabilitation and protection, The nominal thicknesses of LMC and LSDC overlays were 38 mm (1 1/2
in.) and 51 mm (2 in.), respectively. Both CP systems were slotted systems built into the bare decks. In
both decks the slots were primarily longitudinal. They were about 19 mm (3/4 in.) deep, 25 mm (1 in.)
wide, 0.3 m (1 ft.) apart, and filled with a conductive polymer. Field testing of the test bridge decks was
conducted during the summer/fall of 1988 and spring/summer of 1989. At the time of the testing, the
average age of both the LMC and LSDC overlays was about seven years, and the average age of the CP
installations was about five years. The test areas on each deck comprised the driving lane and the
adjacent shoulder.

Tables 1 and 2 provide pre-rehabilitation/protection data on the five LMC and five LSDC
bridge decks, respectively. Also, included in Tables 1 and 2 is post-rehabilitation/protection test data
for four LMC bridge decks and three LSDC bridge decks. The test data were collected by the
Washington State Department of Transportation in 1986 as part of a bridge deck research program (1).
Table 3 Lists background information on the two bridge decks protected with CP systems. Unlike all
other bridge decks in the research program, the site of Bridge 104/5 (CP installation) was a marine
environment rather than a deicer environment. That bridge was a pontoon bridge, and the CP system
of that bridge was located on a relatively small section of its lower deck. The lower deck was exposed
to a heavy salt spray from the adjacent water.
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TESTING AND INTERPRETATION OF TEST RESULTS

In the following sections, the research findings are analyzed and interpreted for evidence
that protected bridge decks may develop reinforcing steel corrosion and corrosion induced deterioration
or that the protective systems themselves may deteriorate when exposed to a bridge environment.

Corrosion-Induced Deterioration in Qverlaid Decks

Corrosion-induced deterioration was detected by chain dragging the overlays and was
verified by the half-cell corrosion detection testing (ASTM Test Method C876), as well as spot coring.
Table 4 gives the magnitude of the post-overlay deterioration, based on the percentage of deck area, of
each overlaid deck in the study at the time the tests were conducted (i.e., 1988-89). For comparison,
Table 4 also gives the magnitude of the deterioration of the overlaid decks in 1986 and the magnitude
of the deterioration of the decks just before they were overlaid, if such data were available. Note that
one of the LSDC bridge decks (90/134 N), because of its size, comprised two segments with two
different types of construction. Those two segments were treated as different test decks in the study.
Thus, the total number of LSDC test sites was six.

The magnitude of post-overlay deck deterioration may not convey much meaning unless
accompanied by information about the overlay service life. In other words, the important factor for
performance is the rate of deterioration, rather than the magnitude of deterioration. Plots of post-
overlay deterioration versus overlay service period for the deteriorating decks are given in Figure 1.
Those plots indicate that the deterioration rate varied significantly among the bridge decks. Also, the
limited data in Figure 1 indicates that the deterioration rate teads to remain about the same, or
decrease, for an individual deck up to nine years after an overlay has been placed.

Table 4 lists the deterioration rate, based on the percentage of deck area per year, of each
overlaid deck in the study’s 1988-89 survey. For comparison, Table 4 also lists the deterioration rate of
the overlaid decks in the 1986 survey. The rate of post-overlay deterioration for each survey was
calculated by dividing the magnitude of deterioration found in that survey by the age of the overlay at
the time of that survey. While three LMC decks showed either no deterioration or insignificant
deterioration for up to nine years after overlaying had occurred, two LMC decks showed deterioration
rates of about 1 percent of the deck area per year seven years after they had been overlaid. The average
deterioration rate for LMC decks was about 0.4 percent of deck area per year. Among the LSDC decks,
one deck showed no deterioration five years after overlaying had occurred, but two decks showed
deterioration rates of about 1 percent of deck area per year up to eight years after they had been
overlaid. The average deterioration of the remaining three LSDC decks was about 0.25 percent of deck
area per year. The overall average deterioration rate of the LSDC decks was about 0.5 percent of deck
area per year.

Predicting Effective Service Lives of Overlaid Decks

The previous section described the performance of the concrete overlaid bridge decks and
showed that performance trends can vary substantially from one site to another. However, the effective
service lives of the concrete overlaid bridge decks have yet to be estimated and evaluated.

To determine the effective service life, a criterion is needed for the condition beyond which
frequent maintenance will require deck rehabilitation. The following criterion is appropriate for concrete
overlaid decks: 90 percent or more of the underlying deck area should remain free of corrosion-induced
deterioration for the effective service life of the overlay. The conditions of the overlaid decks of this
study support that criterion, The effective service life of an overlaid deck can be estimated by dividing



146 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

Table 4. Extent of Pre- and Post-Overlay Corrosion-induced Concrete Deterioration

for Latex-modified and Low-slump Dense Concrete Overlaid Decks

Detertoration, % of Deck Area | Deterjoration Rate, % of Deck | Esum. *
Area per Year
Type of | Bridge Before Afier Overlaying | Before After Overlaying | Effective
Overlay | Number | Overlay- Overlay- service
ing 1986  1988-89 ing 1986  1988-89 | life (yr5.)
2012113 T 0 0 B o.11 0 0 =
50/5105 | 14.97 438 | 768 £] 093 1.10 1.10 9
LMC 90/5128 1.7 388 6.87 &] O0.11 0.97 0.98 10
/311 9.9 0 0 28] 0.33 0 0 oo
0/154NT >5 - 0.10 &[ >0.27 - 0.03 333
90/124S| 13.40 1.04 123 88} 0.79 0.15 0.14 71
0/1508 9.73 2.00 297 88} 0.54 0.67 0.59 17
90/162N | 17.75 5.88 747 8 127 1.18 0.93 11
LSDC |90/134N
Mid-span - 0 88 - 0 oo
>5 _ >0.23
Two end - 5.46 88 - 1.09 9
spans 3
970/5 >5 - 0.69 88] >0.31 - 0.12 | 83

*Assuming maintenance-free corrosion-induced deck deterioration is 10%, or less, of deck area

T M LMC 90/5108

90/162N

8
7+
& LSDC
) 61 90/5128

Comosion-
induced St 90/134N
Deterioration 4| (End Spans)
(% of deck
area) 3¢+ 90/150S

24

90/124S
90/154N

970/
* 2l +5

0 1 2 3 4 5 6 7 8 9 10
Years after Rehabilitation
and/or Overiaying

Figure 1. Relation between Post-Overlay Corrosion Induced Deterioration
and Overlay Service Period for Latex-Modified Concrete and
Low-Slump Dense Concrete Bridge Decks
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“10% deterioration" by the deck’s deterioration rate, expressed in terms of percentage of deck area per
year. This has been done in Table 4. The deterioration rates used are those of 1988-89 survey.

As shown in Table 4, the effective service lives of both the LMC and LSDC overlaid decks
are predicted to vary from nine years to infinity. However, the effective service life of a concrete overlaid
deck is also limited by the durability of the overlay, which is typically about 25 years (2), depending on
weathering and exposure to traffic. At the end of that period the overlay should be removed and
replaced, or partially removed (scarified) and resurfaced. Considering that 25 years is the effective
service life limit, two of the LMC and Three of the LSDC decks shown in Table 4 would be likely to
need rehabilitation while their overlays were still in good shape. For maximum cost effectiveness, it is
important that the underlying deck does not deteriorate critically before the overlay does so that the
rehabilitation of the underlying deck, if any, and the overlay resurfacing can be done at the same time.
On the basis of this concept, two of the LMC and three of the LSDC sites out of 11 sites in Table 4
were not performing satisfactorily. However, expressed differently, 55 percent of the test sites were
satisfactorily retarding the continued corrosion of the reinforcing steel.

Factors Influencing the Effectiveness of the Qverlay

Within the limited number of test bridges available, an effort was made to identify the
factors (or factor) contributing to the differences in the performance of overlaid decks with respect to
corrosion-induced deterioration in the concrete. Factors considered were: environment (humid versus
relatively dry), traffic impact (driving lane versus shoulder), structure type (flexible versus rigid),
magnitude of pre-overlay repair, and finally, overlay surface cracking. There were indications that the
post-overlay deterioration rates increased with increases in the magnitude of the overlay surface
cracking. Overlay surface cracking has the potential to accelerate corrosion-induced deterioration by
wetting the deck (decreasing concrete electrical resistivity) and by periodically facilitating, through
drying, the intrusion of new water and oxygen (mixed with that water) into the originally chloride
contaminated deck. Generally, the depth of surface cracks in the bridges tested, as discussed later, was
sufficient to allow penetration of water deep into the body of the underlying decks. Also, traffic impact
affected deterioration. Impact from wheel loads can greatly contribute to the growth of incipient
deterioration induced initially by corrosion. The deterioration in the overlaid decks occurred mainly in
the roadway and rarely extended into the shoulder.

Nature of Concrete Qverlay Surface Cracking

The extent of overlay surface cracking on each deck was quantified by designating any 1.5
m (5 ft.) by 1.5 m (5 ft.) grid square on the deck as a cracked area when cracking had occurred in that
area. The results of this survey are given in Table 5 under "1988-89" column. As Table 5 shows, the
worst cracking of an LMC overlay was 50 percent of the deck area, and the worst cracking of an LSDC
overlay was 84 percent of the deck area. However, nationwide surveys of bridge decks have indicated
that both LMC and LSDC overlays have the potential to develop surface cracking over 100 percent of
the deck (2). Causes of cracking in concrete bridge decks and concrete overlays and methods of
miniraizing cracking are discussed in References 1 and 2.

In the bridges tested, the widths of the overlay cracks at the surface generally varied from
0.03 mm (1/32 in.) to 0.06 mm (1/16 in.) for both LMC and LSDC overlays. However, cracks as wide
as 6 mm (1/4 in.) were found on two LSDC overlays. On the other hand, Three overlays (one LMC and
two LSDC) had only narrow cracks of widths less that 0.03 mm (1/32 in.), Coring was used to determine
the depth of the overlay cracks at several locations on each overlay. Generally, the cracks penetrated
into the underlying decks to the level of the reinforcing steel. However in three overlays (one LMC and
two LSDC) a number of cracks were shallow. The shallow cracks did not reach the overlay/deck
interface.
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Table 5. Extent of Surface Cracking in Latex-Modified and Low-Slump

Dense Concrete Overlays
Cracking, % of Deck Area
Deterioration
Rate, % of Deck
Type of Overlay | Bridge Number 1986 1988-89 Area per Year
1988-89
2012118 2 2 89 0
90/510S 40 50 89 1.10
LMC 90/5128 35 37 89 0.98
4311 14 21 88 0
90/154N - 24 1 9= 389 0.03
90/1245 - 28 41 88 0.14
90/150S 84 84 88 0.59
90/162N 65 79 89 0.93
LSDC /134N - 41 129* &8 0
Mid-span
- .0
Two end spans 58 = Lo
970/5 - 53 140+ 2R 0.12

* Surface cracks after excluding shallow longitudinal cracks

Effects of Overlay Cracking on Corrosion-Induced Deterioration

As shown in Table 5, the deterioration rates of both the LMC and LSDC decks, as
measured in the 1988-89 survey, relate directly to the magnitudes of their overlay surface cracking, as
determined in the same survey. This relationship becomes clearer when shallow surface cracks are
excluded from the crack survey of 1988-89. The adjustment for shallow cracks has been made in Table
5.

Linear regression analyses were conducted to obtain the relation between the rate of
corrosion-induced deterioration and deep overlay surface cracking. The results are plotted in Figure 2.
The results indicate that for LSDC overlaid deck, cracking of up to 24 percent of the deck may be
insignificant for the development of corrosion-induced deterioration, and that a maximum deterioration
rate of about 1 percent of the deck area per year may be expected with cracking of 100 percent of the
deck. For LMC overlaid decks, cracking of up to 8 percent of the deck may be insignificant for the
development of deterioration, and a maximum deterioration rate higher than 1 percent of the deck area
per year may be expected in conjunction with cracking of 100 percent of the deck.

The effect of cracking on the deterioration of decks overlaid with LMC seems to be more
severe than the effect of cracking on the deterioration of decks overlaid with LSDC. This difference in
behavior is probably related to the thickness of the overlay. LSDC overlays were thicker than LMC
overlays. The thicker the overlay is, the smaller the width of the crack is at the level of the reinforcing
bar, and that smaller width may reduce the ability of the crack to convey moisture and oxygen.
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Figure 2 Correlation between Cracking in Concrete
Overlays and Corrosion-Induced Deterioration
of Bridge Decks

Mode of Corrosion-Induced Deterioration in Overlaid Decks

The results of a coring program showed that after the concrete surrounding a corroding
bar has cracked, the internal cracks propagate diagonally toward the overlay interface (Figure 3). Once
at the overlay interface, which is usually weaker than either the overlay or the underlying deck, the
corrosion-induced cracks turn and subsequently extend along the overlay interface. This condition causes
the overlay to debond near the corroding bar, delaying the crack from reaching the overlay surface and
spalling the concrctc Corroswn induced debonding was a characteristic of large deteriorated areas (i.c.,
greater than 0.45 m, or 5 ft. ) Smaller corrosion-induced deteriorated areas generally did not show
corrosion-induced dcbondmg In other words, they represented the early stage of concrete deterioration
in which the internal fracture had not reached the overlay interface. The final stage of deterioration is
predicted to be primarily stripping of pieces of the debonded overlay from the deck after they have
developed fatigue cracking.

Nature of Overlay Surface Cracking in Deteriorated Areas

The deteriorated areas of the decks studied almost always coincided with surface cracking.
However, surface cracking was also found in sound areas indicating that surface cracking was not
necessarily caused by concrete deterioration. Generally, two types of overlay surface cracking were found
in the deteriorated areas. The first type extended into the overlay and stopped at the overlay interface.
This type of cracking generally coincided with overlay debonding, which had occurred around the
corrosion cell (Figure 3). This type of cracking must have reached the interface after the debonding has
occurred so that it could not propagate into the underlying deck. Note that aside from the various causes
of concrete overlay surface cracking, debonding of the overlay itself can cause overlay surface cracking
because of the lack of composite action between the overlay and the deck and exposure to traffic. After
this form of cracking (fatigue cracking) has developed in debonded areas, overlay stripping can begin
at any time.
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The second type of overlay surface cracking in the deteriorated areas extended deep into
the underlying deck. This type of cracking existed in areas that had not debonded (in the early stage of
deterioration at the corroding bar, Figure 3). Also, the second type of cracking existed in sound

Core no. 1

| /_ veriay” Core ro. 2 \/
| \\JV/ / %/ |

Intenal crack Intemal crack
in concrete extends along
deck, caqsed overfay interface
by comosion Corroding bar

in bridge deck

Figure 3. Mode of Internal Concrete Fracture in
Concrete Overlaid Bridge Decks

concrete. This situation implies that the second type of cracking had occurred before "corrosion-induced
debonding" and before the early stage of corrosion-induced deterioration, and that it had contributed
to corrosion of the reinforcing steel.

Effectiveness of Cathodic Protection with Respect to Bar Corrosion

The effectiveness of the two cathodically protected bridge decks (Table 3) was determined
by chain dragging the bare decks of the slotted CP systems. Four to five years after their rehabilitation
and cathodic protection, neither site showed any significant amount of deterioration. The post-protection
deterioration was 0.06 percent for Woodinville Interchange and 0.15 percent for the cathodically
protected section of Hood Canal Bridge. The deterioration of the former bridge had occurred along the
slots and, as discussed in the next section, is attributed to the durability of the slotted system, rather than
corrosion of the reinforcing steel. On the other hand, the deterioration of the latter bridge had occurred
in and around the repair areas. A half-cell potential survey of the deteriorated areas of Hood Canal
Bridge showed that the average difference between the most negative potential in the deteriorated areas
and the least negative potential in the adjacent sound areas was 357 mV for the deterioration adjacent
to the repairs but only 24 mV for the deterioration within the repairs. These results indicate that in
Hood Canal Bridge the deterioration adjacent to the repairs was probably caused by corrosion, whereas
the deterioration within the repairs was probably the result of the repair concrete debonding from the
underlying concrete. Although the half-cell potentials were polarized, the difference in potential may not
have been significantly affected by the polarization. The average "most negative" and "least negative"
polarized potentials in the deterioration adjacent to the repairs were -759 mV and -402 mV, respectively,
and they were -393 mV and -369 mV, respectively, in the deterioration within the repair areas. Note that
the lower deck of Hood Canal Bridge is continuously exposed to an extremely humid marine
environment, an ideal condition for steel corrosion in salt contaminated concrete.
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Another indication of the satisfactory performance of the CP system was that in Hood
Canal Bridge the section of the deck next to the cathodically protected section had developed relatively
extensive internal concrete cracks (delamination). Those sections were rehabilitated at the same time
the cathodically protected section was rehabilitated, but they were coated with a polymer material with
sand broadcast over it. Also, in Woodinville Interchange, regardless of the 25 percent of surface cracking
in the bare deck, no sign of corrosion-induced deterioration was found. The cracks were deep transverse
cracks caused by negative moment, and they ran directly over the top transverse bars. In bare decks, this
type of cracking is usually the most harmful in facilitating corrosion of the reinforcing steel.

Durability of Cathodic Protection

Three types of problems with the durability of the slotted CP system were found. The first
type had occurred in Woodinville Interchange. Visual survey of the deck of that bridge showed spalls
of about 25 mm (1 in.) by 76 mm (3 in.) in many locations along and adjacent to the slots. Their density
was nine spalls per 93 m“ (1,000 ft.z) of deck area. The spall depths, however, were shallow and did not
exceed 6 mm (1/4 in.). It is possible that while the deck was being saw cut to build the slots, the weak
layer of concrete at the surface developed horizontal cracks. Later, traffic impact caused the cracked
concrete to spall. This type of problem was not found in the CP system of Hood Canal Bridge. That CP
system is not exposed to traffic.

The second problem had also occurred in Woodinville Interchange. Chain dragging of that
bridge deck detected delaminations (internal concrete cracks) along, and attached to, the slots in many
areas. The delaminated areas constituted 0.06 percent of the deck area, and they were on the average
203 mm (8 in.) long and 102 mm (4 in,) wide. The density of the delamination was about three
delaminations per 93 m? (1,000 ft.z). Coring of the concrete in a delaminated area showed that the
internal crack had injtiated at the edge of the bottom of the slot (Figure 4) and had propagated
diagonally. That internal crack was probably initiated by the stress concentration caused by the impact
of wheel loads. The conductive polymer in the slot is more flexible than the concrete. Under this
condition, the wheel load forces are resisted primarily by the concrete. The irregularity in the shape of
the concrete, created by the slot, then causes a crack to initiate from the corner of the slot. This type
of problem was not noticed in the CP system of Hood Canal Bridge, which does not carry traffic. Also,
both the first and second problem types were concentrated in the negative moment area of the deck of
Woodinville Interchange, indicating that tensile stresses in the concrete aggravated cracking.

Intemal Longitudinal slot
concrete

crack / Conductive Polymer /' Bridge deck
concrete
Ty AN — — surface

Transverse bar

Figure 4 . Development of Internal Concrete Crack from the Corner of
the Slot in Slotted Cathodic Protection System
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The third problem had occurred in the CP system of Hood Canal Bridge. A visual survey
of the slotted system revealed deterioration at the vertical interface of the conductive polymer in the
slots and the adjacent concrete in several areas. Both the polymer and concrete had deteriorated in
those areas, creating a joint at the interface. The presence of a yellowish substance at the deteriorated
areas indicated that acid had been produced at the interface. Apparently, the CP system produced acid
at the face of its anode system (i.e., the conductive polymer embedding platinum anode wire) and that
acid caused the deterioration. The extreme humidity of the marine environment of Hood Canal Bridge
had a definite role in this type of deterioration. The acid deterioration was not noticed in the CP system
of Woodinville Interchange, which is exposed to a normal bridge environment.

COST-EFFECTIVENESS OF PROTECTIVE STRATEGIES

The cost effectiveness of concrete overlay and cathodic protection strategies was evaluated
on the basis of life-time costs (i.e., assuming 50 years of remaining bridge deck life after protection an
annual interest rate of 10 percent and inflation rate of 5 percent) and the unit costs reported in
Washington State. Consistent with the test results, it was assumed that the CP system would halt the
corrosion but that corrosion-induced deterioration in a concrete overlaid deck would continue at a rate
of 0.25 percent of the deck area per year. That rate of deterioration corresponds to a moderate level
of LMC overlay surface cracking of about 15 to 20 percent of the deck area (Figure 2). Additionally,
it was assumed that major maintenance in the form of deck resurfacing would be required for both
overlaid and cathodically protected decks because of reasons other than corrosion. The results are shown
in Table 6.

Table 6. Lifetime Cost of Bridge Deck Protective Alternatives

) Cost per Square Foot of Deck Area

Alternative _ Lifetume Cost Present

Initial Cost |15 years 25 years 32 years 50 years | Worth

Rehab. &
Lat,c;lc-,‘ . Resurface
Modified $5.60 with Latex- $7.48
Concrete modified
mortar
‘ $6.37
Cathodic Resurtaced Remove
Protection, with and
Slotted $7.71 Asphalt Resurface $9.33
System Concrete with
$2.31 Asphalt
Concrete

Cathodic Resurface
Protection, with Latex-
Non- $12.48 modified $13.71
slotted, Mortar
MC
Overlaid $4.18
system

(1sq. ft. = 0.3 m2)
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The LMC strategy (or LSDC) was found to be the least expensive strategy, followed by
the slotted CP and the non-slotted CP that is covered with a concrete overlay. Note that in Table 6
resurfacing of the slotted CP system is done by asphalt concrete overlay, since a slotted system cannot
be scarified for the application of a concrete overlay. The non-slotted CP system consists of wire anode
rolls that are rolled out on and fastened to a deck that has already been scarified for the LMC overlay.
The present worth of the slotted CP strategy was 25 percent more than that of the LMC strategy, and
the present worth of the non-slotted CP strategy was 83 percent more than that of the LMC strategy.
The present worth of the slotted CP strategy was still 19 percent more than that of the LMC strategy
when the corrosion-induced deterioration in the LMC overlaid deck continued at a rate of 0.4 percent
of deck area per year. That deterioration rate was the average deterioration rate obtained for the LMC
overlaid decks of this study.

CONCLUSIONS

1. After an average of seven years of service, both LMC and LSDC overlaid decks showed various
levels of post-overlay corrosion-induced deterioration rates. Those rates ranged from none to about 1
percent of the deck area per year. The average deterioration rate of LMC decks was 0.4 percent of the
deck area per year, and that of LSDC decks was 0.5 percent of the deck area per year. The deterioration
rates were about the same in both 1986 and 1988-89 surveys, or they were less in 1988-89 survey.

2. The post-overlay deterioration rates of the LMC and LSDC overlaid decks correlated with the
magnitude of overlay surface cracking. The deteriorated areas almost always coincided with surface
cracking. However, surface cracking was also found in sound areas. Overlay surface cracking has the
potential to accelerate corrosion-induced deterioration by wetting the deck and by periodically
facilitating, through drying, the intrusion of new water and oxygen into the concrete.

3. The effect of overlay surface cracking on the deterioration of decks overlaid with LMC seemed to
be more severe than the effect of cracking on the deterioration of decks overlaid with LSDC. This
difference in behavior is probably related to the thickness of the overlay.

4. The mode of corrosion-induced deterioration in the concrete overlaid decks was internal cracking
of the concrete surrounding the corroding bar, propagation of the internal crack diagonally toward the
overlay interface, and extension of the internal crack along the overlay interface. This condition had
caused the overlay to debond near the corroding bar.

5. After about five years of service, both of the cathodically protected decks showed satisfactory
performance with regard to the corrosion of the reinforcing steel.

6. Three problems with the durability of the slotted CP systems were noted. those were
® small and shallow spalls in the concrete adjacent to the slots,
® internal crack in the concrete that originated from the bottom of the slot, and
® acid deterioration at the interface of the slot and deck concrete.

The first two problems were related to the slots and traffic impact. The third problem was related to
the humidity of the environment.

7. On the basis of a bridge deck life-time costs and the unit costs used in this study for installing a
protective system and rehabilitating/resurfacing the deck, a concrete overlay strategy seems to be more
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cost effective than CP systems. However, if any continuation of corrosion or corrosion-induced
deterioration cannot be tolerated, because of structural integrity concerns, then cathodic protection may
be a better alternative.
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ABSTRACT: Infrastructures such as bridges, highways,
pipelines and harbor piers sometimes suffer from corrosion
damage during their service life. To diagnose deterioration
of infrastructures and secure effective maintenance, in-situ
corrosion monitoring methods based on electrochemical
impedance techniques have been developed. This paper
reports three examples of new corrosion monitoring sensors:
1) a sensor for detecting corrosion of marine steel
structures in seawater, 2) a sensor for detecting corrosion
of reinforcing bars in concrete, and 3} a sensor for
detecting coating deterioration of painted steel structures
in the atmosphere. The effectiveness of these sensors has
been verified by experiments both in the laboratory and in
the field.

KEY WORDS: corrosion, monitoring, impedance, infrastructure,
electrochemistry

Over the years, many infrastructures suffer structural damage due
to corrosion. In Japan, some statistics estimate that corrosion losses
total more than ¥ 2.5 trillion (approximately $ 20 billion) a year [1].
To meet the increasing need to minimize those losses and prolong the
service life of infrastructures, corrosion monitoring techniques have
been developed as one of the most essential tools. There are various
kinds of infrastructures such as bridges, highways, harbors, and so on.
Most of these infrastructures are made of steel structures or reinforced
concrete structures. Moreover, there are various environments that
affect the corrosion of steel, for example, seawater, concrete, or the
atmosphere. To monitor corrosion in these structures, measurement
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techniques must be developed, that are appropriate to the kind of
structures and environments. Electrochemical impedance techniques are
known to be useful methods in the laboratories to determine the
corrosion rate of metals. In the field, there are still some
difficulties in applying these techniques to measure corrosion rates
directly. For example, the in-situ electrochemical measurement must be
made on a part of the structure. Therefore, one of the most important
factors is how to determine the surface area where the measurement is
made. Then the measurement techniques, including sensors, must be
developed so that they correspond to the structures. This paper
discusses the effectiveness of the sensors developed for three kinds of
structures: 1) marine steel structures, 2) reinforced concrete
structures, and 3) painted steel structures.

Laboratory Experiments

To analyze electrochemical aspects of corrosion on the surface of
steel in various environments, we used electrochemical impedance
spectroscopy. The test equipment consisted of a potentiostat (Toho
Technical Research Model 2000), a frequency response analyzer (NF
Circuit Design Block Model $5720), and a computer. The electrochemical
cell consisted of a platinum counter electrode (CE), a silver-silver
chloride reference electrode (RE), and a working electrode (WE)
connected to the specimen. Alternating current (AC) impedance
measurements were made as follows:

1) Measurements of Corrosion of Steel in Synthetic Seawater

For this measurement, the test specimens were made from cold-rolled
steel sheets. The size of the specimens was 50mm X 50mm X 0.8mm with
4cm? bare surface. The remaining surface was completely covered with
epoxy. After preparing these specimens, the AC impedance measurements
were made in synthetic seawater opened to the air.

2) Measurements of Corrosion of Steel in Concrete

In this laboratory experiment, we used cold-rolled steel sheets embedded
in mortar. The size of these mortar-steel specimens was 60mm X 40mm X
10mm, and the steel sheets were embedded in the center of mortar pieces.
The size of the embedded steel sheets was 25mm X S50mm X 0.8mm with 10

cm? bare surface (25mm X 40mm) and the remaining surface is covered with
epoxy. The mortar consists of portland cement, standard Japanese sand,
and tap water; the water/cement ratio was 65% (namely, water:cement:
sand = 34:52:104). The specimens were removed from the molds after 24
hours and cured in the laboratory atmosphere for 24 hours. Then
corrosion was accelerated by wet-dry cycle. The accelerated corrosion
test was as follows. The mortar-steel specimens were first immersed in
synthetic seawater for 24 hours, and then dried in the air for 24 hours.
The test was continued for 30 days in an automatic wet and dry test
chamber. After this test, the AC impedance measurements were made on the
specimens immersed in synthetic seawater.

3) Measurements of Corrosion of Painted Steel

Painted steel specimens (150mm X 70mm) were prepared using the above
mentioned cold-rolled steel sheet and polyamide cationic
electrodeposition paint. Thickness of coating was approximately 20
micrometers. Specimens were exposed for a 1,000-hour cyclic corrosion
test. This test cycle consisted of salt spray for four hours, drying for
two hours, and humidifying for two hours. After this cyclic corrosion
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test, the AC impedance measurements were made by using a cylindrical
cell containing 0.1M sodium sulfate aqueous opened to the air.

Laboratory Test Results

The results of the tests are shown in Figure 1, Figure 2, and
Figure 3. The impedance curves obtained show three patterns
corresponding to the kind of specimens. These impedance characteristics
represent the combination of resistive impedance and capacitive
impedance. In general, when the corrosion reaction takes place on the
surface of steel, the electrochemical system can be modeled by an
equivalent circuit, which consists of the polarization resistance (Rp)
due to a charge transfer process, a double layer capacitance (Cp), and
the solution resistance (Rs)[2]. In the case of painted steel, there is
also the resistance of the paint film (Rf) and the capacitance of the
paint film (Cf). Figure 4, Figure 5 and Figure 6 show the model of the
equivalent circuit of the corrosion system of the specimens tested in
three conditions respectively.

The theory of the corrosion rate measurement is based on the
following relationship:

CR{(mm/year) = a Icorr (1)
where
CR: corrosion rate (mm/year)
Icorr: corrosion current density (A/cm?)
a (= 1.167X104): conversion factor
The corrosion current density (Icorr) can be related to the polarization
resistance (Rp) through the following Stern-Geary equation [2]:
Icorr = BaPc/2.3(Ba+Pc)Rp
= K/Rp (2)
where
Ba: Tafel slope of an anodic reaction
Bc: Tafel slope of a cathodic reaction
K: a constant value.
K is a constant dependent on the Tafel slope of the corrosion system.
The value of K can be determined through Tafel measurement and material
data.

On the other hand, corrosion rate can be determined through AC
impedance measurement by using the above-mentioned relationship. In this
equation, the polarization resistance (Rp) is considered to be
equivalent to the pseudo-polarization resistance (Rp') measured by AC
impedance technique {3].

Practically, the value of K is determined through laboratory
experiments. In this experiments, pseudo-polarization resistance (Rp')
was defined by the following equation as an assumption.

Rp' = Z2(4.64mHz) -2 (1kHz) (3)

Where Z(f Hz) means the impedance at the frequency of f Hz.
Figure 7 shows the relation between corrosion rate (CR) calculated from
weight loss and the reciprocal of the pseudo-polarization resistance
(1/Rp'), which was obtained in the synthetic seawater in our laboratory
experiment. As the result, K was determined as

K = 4.36 mV (4)

However, there are still some difficulties in the direct
measurement of the corrosion rate of existing structures. The problems
are as follows:

1) To determine the surface area where the measurement is made, sensors
that can be used for AC impedance measurement in the field must be
developed instead of using laboratory experimental apparatus.
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Fig. 7 Relation between the corrosion rate calculated from
weight loss and the reciprocal of the pseudo-polarization
resistance

2) In the case of measurement of steel embedded in concrete, the sensor
cannot be attached directly to the steel surface. Then how to limit the
measurement area is an important problem to solve.

3) In the case of measurement of painted steel, the polarization
resistance (Rp) cannot be measured easily under the high resistance of
paint film (Rf) whose value is usually more than 100,000,000 ohm em? in
the practical paint film [4]. Then, especially in the field measurement,
another electrochemical parameter that can evaluate the deterioration of
painted steel must be studied.

Field Application of AC Impedance Measurement
For the purpose of applying AC impedance measurement to existing
structures, the sensors were developed and used in the field.

1) A Sensor for Detecting Corrosion of Marine Steel Structures
Figure 8 shows a schematic illustration of field measurement system.
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Fig. 8 Schematic illustration of field measurement system
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Measurement
system

Ag/AgCl

Sensor

Fig. 9 Detail of sensor

(a) impedance measurement (b) sensor and steel pile
instruments inside the vehicle
Fig. 10 Field measurement system for marine steel structure

It consists of the impedance measurement instruments inside the vehicle
(Figure 10(a)) and the sensor that consists of a platinum counter
electrode and an Ag/AgCl reference electrode as shown in Figure 9. This
sensor is made of electrical insulating material and the inner diameter
is 30mm. The sensor was taken underwater by divers and attached to the
object by a magnetic holder (Figure 10(b)). After a working electrode
was connected to the steel structure, a minute alternating current was
applied directly to the structure. In this experiment, an eight-year-old
steel pile of a pier in a harbor in Japan was used. This steel pile has
not been protected by cathodic protection or coating since its
construction.
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The results of impedance measurement in the field are shown in
Figure 11. This figure shows the typical impedance spectrum of the steel
in seawater. Pseudo-polarization resistance was measured in the same way
as during the laboratory experiments, i.e., Rp' = Z(4.64mHz)-Z(1kHz) .
Corrosion rates were calculated based on the equations:

CR = a Icorr = a K 1/Rp'
where K = 4.36mv

Figure.l2 shows the results of the corrosion rates at different
depths on the steel pile. In this figure, the white dots (solid line)
represent the corrosion rate calculated from impedance measurements.

The black dots (broken line) represent the corrosion rate calculated
from the reduction of the thickness of the steel pile, which was
measured using an ultrasonic thickness gauge (U.S.T.).

Both corrosion rates are closely correlated although the former is
the corrosion rate at the time of measurement and the later is the mean
value for eight years. This is in accordance with the report that the
corrosion rate in seawater changes little with time when the
environmental change is small ([5].

2) A Sensor for Detecting Corrosion of Reinforcing Bars in Concrete

In the laboratory experiment, the total area of the steel surface
was known before the measurement, In contrast, the existing structure
contains a large number of reinforcing bars embedded in concrete, which
makes it difficult to determine the surface area where the AC impedance
measurement is made. To limit the measurement area, the authors found
the effective double counter electrode system, as shown in Figure 13
[4]. The sensor consists of a central counter electrode (CE), a
surrounding counter electrode (SE), and a silver-silver chloride
reference electrode in the central part. The purpose of this system is
to confine the pertubative current distribution into a limited
measurement area. By analyzing current distribution based on the
numerical simulation method, the double counter electrode system was
found to confine polarizing current flow into a constant area ([8].
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The authors also developed an impedance measurement instrument for
field monitoring (Fig. 14). For convenience, this instrument is designed
to apply two kinds of optimum frequency to measure Rs and Rp,
respectively. Figure 15 shows the concept of the measurement of Rp. In
this field experiment, one frequency was set at 400Hz as the high
frequency and the other was set at 0.25Hz as the low frequency.

For the purpose of investigating corrosion of rebar, reinforced
concrete blocks have been exposed in a field (residential area) for 1.5
years. One of the concrete blocks contains 6.4 kg NaCl per 1 m3 to
accelerate corrosion. The size of the block is 15cm X 15cm X 45cm. The
diameter of the rebar is 9mm and the thickness of the concrete cover is
Smm (Fig. 16). Measurements were made according to the following three
methods:

(1) AC impedance measurement by the above-mentioned system,
(2) potential measurement by the Ag/AgCl reference electrode,

(3) and the visual measurement of the corroded area (%) based on Japan
Concrete Institute [7], after the rebars are broken out of the concrete.
Figure 17 shows the corroded area at each measurement point

Corrosion of reinforcing bars occurred at every point in the concrete
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Fig. 16 Reinforced concrete specimen and its measured point
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Fig. 17 Visually assessed corroded area at each measured point
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containing NaCl. On the contrary, corrosion did not occur in the normal
concrete. Figure 18 shows the results of potential measurement at the
same points. As shown in this figure, almost all data belong to the
"gray zone" defined in the ASTM Test Method "Half Cell Potentials of
Reinforcing Steel" (C876-77) [8]. It is difficult to say, in this case,
whether the rebar is corroded or not simply by the potential data.
Therefore, AC impedance measurement is particularly required in such a
case. Figure 19 shows the reciprocal of Rp measured by the field
monitoring system. Figure 20 exhibits the relationship between 1/Rp and
the ratio of the corroded area, although it does not directly correspond
to the corrosion rate, but to the corrosion damage.
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Fig. 18 Result of potential measurement at each measured point
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Fig. 19 Inverse of Rp measured by the field monitoring system
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Fig. 20 Relationship between 1/Rp and the ratio of the corroded area

3) A Sensor for Detecting Deterioration of Painted Steel Structures

As mentioned before, it is difficult to detect Rp directly because
of the high resistance of paint film especially in a field measurement.
Therefore, the other electrochemical parameter related to the
deterioration of painted steel was studied. By analyzing the time change
of the paint film resistance (Rf) and the paint film capacitance (Cf)
(Fig. 21) during the cyclic corrosion test as mentioned in the
laboratory experiments, Rf decreases obviously as time progresses, while
Cf stays constant. Rf was thought to be the parameter related to the
deterioration of painted steel. Figure 22 shows more detailed
investigation between the paint film deterioration and the
electrochemical parameter Rf. In this figure, the deterioration of the
paint film was visually assessed by the adhesion testing method based on
JIS K5400 "cross cut test" [9]). According to this figure, the validity
of Rf in evaluating the deterioration of paint film was verified. For
the purpose of field measurements, a compact instrument was developed
(Fig. 23). This instrument consists of a set of electrical circuitry for
impedance measurements and a sensor probe in which platinum electrode
and super-absorbent polymer are contained.
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Fig. 21 Time change of paint film resistance (Rf) and paint film
capacitance (Cf)
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Fig. 22 Relation between Rf and delamination ratio

EM;electrometer

CPG;current pulse generator

PSD;phase sensitive detector
INT;integrator

A/D;AC/DC converter
CPU;central processing unit
PRT;printer

DSP;display

77777 57

Fig. 23 Schematic illustration of developed instrument for measuring Rf
of painted steel
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Fig. 24 Time change of Rf for three types of painted steel from
different surface preparations

Three specimens were prepared for the application of this
instrument. Painted steel panels were made from different surface
treatments, which are (A) excellent phosphating steel panel, (B) rough
phosphating steel panel, and (C) untreated steel panel. Figure 24 shows
the result of Rf measured by this instrument during a 1000-hour cyclic
corrosion test. Rf decreased as time progressed all specimens, but the
degree of decrease is different. Specimen A, the excellent phosphating
sample, kept the highest value during the test, while specimen C, the
untreated sample, showed the lowest value. This difference was
considered to result from the different surface preparations. Under
visual observation, no changes such as blisters or other corrosion
products were observed in specimen A in the 1000-hour test period. On
the other hand, blisters were seen in specimen B after 1,000 hours and
in specimen C after 500 hours. Rf decreased in all specimens before any
changes were observed visually.

Conclusions

The three types of corrosion monitoring sensors were developed for
the purpose of applying the AC impedance method to existing structures
in the field. It was concluded that the sensors reported here have
proven their capability as follows:

1) As for the sensor for detecting the corrosion of marine steel
structures, the corrosion rate calculated from the reciprocal of pseudo-
polarization resistance measured by the AC impedance method has a good
correlation with the corrosion rate measured by UST in the steel pile of
existing marine structures.

2) As for the sensor for detecting the corrosion of reinforcing bars in
concrete, it is possible to estimate corrosion damage by the reciprocal
of Rp measured by the double counter electrode system, even if it is
difficult to judge from the potential measurement.

3) As for the sensor for detecting the deterioration of painted steel,
Rf was found to be an effective parameter for the evaluation of
deterioration caused by delamination. As a result, quantitative and
nondestructive evaluation of the deterioration of painted steel was
established by using the sensor,
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ABSTRACT: In North America, dc powered transit
systems use running rails for negative return of
traction current. Insulated rail fasteners are used
to electrically isolate the rails from earth and
structures in order to minimize stray current and the
resultant corrosion. The insulating surfaces of the
rail fastener can become wet and contaminated in
service so that leakage current paths develop. This
paper describes the development and testing of
improved rail fastener insulation.

KEYWORDS: Corrosion, dc powered, leakage current,
negative return, rail fastener, running rails, stray
current, traction current.

In this report we discuss development of improved rail
fastener insulation. We describe the laboratory apparatus and
procedures that we used to simulate rail corrosion and
insulating material performance. Observations made in the
laboratory and on the operating railroad during prototype
development are in excellent agreement.

The fasteners secure steel rails to form a guide along
which steel-rimmed transit vehicle wheels roll. The steel and
elastomer composite fasteners satisfy the structural
requirements for resilient attachment of the rails.

Mr. Galler 1is a managing engineer at FaAA Electrical
Corporation, 115 Flanders Road, Westborough, MA 01581 and Mr.
Todd is a supervising electrical engineer at Bay Area Rapid
Transit, 800 Madison Street, Oakland, CA 94607.
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The fasteners also provide electrical insulation for the
rails.

On systems like the Bay Area Rapid Transit (BART) the
steel rails are part of the electrical circuit for audio-
frequency signals that are used to detect train presence and
control train acceleration. The rails are also conductors in
the circuit that supplies electrical traction power to the
trains. The rail circuit element is called the negative return
as it 1is connected to the negative, anode, side of the
traction power rectifiers.

Since the rails are electrical conductors, the rail
fasteners must be insulators in order to contain the
electrical energy within the circuit. Adequate insulation
ensures that power current does not leave the circuit to cause
stray current corrosion and that train control signals do not
leave the circuit to cause a loss of signal level. Proper
design of the elastomer and steel configuration along with
proper choice of the elastomer composition assure that the
fastener meets both electrical and structural requirements.
The procurement specifications require that rail fasteners
pass stringent structural and electrical insulation resistance
tests.

PROBLEM STATEMENT

Effective electrical insulation limits current flow
through as well as across the surface of the insulator. Rail
fasteners’ surface paths are determined by the structural
design requirements and are relatively short for the purpose
of electrical insulation in contaminated environments. In
tunnels with ground water intrusion, the contamination can
greatly reduce the surface path resistance and cause
significant stray-current corrosion of the rails and rail
fasteners.

The procurement specifications for fasteners require that
they have a minimum resistance of 10 MQ dry and 1 MQ when wet
with demineralized water. The fastener has a height limited to
51 mm (2.0 in.) and the minimum electrical leakage distance of
19 mm (0.75 in.) and meets the resistance requirement. Even
so, measurements after the fasteners are installed show less
track insulation than expected. This relationship is clearly
described in the following evaluation of the measurements of
the Washington Metro track-to-earth resistance at start-up.

The more significant problem relative to effective
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track-to-earth resistance, however, is one of
moisture or other materials forming a conductive film
across the surfaces of the insulators. Moisture on
the surface and absorbed into the timber tie can
change the tie from a very good insulator to a very
good conductor. These factors must be recognized and
reasonable levels of variation 1in track-to-earth
resistance accepted. All of the track presently in
service, 1including the maintenance/storage yards,
were tested at least once prior to start-up. It has
been possible, and in some areas necessary, to obtain
resistance data on some track sections more than
once. The resistance values ultimately obtained vary
over a wide range. The precise reasons for this
variation are not known except to say that the poorer
values within the direct fixation sections are
generally attributable to various moisture conditions

{11].

At BART we have also experienced wide variations in the
measured values of rail insulation. If all installed fasteners
had a resistance of 10 MQ, the track-to-earth resistance would
be 13 kf per 300 m (1000 ft.). Measured values range from
13 kQ per 300 m (1000 ft.) to 13 @ per 300 m (1000 ft.) with
most values in the middle of the range. Even the lower levels
of track insulation have been adequate for train signalling
and stray current control. In wet tunnels, however, the rails
and rail fasteners have been corroded by currents straying
over surface leakage paths., Under wet and contaminated
conditions the surface path resistance has been low enough to
permit significant stray current but not low enough to cause
problems with the train control signals.

The first idea that occurs to an observer of the
deterioration from stray-current corrosion in the tunnels is
that the tunnels should be kept dry. In practice water control
is difficult, and, therefore, we at BART decided on a program
to develop improved rail fastener insulation. In 1984, BART
hired Alexander Kusko Inc., now FaAA Electrical Corporation,
to develop insulation concepts and to test a prototype
insulator.

LABORATORY TESTING

Test Procedure

When the program began in 1984, one of the goals was to
develop a test procedure that would simulate the environment
of the fastener but allow testing under accelerated
conditions. The procedure also needed to simulate the salt-
laden moisture of the San Francisco bay area and the
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electrical environment of the BART system.

The spray chamber shown in Figure 1 was designed to
address these testing requirements. It consists of a
polyethylene drain compartment, 4 overhead spray fixtures, and
a series of perforated plastic pipes which spray up against
the rails. The two spray systems are supplied from separate
reservoirs, each having its own pump. The drain compartment
has overall dimensions of about 71 by 101 cm (28 by 40 in.)
and is designed to accommodate two rail assemblies at a time
for comparative testing.

The test procedure involves mounting two rail sections
with fastener hardware onto 26.7 x 45.7 x 12.7 cm (10.5 x 18
x 5 in.) concrete blocks. These assemblies are placed in the
chamber as shown in Figure 1.
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Figure 1. Laboratory Apparatus for Testing Rail Insulators.




174 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

The rails are energized at 100 V (positive) by a dc power
supply. An aluminum plate at the bottom of the drain
compartment is used as the return to the power supply. The
rails are sprayed twice a day with a salt solution and the
leakage current is measured using sensing resistors in series
with each rail.

The spraying procedure consists of two, one—-minute sprays
twice a day. Each test is run for 7 to 10 days. The solution
is adapted from [2) and consists of 40 grams of commercial
rock salt dissolved in one liter of tap water. Seven gallons
of solution are applied during each one minute spray period.
The pumps are independently adjusted prior to testing so that
the solution is divided equally between the two spray systems.
The runoff is discarded and a new solution is made before each
spray application.

Leakage current is measured using the apparatus shown in
Figure 2. The rail sections are energized at 100 Vdc
continuously during the 7 to 10 day test period. The currents
in each rail are independently measured using the current
sensing resistors and digital voltmeters. It is possible to
have currents in excess of 1 A at times because of the high
conductivity of the spray solution and the high applied
voltage. The power supply current is limited to 1 A to limit
the thermal power applied to the fasteners. The applied
voltage declines when this current is reached.

+ 100 vdc
+ R R, ¢
DC l 2 ]
POWER )
SUPPLY - RAIL
INSULATOR j ii
\ COLLECTOR PLATE
Figure 2. Schematic of Apparatus for Measuring Leakage

Currents.



GALLER AND TODD ON RAIL-FASTENER INSULATION 175

Typical test data is shown in Figure 3. Leakage current
data is shown for two fasteners which were tested for a period
of 240 hours. The leakage currents for each fastener are
recorded Jjust before, and one minute after, spraying. The
applied voltage is also recorded. When the power supply is
current limited, the applied voltage will be less than 100 V.
In this case the data is normalized by scaling the current up
to the value that would have occurred at 100 V.

The leakage currents throughout the remainder of this
paper are referred to 100 Vdc as described above.
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Tests.

Insulation Concepts

In 1984, five basic insulation concepts were tested as
modifications to the existing BART fastener. The purpose of
the tests was to identify the most promising fundamental
concepts for further field and laboratory testing. An
unmodified (control) fastener was tested on one side of the
spray chamber while each of the modifications was tested in
turn on the other side. The complete program was conducted
over a 9 week period. A brief description of the results of
each test is as follows:
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Control fastener: Initial leakage currents were on the
order of 500 mA. The current increased and stabilized to about
1500 mA after 2 weeks. A small notch appeared on the rail
where the rail edge meets the fastener. Corrosion eventually
attacked the other metallic parts and ultimately destroyed the
fastener.

Sprayving rail with silicone o0il: The rail and fastener
were sprayed with Dow Corning Molykote 4X silicone oil prior
to testing. The average leakage currents were about 220 HA but
there was some evidence that the spray was being washed off
the fastener.

Packing slots with silicone grease: The test fastener was
assembled and the slots for the rail clip bolts were packed

with Dow Corning 111 silicone grease prior to testing. The
average leakage current was about 200 mA.

Clamping rail with insulated blocks: In this test 3.8 mm
(0.15 in.) thick polyethylene sheet was placed beneath the
rail and between the rail clips and the rail. The initial
leakage currents were about 10 mA but gradually increased to
about 40 mA.

Plastic skirt modification: Skirts were glued around the
edge of the fastener to extend the leakage path to the
concrete blocks. Plastic skirts were also added to the bosses
for each,of the fastener bolts. The average leakage currents
were about 1.3 mA.

Wrapping rail with plastic sheet: The rail was wrapped
with 4 layers of 5 mil PVC sheet before mounting to the
fastener. The sheet extended about 76 mm (3 in.) beyond the
fastener on each side. Leakage currents were below 10 uA
during the entire test.

As a result of this testing BART has patented the skirt
modification [3] and the plastic sheet design [4] for
improving rail insulation.

DUPLICATION OF FIELD CONDITIONS

Summary of First Phase of Laboratory Tests

The results of the 1984 tests showed two things. The first
is that the laboratory apparatus and test procedure could
reproduce corrosion effects encountered in the field
environment. Figure 4 shows a corrosion notch in the rail at
the edge of the fastener. A similar notch began to appear
after a week of accelerated testing and is shown in Figure 5.
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The two Mylar pieces were designed to overlap one another
beneath the rail. The overlapping region trapped moisture and
caused a very short high conductivity path which went right to
the edge of the fastener. This negated most of the beneficial
properties of the design after a short period of accelerated
testing.

Identification of Stress Failure

The testing conducted in 1989 identified a failure
condition which had been occurring in the field testing of the
insulating device. This condition was a cracking which
started at the edge of the fastener and from the area around
the rail c¢lips. An insulating device on the BART system
exhibited the cracking and is shown in the photo of Figure 7.
Figure 8 1is a photo of the cracking identified in the
laboratory tests. The cracking increases the leakage currents
of the fasteners by allowing moisture to collect and by
providing a current path between the rail and the rail clip.

The cause of the cracking is a condition known as
environmental stress cracking[5]. It is the result of exposure
to the combination of the alkali developed by the leakage
current and mechanical stress. The presence of the alkali was
verified with pH paper during the testing. Mylar does not have
long term resistance to alkalis but does not normally exhibit
the cracging unless mechanical stress is also applied.

The cracking was reproduced under artificial conditions
by placing a small piece of Mylar in a solution of 50% sodium
hydroxide. The Mylar was fastened in a small metal clip and
began cracking along the bend after one day of exposure.
Polyethylene, which was used as an insulator in some of the
previous tests, is resistant to both acids and alkalis. This
explains why the cracking phenomenon was not observed during
the tests performed in 1984.

FUTURE TESTING

A test program is planned to identify suitable materials
for implementing the plastic sheet insulating device. The
program will include consultation with industry experts on
environmental stress cracking and plastics, accelerated aging
tests using the laboratory apparatus described in this paper
and mechanical testing. The planned result will be an
insulator design suitable for long term use on the BART
system.
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The results of the testing also showed that the most
promising structure for leakage reduction would be some type
of wrap or covering for the rail. Leakage current reductions
of more than 4 orders of magnitude with respect to the control
fastener were measured during the testing. These currents were
about 20 times less than that of the best of the other four
concepts tested.

Prototype Testing

Field testing of the plastic wrap concept was conducted
by BART beginning in late 1985. The device was constructed of
two folded sheets of Mylar and inserted between the rail and
the fastener in damp areas on the BART system. Laboratory
testing was conducted in 1989 and again in 1990 to identify
certain field problems and more precisely identify aging
characteristics of the design.

Testing in 1989 involved one of the two piece Mylar
devices which had been removed from the BART system. A new
device was tested at the same time to compare the aging
characteristics. Figure 6 shows the two insulating devices in
the spray chamber. Results of the testing showed that the two
fasteners would eventually have leakage currents on the order
of 1 A. These currents were surprieingly high compared to the
initial results on the order of 10 YA. One reason for this is
the structure of the two-piece insulating device.

Figure 6. Photograph of Two Rail Sections in Test Chamber.
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Figure 7. Photograph of Plastic Insulator on the BART System
where Cracking was Common.

Figure 8, Photograph of Cracking on Plastic Insulator During
Laberatory Testing (Right Side of Rail Clip).
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CONCLUSIONS

u The laboratory apparatus and procedures
reproduce electrochemical and environmental
effects observed on the BART system.

L The apparatus can be used as a practical tool
for predicting the performance of new rail
insulating devices.

u The insulating skirt design can reduce the
leakage current by a factor of about 1000
(from 1 A to 1 mA) when compared to an aged,
unmodified fastener.

u The one-piece plastic wrap design can reduce
the leakage current by a factor of about
100,000 (from 1 A to 10 YA) when compared to
an aged, unmodified fastener. The insulation
level provided is similar to the minimum
allowed by procurement specifications for new
fasteners.
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ABSTRACT: The current regulations governing the integrity of
corroded gas and oil pipelines are empirical. In many cases
the guidelines are very conservative, but even so they are not
reliably conservative in all instances. To improve upon this
situation, a theoretical approach was taken within elastic
shell bending theory. Preliminary results developed using a
maximum hoop stress criterion in an axisymmetric approximation
of the metal loss provided a relation for the failure pressure
for a pipe with axial direction metal loss. It was found that
the form assumed in the existing empirical approach 1is
essentially correct in so far as the axial extent of the damage
governs. However, the extension of the shell bending theory
approach to the plane strain case indicates that it may be the
circumferential dimension of the damage that actually governs
the failures of corroded pipes. While this important finding
must be confirmed by further analyses and experimentation, this
result indicates the usefulness of the type of approach described
in this paper. The use of even simple mechanics models where
only empirical approaches currently exist can surely be useful
to address corrosion-related problems associated with a variety
of infrastructural components.
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Theory, B31G Guidelines
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INTRODUCTION

Corrosion damage in the form of metal loss is a frequent occurrence
in gas and oil transmission pipelines. This can not only cost the industry
millions of dollars annually for inspection, repair and replacement of
corroded pipes, but, in addition, there is danger to the public; see
Fig. 1. Accordingly, guidelines that will preclude pipe rupture, but
not force an excessive amount of premature repairs and replacements in
so doing, is very important to the public and industry.

The guidance that pipeline engineers currently have is that contained
in the ANSI/ASME B31G guidelines [1], which in the United States
effectively have the force of law through the U.S. Code of Federal
Regulations [2]. While these have been very helpful to the pipeline
industry, it is widely believed that they are excessively conservative;
for example, see reference [3]. This has led to an improved version (4].
However, as that work retained the original empirical basis [5]), it remains
unable to address a key condition not included in the current guidelines
— circumferential direction metal loss. Of perhaps more importance,
because the approach underlying the current and newly proposed guidelines
remains empirical, they cannot be reliably extrapolated beyond the data
base; e.g. to larger diameter pipes, higher grades of steel.

The current ANSI/ASME B31G guidelines are based on an empirical
relation that is drawn from the conceptual view shown in Figure 2. It
is commonly written in the form {1, 2]

- A-A
Sp=§——— )
A, —-AM™

where S; is the hoop stress in the pipe at failure, S is the flow stress
of the material, A is the area of through-thickness metal loss in the
most severely degraded section of the pipe wall, A, is the nominal
(undamaged) area corresponding to A, and M is a dimensionless parameter
called the bulging factor. This relation, commonly known as the *Folias
Factor", is given by

L2 12
M=[1 +0.87)7] 2

Referring to Fig. 2, M is a function of L, the axial length of the metal
loss region, D is the mean pipe diameter, and t is the wall thickness.
In the B31G guidelines, § is taken equal to 1.1SMYS where SMYS is the
specified minimum yield stress of the pipe steel. Note that the

circumferential dimension does not affect the result.

The realization that further empirical modifications would be unlikely
to achieve any significant increases in accuracy motivated the development
of a theoretically based alternative approach [6]. Starting with the
theory of elastic shells, a theoretical relation for an axisymmetric
metal loss region was obtained. A number of mathematical simplifications
were made in that development in order to expedite the work. Encouraged
by the success of this development, the shell bending theory was continued
to develop solutions that rectify the above cited deficiencies and to
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FIG. 1 Photograph of ruptured corroded pipeline.
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FIG. 2 Conceptual view of a corroded axial pipe wall segment [1].
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open the door to even further improvements. The results obtained by
considering the circumferential dimension of the damage via a plane strain
representation of the metal loss region are provided in this paper.

EXTENSION OF THE ELASTIC SHELL THEORY APPROACH

In this paper the work reported in reference [6] has been extended

in two ways. First, the simplifying assumptions in the axisymmetric
solution have been relaxed. Second, a solution to the plane strain
solution has been developed. These developments are described in this

section in conjunction with determining the dominant dimension of a
rectangular metal loss region.

. . luti

Recognizing the restrictiveness inherent in an empirical approach,
a theoretical alternative was initiated using shell bending theory, [6].
In this approach, the damage in a corroded pipe was considered to correspond
to a "ring* of metal loss having a through-thickness depth d and an axial
length L. Using Flugge’s bending theory equations for a circular
cylindrical shell for axisymmetric conditions, the key variable is the
radial displacement w which is a function only of the axial coordinate
x. If the axial displacement can be neglected the governing eqguation is
the fourth order ordinary differential equation given by

d*w A2 _12(1-v)
o Rt T B

3

where R is the pipe radius (R=D/2), t is the wall thickness, p is the
internal pressure, E is the elastic modulus, and v is Poisson’s ratio.

In reference [6] the boundary conditions for the problem were those
for symmetry conditions at the center of the metal loss region (x = 0)
and, for simplicity, that the undamaged portion of the pipe is significantly
stiffer than is the damaged portion. Then, by using t* to denote the
effective thickness of the damaged region and t,, to denote the nominal
thickness, the solution to Eq (3) satisfying the simple set of boundary
conditions is

—_v:R? *
wery=1=¥ Ev R——p{l— (1 —’t—J [B Sinh Ax sinAx + C CoshAx coskx]} @)
0

t*

where A, B and C are known functions of L, D and t, [6].

The most important use of this result is to quantify the stress that
occurs in the damaged region. If the contribution of the bending stresses
to the failure condition is neglected in favor of the membrane stresses,
and the criterion for failure is taken to be the achievement of a flow
stress at the most highly stressed point in the damaged region, the

failure pressure is
281* =) 7
Pr=" {1—(11]&1‘] )
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where M™ represents the bulging of the pipe wall. As shown below, this
function is pnot the same as Egq (2).

By introducing Sp=Dpg2t, to denote the nominal hoop stress at failure,

and noting that A/A,=1-t*t,, Eq (5) can be cast into the form of Egq (1).
Thus, the result derived from elastic shell bending theory supports the
use of the empirical relation, albeit the relation for M in Eq (4) differs
from the relation used in the current empirical approaches. It is a much
richer function in that it includes a synergistic dependence upon both
the length and depth of the metal loss profile while the "Folias relation,
depends only upon the damage length. However, in actuality, the results
are not too greatly different.

More recently, the "first cut” simplified solution to Eg {3) developed
by assuming that the deformation of the undamaged region could be neglected
relative to that of the damaged region, was improved upon. A more
realistic approach is to enforce continuity conditions on the displacement,
slope, moment and shear force at the transition point. While algebraically
intensive, the procedure is straight forward. The result is similar to
Eq (4), but containing additional terms. The result gives rise to much
greater deformation in the axisymmetric metal loss region.

While the replacement of the rigid condition by continuity conditions
affects the stress that occurs to promote failure, the general form of
the result is unchanged. This leads to an expression for the failure

pressure that is identical to Eg (5). The difference lies in the form
of the bulging factor, M. The enhanced shell theory approach gives

M ={(1 +n*(cosho - sinha + sino + cos &) + 2n*? (cosh® a — cos’ )
+2n*(cosha + sinha — sina « cosa) + 2n** (cosh® o — sin’ &)}
- {cosha + sina+sinha * cosa + 2n**cosha - cos o
+n(sinha + cos o~ coshat « sina)} ™, (6
where

va
a=;/R_II;, and n=t*1,

Note that if the undamaged region is assumed to be very stiff, then n—oo
and the original form of M in Egq (5) is recovered; see reference [6].

Plane Strain Solution

When the length of a corroded region of a pipe is relatively long in
the axial direction, the axial variations of the deformations and stresses

can be neglected. In this case, the stress analysis reduces to plane
strain for which only circumferential or hoop variations of the deformation
and stress are present. As in the axisymmetric case, the plane strain

analysis is expected to yield conservative predictions for the maximum
stress. A plane strain model of a corroded pipe under an internal pressure
p is depicted in Fig. 3(a).
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The corroded region in Fig. 3 is assumed to have a uniform reduced
wall thickness t* over the region 0<|¢|<B. The original wall thickness
is t, R 1s the mean radius, and t/R<<1 is assumed. Then, the soluticn to
problem (a) in Pig. 3 can be represented by the superposition of the
solutions to problems (b) and (c¢). In this figure ¢=p(l—t*t) represents
the radial stress in an uncorroded thin-walled pipe at a distance {* from
the inner surface. The solution to problem (b) is for an uncorroded pipe
under an internal pressure for which the hoop stress is pR/t. Hence, the
solution to problem (c) yields the additional stresses produced by the
metal loss. The tractions pRft acting on |[¢}=P introduce a significant
bending stress due to the resulting mismatch of the midsurfaces in the
corroded and uncorroded regions.

The solution to problem (c) is readily effected through the principle
of minimum complementary energy (i.e., Castigliano’s Theorem) . This
approach has the advantage that the compatibility (continuity) conditions
at the interfaces ({¢|{=f) of the corroded and uncorroded regions are
automatically satisfied. The internal membrane force N and bending moment
M are

N=(N,—qr)cos¢+qRHB - @)

and
Re*
M =M, + R(N, — qR)(1 - cos¢) -4 —~H(¢—B) ®

where N, and M, are internal membrane force and bending moment at ¢=0

and H{x) is the Heaviside step function. Minimizing the complementary
energy U* requires that

aU* JU*
_970_51\7;—0 (¢))

where

x M2 NZ
ve= | N 1ra
O[EI+EA ¢

and EI and EA are the flexural and extensional rigidities, respectively.
Omitting the algebraic details, it 1is found that, to a first
approximation (especially for n—1), N,=¢gR so that the direct stress at
6=0 for problem {(a) is then
G, =pRit*. (10)
The bending moment M, turns out to be

M, =qRe*(1 +€)/2, an

where
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¢ DB -sinp)-CP

AC - B? 2

In Eq (12), A, B and C are constants defined as
A=B+(r-Pm’ (13)
B=p-sinB+(x-p+snpm’ (14)

3 . 1. 3 . L. 3
=§B—25mB+Zsm2B+{5(n—6)+25m6—zsm2ﬁ]n , (15)
where N is the thickness ratio, t¥r.
The maximum bending stress occurs at ¢=0 and can be written as

G, =3pR(1 +e)(1 —t*1)t* (16)

The variation of the bending stress with B for representative values of
t*/t is shown in Fig. 4. The maximum stress (sum of the direct or membrane
stress and the bending stress) also occurs at ®=0 and is given by

om=p7§[l+3(1+s)(1 =1*/1)] a7

Michalopoulos [7) performed an elastic finite element analysis for
a corroded pressurized pipe in which the width of the corrosion in the
circumferential direction was 10t and the length in the axial direction
was either 10t (a square patch) or 33t. In general, the finite element
analyses indicated that greater hoop stresses were obtained for the longer
corroded region. A variety of pipe diameters, wall thicknesses and
corrosion depths were investigated. Table 1 compares the maximum stress
of Eq (17) with the finite element analysis for a corroded length of 33t
since it represents a closer approximation to plane strain. The plane
strain analysis yields maximum stress 11 to 32 percent greater than
predicted by the finite element analysis. This difference is likely due
to the assumed corroded length in the finite element analysis being
insufficient to produce plane strain.

. . . . o

Having solutions for the axisymmetric and the plane strain approx-
imations to the finite metal loss regions occurring in a corroded pipe,
the next step is determining the regimes in which each is dominant. This
could be done by equating the critical pressures obtained in the two
solutions to obtain an "indifference" condition. This condition would
delimit the metal loss regions in which its axial dimension leads to a
lower failure pressure from those in which its circumferential dimension
provides the lower value. However, a simpler procedure is to compare
the results for a variety of cases. A set of examples demonstrating this
conclusion is shown in Figures 5 and 6.
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DISCUSSION

With the current B31G guidelines for the remaining strength of corroded
transmission pipelines it is not possible to meet the need of the industry
for a relaxation of the excessive conservatism that is now embodied in
the guidelines, nor will it be possible to provide precise predictions
for larger diameter pipes and other variables beyond those contained in
the data base. While the empirical approach has been taken as far as it
possibly c¢an, in contrast, shell bending theory has ample room for
generalization. This paper described the generalization of the approach
to include the circumferential dimension of the corrosion damage region.
It was found that, despite its neglect in the empirical approaches, the
circumferential dimension may be the dominant one. However, this
potentially very significant conclusion needs further substantiation.

To accomplish this, a more realistic failure criterion can be used
to generalize the outer fiber failure criterion used in this work. It
is anticipated that this could be accomplished through the incorporation
of bending via a failure relation based on a collapse load. This is

N, Y aM,
= + =5 = 1 (13)
to ot

where N, and M, are the stress resultant and bending moment, respectively,
while G denotes a collapse stress. Figure 7 shows that this approach
would give a higher failure pressure than one based on an outer fiber
failure criterion, thus possibly giving rise to a region in which the
axial dimension dominates.

While, in general, the analysis of the remaining strength of a corroded
pipe is conceptually very simple, practical solutions are very complex.
There are many variables, even in idealized conditions; i.e.,
D,t,6,0,,L,W.d,p,6,. Actual corrosion patches have complex shapes. There
is also uncertainty of input data; e.g., the stress-strain behavior of
the pipe steel. Because of the complexity that exists, the usefulness
of elastic shell theory can be used to translate analysis/experimental
results into field useable damage assessment procedures This paper
indicates how this can be accomplished. 1In so doing, a key finding was
obtained. This is that the circumferential extent of damage, rather than
the axial dimension, governs.

In general, for risk free pipeline operation, consideration of many
other factors in addition to wall thinning is needed. These include time
dependent increase in corrosion patch dimensions, corrosion in dents and
gouged dents and at weldments, competition between fracture and plastic
instability failure, leak versus rupture deliminations, and the extension
to weld discontinuities and residual stresses. It is conjectured that
the elastic shell theory approach might be helpful in addressing these
problems also; particularly if the alternative is a purely empirical
approach.
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CONCLUSIONS

Because the present and recently proposed guidelines for oil and gas
pipelines having corrosion damage are empirical, they are both inefficient
and unreliable. Inefficient in the sense that large degrees of built-in
conservatism will cause unnecessary repair and replacement operations,
unreliable when extrapolated to conditions beyond the data base used to
formulate them. These considerations have motivated the development of
the theoretical relations by applying elastic shell theory to pipes with
idealized metal loss regions given in this paper.

It was found that the solution for an axisymmetric metal loss region
supports the general form of the empirical relation. Thus, for cases
where the axial dimension of the corroded region is critical, the current
guidelines may be appropriate. However, the theoretical solution for
the plane strain representation of the corroded region generally provides
a lower critical pressure. It can be concluded that the circumferential
dimension of the corroded region, which is neglected in the empirical
approach, may actually govern corroded pipe integrity.

REFERENCES

(11 Anon., ASME Guide for Gas Transmission and Distribution Piping

Corroded Pipelines, American Society of Mechanical Engineering, New
York, 1986.

2] Code of PFederal Requlations, 1986, 194.

{31 Coulson, K. E. W., and Worthington, R. G., "Pipe Corrosion," Qil

and Gas Journal, 9 April 1990, pp. 54-59.

(4] Kiefner, J. F. and Vieth, P. H., AModified Criterion for Evaluating
;hg_Bgm_;n;ng_sg;gng;h_gg;ggx;gggg_glgg American Gas Association,
Pipeline Research Committee Report on Project PR3-805, December
22, 1989; see also, Qil and Gas Journal, 6 August 1990, p. 56.

[5] Kiefner, J. F., "Fracture Initiation," Proceedings of the Fourth
AGA Line Pipe Research Symposium, American Gas Association,
Arlington, VA, Section G, 1968.

[6] Kanninen, M. F., "A Theoretical Basis for Determining the Integrity
of Corroded Pipelines," manuscript submitted for publication,
September 1930.

[7] Michalopoulos, C. D., *"Design Analysis for Fiberglass Reinforced
Composite Repair Sleeve, * Final Report, Southwest Applied Mechanics,
Inc., Houston, Texas, November 1990.



James B. Hinte!

THE NUPIPE® RECONSTRUCTION TECHNOLOGY’

REFERENCE: Hinte, J. B., “The NUPIPE® Reconstruction Technology”,
Corrosion Forms and Control for Infrastructure, ASTM STP 1137, Victor
Chaker, Ed., American Society for Testing and Materials, Philadelphia,
1992.

ABSTRACT: Increasing awareness of deteriorating infrastructure systems
has led to the development of a new pipeline reconstruction method which
forms a tight-fitting, new PVC pipe within an existing pipe. This
unigque process can be used for reconstructing pipes ranging from 4-inch
through 12-inch diameter for both municipal and industrial applications.
The new PVC pipe provides structural support and isolates the existing
conduit from further corrosion from the effluent.

KEYWORDS: PVC, trenchless reconstruction, corrosion protection,
infiltration control, thermoplastics

The process involves the insertion of a folded PVC extrusion
(Figure 1) into an existing pipeline. Once the folded PVC pipe is fully
extended within the host pipe, it is heated to a temperature sufficient
to make the plastic soft and pliable.

FOLDED CROSS SECTION

Figure 1. Cross section of pipe showing the folded configuration (left)
and the rounded configuration (right}.

'Registered professional engineer and a Business Development Engineer
at NUPIPE, Inc., 3315 Democrat Road, Memphis, TN 38118.

*The NUPIPE® technology is a patented process for reconstructing small
diameter pipelines without excavation. NUPIPE, Inc., Memphis, TN
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The folded pipe is then progressively expanded using a specially
designed rounding device that is propelled by low pressure steam. This
expansion process develops a tight fit while creating a mechanical lock
at joints and offsets as well as forming distinct dimples at lateral
connections. The PVC is cooled to a rigid state, the ends are cut off,
and service connections are reinstated internally using a remote
controlled robotic cutting device (Figure 2).

o NuPipe is expanded and pressed tightly
against the walls of the damaged pipeline
by a steam-driven rounding device.

Figure 2.
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The finished pipe is fully structural with no joints. Internal
corrosion of the host pipe is stopped, and since the new pipe is not
dependent on the structural capacity of the existing pipe, external
corrosion will not effect the operating life of the system. Structural
integrity of the system is reestablished while infiltration through
joints or defects in the pipe wall is virtually eliminated. Flow
capacity is typically increased due to a combination of the low
Manning’s coefficient of PVC (™n” = 0.009) [1] and the continuous nature
of the pipe which provides smooth transitions at joints, cracks or
missing segments in the existing line.

DEVELOPMENT

A key component in the development of the process began with the
selection of which material would be most suitable for this technology.
Thermoplastic materials, defined as having the property of being able to
be repeatedly softened and hardened by heating and cooling through a
specific temperature range characteristic for each plastic, per ASTM
Standard Definitions of Terms Relating to Plastics (D 883), were the
obvious choice; however, selecting the most appropriate thermoplastic
was the problem. The most commonly used thermoplastics for sanitary
sewer systems are polyvinyl chloride (PVC), polyethylene (PE) and
acrylonitrile-butadiene-styrene (ABS). In evaluating materials, some of
the more critical characteristics analyzed were temperature necessary to
sufficiently soften the plastic, degree of ductility while in the
softened state, strength of material in both the pliable and rigid
condition, workability of material, and effects on the material as a
result of the processing required to install the product.

PVC was selected as the material best fitting these criteria. PVC
becomes pliable above 189°F (87.2°C), which allows the pipe to conform
to the host pipe and yet maintains sufficient physical characteristics
to allow for installation and processing. It was also found through
testing [2] that the physical properties of the processed PVC were not
altered by the installation and processing, providing a finished pipe
that was equivalent to normal PVC. PVC compounds are a mixture of PVC
polymers, stabilizers, catalysts, processing agents, modifiers and
pigment. This combination of materials aids in the extrusion process as
well as ensures a PVC compound with predictable physical and chemical
properties. In developing a formulation for this process, the objective
was to derive a compound that would fall within the scope of ASTM
Standard Specification for Rigid Poly(vinyl Chloride) (PVC) Compounds
and Chlorinated Poly(vinyl Chloride) (CPVC) Compounds (D 1784) and
applicable portions of ASTM Standard Specification for Type PSM
Poly(vinyl Chloride) (PVC) Sewer Pipe and Fittings (D 3034) and was
capable of providing the necessary properties required for the process.
ASTM D 1784 categorizes PVC into cell classes based upon the physical
properties and chemical resistance of each compound. The final
properties have been tested and were found to meet or exceed the
performance requirements within ASTM D 3034.

The pipe is extruded round and while still hot and flexible is
passed through a specially designed folding and calibration unit that
carefully transforms the round pipe into the folded configuration.
After having the appropriate markings applied to the pipe wall, the
folded pipe is slightly heated and is then wound onto wooden spools at
which time it is ready for installation.

INSTALLATION
The first stage of an installation is the cleaning and evaluation

of the existing pipe. A video camera is pulled through the pipe to
determine the extent of deterioration, to see if the current condition
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is suitable for the process, and to record the location of side
connections. The pipe is then cleaned to remove roots and sediment that
would interfere with the expansion of the pipe. Access for gravity
systems is typically through existing manholes. If the system must
remain operational during the reconstruction process, bypass pumping is
established.

Spools of folded pipe are loaded into a trailer-mounted insulated
heat chamber. The heat chamber is a self-contained environmental unit
that is used for transporting the pipe and which is equipped to provide
a closed environment to heat the folded PVC while still on the spool.
Once the installation crew mobilizes to the job site, the heat chamber
is positioned over the insertion manhole. At this point, necessary
hardware and fittings are positioned in the insertion and terminating
manholes while heat is applied to the spool in the heat chamber.

Heating the material prior to insertion makes the PVC flexible, which
reduces the forces needed to pull the PVC in and eliminates damage to
both the PVC and the host pipe that might occur during insertion. After
the hardware is in place, a winch is positioned over the terminating
manhole. The winch is used to pull the heat containment tube (HCT) and
folded PVC through the existing pipe. The HCT is a thin reinforced
flexible tube that is pulled into the host pipe prior to inserting the
PVC. The HCT protects the PVC from damage during the winching process,
allows the PVC to be heated from both the inside and the outside in a
closed environment, and insulates the PVC from groundwater that may be
entering the pipe during the heating and rounding process. Once the HCT
is in place and the PVC has become pliable, the winch cable is attached.
The folded pipe is then pulled through the HCT and host pipe to the
terminating manhole. Once the pipe is completely extended, the ends are
cut off and specially designed fittings are attached to each end. The
fitting attached at the insertion end is a canister that contains the
rounding device and 1s equipped with two attachments for supplylng steam
to the pipe. The attachment located in front of the rounding device
supplies steam to the interior of the folded pipe, and the attachment
behind the roundlng device supplies steam to propel the rounding device
through the pipe. The fitting at the terminating end is designed to
receive the rounding device and act as a controlling valve to regulate
pressure and release condensate. Once the fittings are secured, steam
is applied until thermocouples indicate the required temperatures have
been obtained at both ends of the line, ensuring the material has become
soft and pliable.

At this point, steam is transitioned to the line behind the
rounding device, propelling it through the pipe. The rate of progress
is controlled by a steel cable and winch located on the heat chamber.
The rounding device is the vital element of the installation process as
it ensures controlled, progressive expansion of the folded pipe. The
rounding device forcCes the PVC tightly against the existing pipe and
creates dimples at side connections as well as a mechanical lock at
joints and irregularities in the conduit. Progressive expansion, which
means the pipe is sequentially rounded from one end to the other,
eliminates any trapped air or water that might interfere with the
rounding process. If the folded pipe was only inflated using internal
pressure, it would round uniformly from end to end possibly trapping air
or water in between the new pipe and the existing pipe. Areas that do
not round completely would have reduced structural capacity and flow
area in that section.

After the rounding device reaches the termination point, heat and
pressure are maintained for a predetermined period, and then the system
is stabilized with air and quenched by introducing cool water into the
pipe. Once the system has cooled, the new pipe becomes a hard,
structurally sound PVC pipe. The ends are cut off and trimmed, and the
robotic cutting device and CCTV camera are placed in the pipe to
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reinstate service connections. The dimples created during the rounding
process give the technician a clearly defined outline of the lateral,
allowing reinstatement of regular and irregular shaped openings.

STRUCTURAL ANALYSIS

Although the installed pipe will perform like standard PVC pipe,
the static and dynamic loads are different than that for a direct buried
condition. When reconstructing pipelines in situ, there are two design
conditions that have been defined relating to the condition of the
existing pipe, and they are the partially deteriorated state and the
fully deteriorated state. 1In the partially deteriorated case, the
existing pipe is structurally sound and is capable of sustaining live
and dead loads; however, it is suffering from infiltration through
separated joints, hairline cracks and other minor defects in the
pipeline. Once the line has been reconstructed and groundwater is
locked out, the pipe will be subjected to hydrostatic loading while the
host pipe carries the other loads. 1In the fully deteriorated condition,
the existing pipe is at or near structural failure and, therefore,
cannot be considered as providing any structural contribution. In this
case, the pipe must sustain all static and dynamic loads as if it were
in a direct burial condition. Therefore, the pipe is designed for the
direct burial condition using the AWWA formula for the buckling design
of buried flexible pipe, AWWA Standard For Fiberglass Pressure Pipe
(AWWA C950) and the Spangler equation to check deflection under load.
The application of these equations is conservative since the
installation is inside an existing pipe surrounded by consolidated
soils.

Tests to assimilate the partially deteriorated condition and
subsequent failure modes were developed by Utah State University Civil
and Mechanical Engineering Departments. [3]

Test samples were prepared inside an 8-inch (203 mm) schedule 40
steel pipe, 7.98 inches (202.7 mm) inside diameter. The inside surface
of the steel pipe received no special treatment or cleaning. No bonding
to the steel pipe was intended or achieved, only a typical tight fit.

The ends of the steel pipe were then gasketed and flanged end caps
installed so that water pressure could be introduced between the steel
casing and the pipe through the wall of the casing. The pressure was
then increased until failure occurred. Eight tests were performed, all
at ambient air and water temperature of approximately 80°'F (26.6°C).
Eight test sections were recorded. The average pressure at failure was
172 psi (1,185.9 kPa) (397 feet, or 121 m, of head). Ring compression
stress theory appeared to best model the principal failure mode,
although the high pressure requirements to cause failure clearly
indicate that for almost all installations, external pressure will not
be critical, and ring compression stress will not be a performance
limit.

Three possible mathematical models were considered in analyzing

the test results.

1. Wall buckling from external loading.
2. Ring compression theory.
3. Semi-circular/semi-elliptical theory (gap analysis).
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The buckling equation for a flexible pipe is: (1)
P(DR-1)3 (1-v3) =2
E
where
P = external hydrostatic pressure (psi)
DR = standard dimension ratio = 35
v = Poisson’s ratio of pipe material
E = modulus of elasticity of pipe (psi)

This describes the critical buckling pressure for external
hydrostatic forces working on an unrestrained pipe. Since the PVC pipe
is restrained within an existing host pipe which is further restrained
by surrounding soil, this equation does not directly apply. In fact,
using this equation will give results for critical buckling pressure of
only about 1/7 of the test results.

Performance was further analyzed using the principle of ring
compression stress.

(2)
P (OD) _
g= — =
2t S;
where

(o = ring compression stress (circumferential stress) (psi)
P = external hydrostatic pressure (psi)
oD = outside diameter of the pipe (inches)
t = wall thickness (inches)
Sp = proportional limit (stress) (psi) of the PVC

The results are plotted in Figure 3.

A gap analysis was also performed. In this analysis, the
structure is examined where the external pressure reduces the
circumference of the pipe and forces it into a semi-elliptical shape.
Therefore, 180° of the pipe is circular and in direct contact with the
host pipe, and the other 180° is in an approximate elliptical shape
uniformly stressed by external pressure. Assuming that the pipe in the
gap is semi-elliptical, the ring compression stress is increased as
shown by the upper portion of the graph in Figure 3. See Figure 4 for a
free-body diagram of the restrained pipe as assumed for gap analysis.

Figure 3 shows that the graph of the ring compression stress
analysis is almost identical to that of gap analysis. In fact, the ring
compression stress analysis best represents the actual test results.

For design of SDR 35 pipe, a maximum of 57.33 psi (395.3 kPa) is
recommended. This equates to 132 feet (40.2 m) (397’ + 3) of external
water pressure at a 3 to 1 safety factor.
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between the pipe and casing. This analytical procedure is referred to
as gap analysis or as semi-circular/semi-elliptical theory.



206 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

SUMMARY

Using the material most widely installed for new construction of
sanitary sewers in the United States, PVC, this process provides a means
to reconstruct sewers without the need for excavation at a fraction of
the time associated with open cut replacement. The finished pipe
reestablishes the structural integrity of the deteriorating system with
a continuous, corrosion resistant pipe that will significantly extend
the useful life of the system.

REFERENCES

[1] Uni-Bell PVC Pipe Association, Uni-Bell Handbook of PVC Pipe

Design and Construction, Dallas, Texas, 1982

[2] Moser, A. P. and Shupe, O. K., Buried Structures Laboratory, Utah
State University, “ASTM Testing of 8-inch Diameter PVC NuPipe”,
Logan, Utah, 1991

[3] Watkins, Reynold K., Professor, Civil and Environmental
Engineering, Utah State University, “Structural Performance of
NuPipe”, 1989



Neal S. Berke,! and Maria C. iicks?

ESTIMATING THE LIFE CYCLE OF REINFORCED CONCRETE DECKS AND MARINE
PILES USING LABORATORY DIFFUSION AND CORROSION DATA

REFERENCE: Berke, N. S., and Hicks, M. C. , “Estimating the Life Cycie of Relnforced
Concrete Decks and Marine Piles using Laboratory Diffusion and Corrosion Data,”

Corrosion Forms and Control for insfrastructure, ASTM STP 1137, Victor Chaker, Ed.,
American Society for Testing and Materials, Philadelphia, 1992.

ABSTRACT: Chlonde induced corrosion is a major cause of the deterioration of steel
reinforced concrete structures in marine environments, and in Northern environments
where deicing salts are used. The time-to-corrosion initiation and subsequent
corrosion induced damage is related to the time that it takes chloride ions to reach a
critical level at the steel. In this paper it is demonstrated that chloride ingress into
concrete follows Fick’s Diffusion equation for properly cured concretes. Itis shown
how the diffusion coefficients and chloride surtace concentrations can be used to
predict the chloride profile as a function of time. The effects of concrete mixture
proportioning and concrete admixtures on the diffusivity of chloride and chloride
corrosion threshold level are shown. The results of several experiments and models
developed show that reducing the water-to-cement ratio and increasing concrete
cover over the steel greatly reduce the chloride ingress as recommemded by the
American Concrete Institute codes. Furthermore, even more dramatic decreases in
chloride penetration can be obtained by the use of microsilica in the concrete mixture.
It is also shown that calcium nitrite when admixed into the concrete significantly
increases the chioride levels at which severe corrosion will occur. The above results
are used to estimate the time to corrosion and failure for different types of reinforced
concrete structures. These models can be used by a design engineer to estimate the
life of reinforced concrete exposed to chloride ingress.

KEYWORDS: Concrete, steel reinforcing, corrosion, chloride diffusion, design, parking
garage, deck, manne structure, marine pile

' Research Manager, Construction Products Division, W. R. Grace & Co.- Conn,,
62 Whittemore Av., Cambridge, MA 02140.

2 Senior Research Engineer, Construction Products Division, W. R. Grace &
Co.Conn., 62 Whittemore Av., Cambridge, MA 02140.
207

Copyright® 1992 by ASTM International www.astm.org



208 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

INTRODUCTION

The durability of steel reinforced concrete is affected by several
parameters of which chloride ingress is one of the most important. The natural
passivity of steel in the alkaline environment provided by concrete is disrupted
by chloride ions and the resulting corrosion products can lead to cracking,
spalling, delamination and eventual failure of the structure. Several areas of
the infrastructure are subjected to severe chloride ingress. These are bridge
and parking structures in locations where deicing salts are used to keep the
roads open in the winter, and marine structures which are subjected to a daily
severe salt exposure. In the absence of chlorides these structures would last
many years longer without need for additional corrosion protection.

One means of combating chloride induced corrosion is to decrease the
permeability of the concrete to chloride ingress. This is recognized by the
American Concrete Institute (ACI) in the Building Code [1} and in its guide for
offshore structures [2]. These documents call for a maximum water-to-cement
ratio (w/c) of 0.4 and for minimum concrete covers over the steel of 38 mm (1.5
in.) for nonmarine to 64 mm (2.5 in.) in marine environments. Additional ACI
documents address the maximum allowed crack sizes which are 0.15 and
0.18 mm (0.006 and 0.007 in.) for marine and deicing salt environments re-
spectively [3]. For crack sizes under 0.2 mm (0.008 in.) the effect on chloride
ingress through the cracks is marginal [4]. Thus for concrete produced accord-
ing to current recommended practices and codes, a model for chloride ingress
based upon diffusion through uncracked concrete may be used.

Several investigators have shown that chioride ingress into good quali-
ty concrete can be modeled by a diffusion process [5-15] and have come up
with estimates of chloride profiles as a function of exposure and time. In this
paper diffusion coefficients determined on one to three year old severely ex-
posed laboratory specimens are used to predict chloride levels after five years
of severe exposure. In some cases the effective diffusion coefficient is estimat-
ed from concrete resistivity or rapid chloride permeability data as measured by
AASHTO T277 [16]. It will be shown that the effective diffusion coefficients can
be used to predict chloride levels. Based upon these findings several curves
estimating chloride profiles as a function of concrete mixture design, geometry,
and exposure conditions are produced.

The effects of silica fume (microsilica) and calcium nitrite on the long-
term durability of concrete will be discussed within the context of chloride
ingress. Chloride ingress data show that microsilica significantly lowers the
effective diffusion coefficient. Modeling of long-term severe chloride expo-
sures predicts that even though the permeability is very low, that significant
chloride can reach the reinforcing steel. In this paper data are presented that
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supports the modeling, and corrosion behavior shows that corrosion will occur.
it will be demonstrated that calcium nitrite treated concrete has no adverse ef-
fects on the diffusion of chloride and prevents corrosion in the presence of
chiorides.

The above findings are used to demonstrate how an engineer can ef-
fectively design a reinforced structure for long-term durability to chioride expo-
sures. In particular, the effects of concrete w/c ratio, concrete cover over the
reinforcing steel, microsilica content, and calcium nitrite on chloride ingress
and subsequent corrosion behavior will be highlighted.

EXPERIMENTAL

In this paper data are given on the chloride content and corrosion rates
of reinforced concrete produced for several long-term studies. The concretes
were produced with cements meeting ASTM Specification for Portland
Cement (C 150) and the coarse aggregates conformed to ASTM Specification
for Concrete Aggregates (C 33) Size 67. The fine aggregates were a natural
sand which met the requirements of ASTM C 33.

Admixtures used met the requirements of ASTM Specification for
Chemical Admixtures for Concrete (C 494) except for microsilica which is not
currently governed by an ASTM specification. The microsilica was added as a
slurry. Calcium nitrite was added as a nominal 30% by mass solution.

Concrete specimens discussed were in the form of 102 mm x 203 mm
(4 in. x 8in.) cylinders for compressive strength and were cut to be 51 mm
(2 in.) thick for the AASHTO T277 method.

Lollipops were produced for resistivity and polarization resistance tests.
These specimens were 76 mm x 152 mm (3 x 6 in.) cylinders with an embed-
ded Number 3 reinforcing bar (9.5 mm (3/8 in.) diameter) positioned 38 mm
(1.5in.) from the cylinder bottom and with the top embedded 13 mm (0.5 in.)
protected with electroplater's tape to expose 102 mm (4 in.) of bar.

Minidecks were also produced and were 279 mm x 114 mm x 152 mm
(11 in. x 4.5in. x 6 in.) with top and bottom number 4 (13 mm (0.5 in.) diameter)
reinforcing bars. The bottom bar was 25 mm (1 in.) from the bottom and the
top bars were 19 to 35 mm (0.75 to 1.37 in.) from the top surface. The reinforc-
ing bars were taped with electroplater's tape to expose 178 mm (7 in.) of bar.
A 51 mm (2 in.) high plastic dam with inside dimensions of 230 mm x 70 mm
(9in. x 2.75 in.) was caulked to the top. The four sides of the sample and top
surface outside of the dam were coated with a concrete epoxy. Ground
clamps were used to attach a 100 Q resistor between the top and bottom bar.
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TEST METHODS

Rapid chloride permeability tests were conducted in accordance with
the AASHTO T277 test method on samples cut from 102 mm x 203 mm (4 in. x
8in.) cylinders. The data shown in this paper were first reported by Berke and
Roberts in 1989 [17].

Electrochemical tests were used to determine concrete resistivity and
corrosion rates as a function of time. Concrete resistivities were determined at
20 kHz. Each cylinder was submerged in a 3% NaCl solution to within 25 mm
(1in.) of the top surface, in order to provide a high conductivity environment
and to minimize resistance drops outside of the concrete. The technique is ex-
plained in greater detail in references 18 and 19.

Corrosion rate measurements consisted of polarization resistance (with
IR interruption) on the lollipop specimens and macrocell corrosion on the
minidecks. Both methods have been successfully used to measure corrosion
rates of steel in concrete [6-9,15.17-25]. Both techniques as used in this work
are described in detail in references 17 and 25.

Chloride analyses were performed using the method outlined in the
Florida DOT Research Report 203 PB 289620 [27]. Powder from dry drlling
with a 13 mm (0.5 in.) bit was collected and crushed to pass a 300 um sieve
(No. 50). The powder was then digested with a boiling solution of 10% by vol-
ume nitric acid, filtered, and the chloride content analyzed using the silver ni-
trate titration method.

DETERMINATION OF CHLORIDE DIFFUSION COEFFICIENTS

Before one discusses the results of new data presented in this paper
and models predicting the service life of several structures exposed to chloride
ingress, a brief description of how effective chloride diffusion coefticients (Dgy)
were determined is in order. The exact rate of chloride diffusion through con-
crete cannot be determined due to the heterogeneous nature of concrete and
the differences between concreting materials. However, a reasonable approx-
imation can be obtained and can be used to estimate the ingress of chloride
as a function of time, depth and environment. D4 values can be determined
for various concrete mixture designs by analyzing chloride contents in labora-
tory and field concretes as a function of time and depth. Similar mixture de-
signs would be expected to have approximately the same Dy values.
Furthermore, in this paper data will be presented that indicate that a determi-
nation of concrete resistivity and/or rapid chloride permeability can be used to
provide a reasonable estimate of Dgy.
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Chloride data from numerous laboratory and field studies [Z-3] were an-
alyzed using a nonlinear regression analysis technique available on a main-
frame computer with SAS [26]. The model used was Fick's diffusion equation
for a semi-infinite slab:

C=C,, {1-erf[x/(2V(Dgst))]} (1)

Where C is the concentration at depth x and time t, Dy is the effective diffusion
coefficient and C is the surface concentration. The program solves for C, and
D¢t With no assumptions other than that Fick's Law is applicable.

This mode! has been used by others [11,12] and was shown to fit our
data well [7-3]. Dy values determined previously as well as newer coeffi-

cients based upon additional work will be given later.

The above diffusion coefficients were determined on concretes exposed
to constant temperatures of 22°C (72°F). Assuming that the diffusion is an ex-
ponential function of the temperature, a change in temperature of 10 °C will af-
fect the coefficient by a factor of 2.33. This is a reasonable approximation,
since D=Dye"YRT for solids, where D, is essentially constant over a wide tem-

perature range and Q is an activation energy [28].

Once Dy is known, it is possible to use Fick’s Law to develop a chloride

profile for a given surface concentration and exposure time. In this paper an
average yearly temperature is used for the selection of Dgy; based upon the

mixture design and correlation found between diffusion and bulk concrete re-
sistivity and AASHTO T277 rapid chloride permeability. It should be noted that
specimens that were ponded for chloride analysis were moist cured for 28
days and as such concretes with less curing might not be as impermeable at
the same mixture design. Determination of the resistivity or rapid chioride per-
meability on specimens with the same cure as the exposed concrete could
provide a better indication of Dgy. Also of note is that ionic admixtures such as
calcium nitrite can change the correlation between D¢y and resistivity or rapid

chloride permeability. This is addressed below and a relationship for use with
calcium nitrite is provided.

Three models based upon Fick’s Law and using Dy values as deter-

mined above are used in this paper to predict long-term chleride ingress. The
first model is the straightforward one-dimensional mode! in which the surface
is quickly saturated to a constant chloride concentration. This is used for
minideck laboratory specimens which are severely exposed and can be used
for sea walls. The second model is also one dimensional but realizes as
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pointed out in reference 7 that the pseudo surface chloride surface concentra-
tion increases in time until it levels off at a constant value. Based upon numer-
ous test specimens and severe field exposures we have found this value to be

approximately 17.8 kg/m3 (30 Ib/yd3). Higher chloride analysis values are
only found after severe cracking and spalling has occurred and salt has filled
the cracks.

The third model is two-dimensional in nature and is used to predict the
ingress along the diagonal of a square pile. This gives much more ingress
than the one-dimensional model. For typical piles the center of a face would
essentially be the one-dimensional model. Since the splash-tidal zone is sub-

jected to the most severe exposure, a value of 17.8 kg/m3 (30 Ib/yd3) is used
for the surface concentration.

it will be shown that the two-dimensional model can be used to provide
a reasonable approximation for ingress into a cylinder. A cylindrical model re-
quires the use of spherical Bessel functions and is difficult to use. A cylinder
was approximated by averaging the chloride contents at a given depth from a
square piles, with a side equal in length to the cylinder diameter.

RELATIONSHIPS BETWEEN RESISTIVITY, RAPID CHLORIDE
PERMEABILITY, AND DIFFUSIVITY AND THEIR EFFECT ON COR
ROSION

] ion lating Resistijvi i |

Permeability and Diffusivity

As can be surmised, determination of diffusion coefficients by measur-
ing chloride concentration profiles in concrete is a time-consuming process in
that it requires long-term chloride exposures and sample analysis. It is there-
fore of interest to determine whether the diffusion coefficient can be estimated
more readily. Two parameters that can be measured easily are the rapid chlo-
ride permeability and the resistivity. These parameters are frequently used in
quality control and as such might be related to the diffusivity of the concrete.

The rapid chloride permeability is frequently included in the concrete
specifications for a construction project. The resistivity of concrete is an elec-
trochemical parameter which is measured in the course of monitoring the cor-
rosion behavior of concrete samples with embedded reinforcing bars.

Resistivity data are shown in Table 1 together with diffusion coefficients
calculated from chioride concentrations using Eq.(1). The relationship be-
tween the resistivity and diffusion coefficient is seen in Figure 1, which also
shows that the correlation between the two parameters is affected by the pres-
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ence of calcium nitrite in the concrete. This is to be expected as the presence
of conductive additives decrease the resistivity whereas these additives do not
adversely affect the diffusion coefficient.

TABLE 1-- Chloride ditfusion coefcients for concrete samples
ponded in 3% NaCl for two years,

Cement 30% Ca(NO3), AASHTO 1277 Dett P
Mix (km3) %CSF (Vm3) W/C Coulombs  (10-8 cm2/s)
(kohmecm)

1 347 0] 0 0.48 3663 11 7.7
2 343 0] 20 0.48 4220 6 5.4
5 350 15 0] 0.48 198 0.7 94.7
6 359 15 20 0.48 253 05 593
11 363 7.5 10 0.43 308 08 426
13 338 0] 0 0.38 3485 2.0 10.8
14 352 0] 20 0.38 1838 2.0 7.7
17 354 15 0] 0.38 75 0.3 161
18 343 15 20 0.38 119 0.3 88.6

348 0] 0 0.46 17 4.0

It is important to note that the resistivity data are the values taken before
significant corrosion has occurred. Once the rebars are corroding, the resistiv-
ity values can be affected by the corrosion process, and can no longer be ex-
pected to reflect the permeability of the concrete.

The data yielded the following correlations between the effective diffu-
sion coefficient and the resistivity:

No calcium nitrite

Deyf = 54.6 * 10°8(Resistivity)!-01 r2=0.95 (2)
With calcium nitrite

Dgt = 20.0 + 10°8(Resistivity)0-91 r2=0.97 3)

Where the resistivity is given in kohmescm, and Dgy is given in cm?/s.
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It has previously been shown that the resistivity is related to the perme-
ability of the concrete [1Z]. This relationship is shown in Figure 2 and can be
expressed by the following correlation:

Resistivity = 4887 ( Rapid Permeability)0-832  r2=0.97 (4)

Where resistivity is once again in kohmecm, and the rapid permeability is in
coulombs as determined by AASHTQ T277.

Data for permeabilities above 2000 Coulombs were not included in the
correlation because at these high currents the resistance heating of the con-
crete becomes significant, and the specimen can no longer be assumed to be
at ambient temperature. The current increases and the resistivity decreases
with increasing temperature, thus giving a higher value for the permeability.

Equations (2) to (4) can be used to derive correlations between the ef-
fective ditfusion coefficient and the rapid chloride permeability:

No calcium nitrite
Desi = 0.0103 « 10-8(Rapid Permeability)0-84 (5)

With calcium nitrite
Dy = 0.0088 + 108 (Rapid Permeability)%-76 (6)

The few permeability data available (Table 1) are shown plotted in
Figure 3, and give an indication of the accuracy with which the above correla-
tions can predict diffusion coefficients from permeabilities.

In observing Figure 3, it is seen that the correlations show that calcium
nitrite specimens have lower diffusion coefficients at the same rapid perme-
ability values. Thus, even though calcium nitrite might reduce resistivity or in-
crease the rapid permeability value of a given concrete, it does not increase
the rate of chloride ingress.

Variation of Diffusivity with Time

Chloride concentration profiles for the concrete minidecks were mea-
sured after two and three years of exposure. The diffusivities calculated using
Eqg. 1 are shown in Table 1 (for two years) and Table 2 (for three years) and
show little change.
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TABLE 2-Chioride diffusion coefficients for concrete samples

_ponded in 3% NaCl for three years.

Cement 30% Ca(NOy), AASHTO T277 Doty
Mix (kg/m3) %CSF (Ym3) WiC Coulombs (*10-8 cm2/s)
1 347 0 0 0.48 3663 11
5 350 15 0 0.48 119 0.6
11 363 7.5 10 0.43 380 0.6
13 338 0 0 0.38 3485 3.2
18 343 15 20 0.38 119 0.3

ri f Calcula 1 Chlorid !

The same concrete mixtures were used to prepare lollipops that have
now been exposed to chloride solutions for five years. In this case, chloride
concentrations were measured in one location (between 13 mm and 33 mm
(0.51in. and 1.3 in.)) only. The diffusion model was applied to determine the
accuracy with which the chloride concentration after five years can be predict-
ed using diffusion coefficients determined after two years (from concentration
profiles) and from resistivity and permeability data.

This was done using a two dimensional mode! for cylindrical specimens
(76 mm x 152 mm (3 in. x 6 in.)) in which chloride concentrations were calcu-
lated assuming equivalence with a square pile with a side equal to the cylin-
der diameter (76 mm (3 in.)).

The calculated and measured chloride concentrations are given in
Table 3. The agreement between the predicted and measured data, is remark-
ably good.

TABLE 3--Chloride concentrations of 76 mm x 152 mm cylindrical samples
_at depths between 1.3 and 3.3 cm (specimens ponded for 5 years),

Ww/C % CSF Measured CI’ Cakulated CI’
(kgym3*) (kg/m3*)
0.48 3.75 11.0 14.6
0.38 0 10.1 11.6
0.38 3.75 7.3 12.0
0.48 7.5 6.7 7.9

* To convert to Ib/yd® muttiply by 1.7
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Of interest here is that silica fume decreases permeability and slows down
chloride ingress but eventually the chloride reaches the reinforcing bars and

corrosion takes place. Note that it takes about 0.9-1 kg/m3 (1.5-2 Ib/yd3) chlo-

ride for corrosion initiation and at 3 kg/m3 (5 Ib/yd3) cracking and staining oc-
curs.

Measured and calculated chloride concentrations were similarly done
for the minidecks. The data are given in Table 4. Equation (1) was used for

the determination of C, with C,, = 18 kg/m3 (30 Ib/yd3) or 12.5 kg/m3 (21

lb/yd3) as found for the specimens at w/c = 0.46 [10]. Here the agreement of
calculated and measured values for samples containing calcium nitrite is poor,
probably due to the fact that the nitrite specimens had reduced permeabilities,
even more so than calculated. Nevertheless, equation 3 relating diffusivity to
resistivity might have a built in safety factor.

Corrosion Results

Some researchers believe that corrosion in not possible at high con-
crete resistivities [29]. Recent studies show that even in low permeability, high
resistivity concrete, the embedded reinforcing steel goes into corrosion after 5
years of accelerated laboratory testing [3Q] (controls without microsilica failed
within two years). The long-term data showed that calcium nitrite significantly
improved the corrosion resistance of stee! in concrete containing microsilica.
This occurred even though rapid chloride permeability values were almost
doubled and initial resistivities were almost a factor of two lower.

Figure 4 shows new corrosion data for minidecks with 0.46 w/c ponded
for 5 years. The chloride data for these specimens are given in Table 4, and
clearly show that chioride levels are well beyond normal threshold values of

09to1 kg/m3. The total corrosion is the integrated macrocell current mea-
sured with time. The specimens without calcium nitrite were severely corrod-
ing within one year. Here the beneficial effect of the calcium nitrite addition can
clearly be seen as with over a four-fold increase in performance even at con-
crete covers below those recommended.
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TABLE 4-Chloride concentration at the rebar level of minidecks
(279 mm x 114 mm x 152 mm) (5 year samples),

W/C Depth 30% Ca(NO5)o Doy  Measured Calculated CI
(mm) (vm3) (*108ecm?5) Cr using Eq.(1)
(kg/m3) (kg/m3)
0.48 35 0 11 9.8 9.8
0.46 19 0 17 17.2 10.0
0.46 19 10 57* 58 8.2
0.46 19 20 57" 7.8 8.2
0.46 35 0 17 4.4 79
0.46 35 10 57" 1.6 5.1
0.46 35 20 57" 1.4 51

*Calculated from equation 3 relating ditfusion coefficient to resistivity .

Improved benefits of increasing cover to 35 mm (1.4 in.) are seen in
Figure 5 in which case the control specimens started to corrode at 18 months
and the specimens with calcium nitrite are not corroding after 5 years.

PRACTICAL APPLICATIONS

Because there is a well-established relationship between permeability
and concrete quality, the diffusion coefficients can be calculated for any specif-
ic concrete of interest. The diffusion coefficient must be corrected for the yearly
average temperature prevailing at the proposed site, and then may be used to
predict chloride profiles as a function of time. The examples given below are
based upon estimates of chloride diffusivity calculated and extrapolated from
laboratory and field data. Local materials, workmanship, curing conditions
and structural history (e.g., dynamic loads, one time events such as earth-
quakes) can affect the chloride ingress. These examples are thus a useful
prediction guide, and obviously do not give the exact values of chloride at the
reinforcement at a given time.

Parking Garage

The first example is a parking garage with a design life of 40 years situ-
ated in an area where the average temperature is 10 C (50 F) and the local
roads have heavy applications of deicing salts. This is comparable to the case
of a slab where chloride ingress is one-dimensional. Estimated chloride con-
centrations at various depths for concrete with W/C=0.4 over a period of time
are given in Figure 6. Assuming a 38 mm (1.5 in.) concrete cover over the re-
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inforcement, the amount of chloride at the bar after 40 years is estimated to be
about 7.7 kg/m3 (13 pey). Using better quality concrete (Figure 7), for example
adding 30 kg/m3 (50 pcy) microsilica, will lower the chloride concentrations to
a level of 4 kg/m3 (7 pcy).

The unprotected structure would have to be repaired after 15 years
whereas the addition of microsilica would considerably extend the life of the
structure. The corrosion data presented show that the addition of calcium ni-
trite would further improve the corrosion resistance of the structure for both
concretes. As can be seen in Table 5, approximately 10 I/m3 (2 gal/yd3) of
30% calcium nitrite solution would provide for the 40 year design life with mi-

crosilica, and 20 I/m3 (4 gal.yd3) would protect the structure without microsilica

[2).

TABLE 5-Caicium nitrite dosage rates vs. chloride protection,
Calcium Nitrite {30% solution) Chiorides
Vm3 (galyd3) kg/m3 (Ib/yd3)
10 (2) 3.6 (6.0
15 (3) 5.9 (9.9)
20 (4) 7.7 (13)
25 (5) 8.9 (15)
30 (6) 9.5 (16)

Square Pile in a Marine Enviropnment

Consider a square pile with a side dimension of 356 mm (14 in.) ex-
posed to a marine environment where the yearly average temperature is 18
°C (65 °F). The chloride concentration profiles along the diagonal after 50
years are represented in Figure 8 for three types of concrete. Assuming a de-
sign concrete cover of between 64 mm and 76 mm (2.5 and 3 in) was speci-

fied, chloride concentrations could be halved by the addition of 30 kg/cm3 (50
pcy) microsilica (600 Coulombs concrete).

At 76 mm (3 in.) the chloride contents are 10.2 kg/m3 (17.1 Ib/yd3) for a
0.4 w/c concrete, 7.5 kg/m3 (12.6 Ib/yd3) for @ 1000 coulomb concrete and 5.1

kg/m3 (8.6 Ib.yd3) for concrete having a rapid chloride permeability value of
600 coulombs. Using Table 5, for a 50 year design life, the 0.4 w/c concrete

could just make it with about 30 I/m3 (6 gal/yd3) of 30% calcium nitrite, where-
as the 1000 coulomb concrete would need 20 I/m3 (4 gallyd3), and the 600
coulomb concrete would need 12.5 to 15 I/m3 (2.5 to 3 gal/yd3) [7). Thus, once
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again it is seen how calcium nitrite with low permeability concrete can provide
fong-term protection in a severe exposure in which the low permeability con-
crete alone would not be sufficient to meet the design life.

Sea Wall

Consider a sea wall where chloride enters the concrete structure from
one direction and where the average temperature is at 18°C (65°F) as used in
the square pile example. In the splash tidal zone the chloride surface concen-

tration would quickly reach the 18 kg/m3 (30 Ib/yd3) as in the pile case. The
chloride concentration profiles after 50 years, for simifar concretes as dis-
cussed in the square pile example, are given in Figure 9.

Assuming a design concrete cover of between 64 mm and 76 mm ( 2.5
in. to 3 in.) was specified, chloride concentrations could be halved by the addi-

tion of 30 kg/m?3 (50 Ib/yd3) of microsilica (estimated to provide 600 coulomb
concrete). At 76 mm (3 in.) the chloride contents are 6.2 kg/m3 (10.5 Ib/yd3),
for a 0.4 w/c concrete, 4.2 kg/m3 (7 Ib/yd3) for a 1000 coulomb concrete and
2.8 kg/m3 (4.7 Ib/yd3) for a 600 coulomb concrete. Table 5 shows for a 50 year

design life, the 0.4 w/c concrete could be protected with 15 IUm3 (3 gal/yd3) of
30% calcium nitrite, whereas the 1000 coulomb concrete would need 12.5

I/m3 (2.5 gal/yd3) and the 600 coulomb concrete would need 10 I/m3 (2
gallyd3) [7].

Comparing the sea wall to the square pile structures (Figures 8 and 9),
it is seen that the latter is a more severe chloride ingress situation. In both
cases the benefits of adding calcium nitrite and/or microsilica are apparent.

CONCLUSIONS

1. Diffusion coefficients estimated from resistivity or permeability data
can be useful in estimating the design life of a concrete structure.

2. Silica fume and calcium nitrite significantly improve the durability of struc-
tures subjected to severe chloride environments.

3. Silica fume does not prevent corrosion once sufficient chloride has reached
the steel reinforcing

4. Calcium nitrite initially reduces resistivity and increases rapid chloride per-
meability values in concrete with silica fume, but this has no adverse effect
on actual concrete permeability and improves the durability of concrete in
corrosive environments.
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ABSTRACT: A large number of ocean and harbor concrete

structures have been in service for more than a century. However, the
cost associated with repair of these structures damaged by corrosion
of steel in concrete is a major maintenance expense for the owners.
Due to wave and tidal action of sea water, these structures are
divided into atmospheric, tidal, and submerged zones. The most
devastating corrosion damage occurs at the splash area which is
somewhere between the lower part of the atmospheric zone and upper
part of the tidal zone. However, it is generally believed that steel
corrosion in the submerged concrete is stifled because the oxygen
concentration in the concrete is too low to sustain the corrosion
activity. To investigate the corrosion mechanism in partially
submerged concrete structures, the corrosion potentials, total
corrosion current, and macro-cell corrosion current of the steel in
concrete specimens were monitored. The results obtained from the
three zones (submerged, tidal, and atmospheric zones) were compared
and discussed.

KEYWORDS: rebar, corrosion, submerged concrete, corrosion
potentials, corrosion rates, macro-cell corrosion, passive film.

A large number of ocean and harbor concrete structures have been
in service for more than a century. Offshore platforms, piers,
wharfs, oil drilling rigs, sea walls, concrete barges, docks, and oil
storage stations are examples. Many of these structures have
experienced corrosion of steel reinforcement in concrete caused by
chloride ions from the marine environment.
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The costs associated with repair of these structures damaged by
corrosion of steel in concrete is a major maintenance expense for the
owners. One of the techniques to detect corrosion activity on the
steel in concrete structures is the half-cell or corrosion potential
measurements along the concrete surface. This technique was
investigated and developed by the Federal Highway Administration
(FHWA) in order to detect corrosion of reinforcing steel in a bridge
deck [1]. However, the applicability of this measurement technigue to
marine structures, which are gquite different from the bridge deck
environments, has had little study. To avoid misinterpretations of
corrosion condition for partially submerged reinforced concrete
structures, it is important to understand the corrosion mechanism.

Backround

In 1980, P. K. Mehta [2] presented a schematic diagram from the
case histories of concrete deterioration in seawater as shown in Fig
1. Generally, a marine structure can be divided into three zones,
which are atmospheric, tidal, and submerged:

Atmospheric zone--above the high tide line;

In this zone, accumulation of salt near the concrete surface occurs
due to wetting and evaporation cycles. Freeze and thaw cycles also
occur on structures located in the northern climates. Abundant
atmospheric oxygen is available on the steel surface if the oxygen
diffusion flux of the concrete is sufficiently high.

Tidal zome--between the high and low tide line;

In this zone, the concrete is mainly water saturated. The concrete is
not only vulnerable to damage due to corrosion of steel, but also to
loss of material due to chemical reactions and the impact of waves,
sand, gravel, or floating ice [2].

Submerged zone--below the low tide line;

In this zone, the concrete is vulnerable to strength degradation and
loss of material as a result of chemical reactions between seawater
and hydrated cement [2]. Oxygen availability is limited (that is, 7
Ppm at the water surface decreasing to 3 ppm at 100 m water depth),
but the hydrostatic pressure of seawater can cause more rapid
penetration of seawater into the concrete [3].

The severest corrosion damage is generally observed in the splash
area, which includes parts of both atmospheric and tidal Zzone, due to
the high chloride concentrations caused by successive wetting and
evaporation cycles and sufficient oxygen availability. It is known
that oxygen and water are essential for the corrosion process. Many
researchers have reported that corrosion normally becomes more
negligible in the submerged zone due to the lack of oxygen, even
though high chloride concentrations exist at the rebar and concrete
interface [3-8].

Oxygen diffusion into concrete with various moisture contents was
studied by some researchers {7-9]. They reported that oxygen
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diffusion is greatly influenced by the moisture content of the
concrete because the moisture fills capillary pores suppressing oxygen
diffusion. Therefore, oxygen diffusion into the water saturated
concrete is minimized. On the other hand, oxygen diffusion into
various water-cement (W/C) ratio, composition of concrete mixtures,
and properties of concrete has less effect, especially for the
concrete containing high moisture [9].

For corrosion of steel embedded in chloride contaminated concrete,
the anodic and cathodic reactions are

Fe --> Fe” + 2¢” (anodic reaction) (1)
0, + 2H,0 + 4e” --> 40H" (cathodic reaction) (2)

As seen from the above electrochemical reactions, oxygen reacts
not at the anode, but at the cathode. In other words, steel in the
concrete submerged under the water line can act as an anode to the
steel in the above water concrete, where more oxygen is available.
Generally, two types of corrosion cells, micro- and macro-cells, are
observed on steel in concrete associated with chloride ions [20].
These corrosion cells are defined [16-21].

Micro-corrosion cell--The anode and cathode are microscopically
separated. Micro-couples resulting from local breakdown of the
passive film on the steel surface cause the formation of pitting
corrosion. Operation of micro-corrosion cell is determined by the
anodic and cathodic processes and depends little on the ohmic
resistance. The corrosion potential measured on the concrete surface
is a mixed potential of a number of microscopic anodes and cathodes on
the steel surface in concrete.

Macro-corrosion cell--Both the anodic and cathodic reactions
frequently take place in different places with some distance apart.
Macro-electrochemical heterogeneity causes macro-corrosion cells.
Macro-cells depend not only on the kinetics of anodic and cathodic
processes, but also on the ohmic resistance of the anode and cathode
couples. A corrosion potential measured on a concrete surface is a
mixed potential of a few anodes and cathodes on the steel surface.

R. D. Browne [7] stated that macro-corrosion cell is not likely to be
due to the high resistivity of the above water concrete which
restricts the corrosion current. However, his statement can not
explain how steel embedded in atmospheric exposed concrete can corrode
by forming macro-cell corrosion. In addition, some degree of steel
corrosion has been reported on concrete piles continuously submerged
[10].

Steel in concrete is normally protected from corrosion by a
passive film formed on the steel surface due to the highly alkaline
pore water of the hydrated cement paste [6-11]. Composition of the
pore water is essentially a mixed solution of sodium hydroxide,
potassium hydroxide, and very little calcium hydroxide [12]. The pH
of concrete pore water is typically above 13 unless the concrete is
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carbonated [6,13]. The alkalinity of portland cement extracted water
did not drop below a pH of about 12 even with the presence of 20% sea
salt to a total volume of the extracted water [14]. It should be
noted that this amount of salt is much larger than what actually has
been observed in concrete, even from very old marine structures {[15].
The continuous passive film is not an inert coating, but is in a state
of dynamic electrochemical equilibrium with the electrolyte [16]. The
passivity without external polarization is maintained by the corrosion
current of self-dissolution. The anodic process taking place within
the film, and the cathodic process occurring on the film surface are
{16)

Fe + 20H --> Fe0 + H,0 + 2¢” (anodic process) (3)
0 + 2¢” --> 0 ™% 20H (cathodic process) (4)

To initiate corrosion of the steel, the protective film must be
destroyed or the steel depassivated. As is well known, depassivation
is caused by chloride ions existing at the steel-concrete interface.
On the other hand, as seen from the above equations, to maintain the
stability of the passive film, constant oxygen access to the steel
surface is necessary to induce self-dissolution and cathodic reaction
[8,16]. Therefore, a decrease of oxygen access to the steel surface
due to blocking of concrete pores by water may reduce the cathodic
current needed to maintain the passive film and eliminate it. If this
protective film is eliminated, anodic reactions shown in Eq 1 may be
able to develop and cause corrosion.

It is generally recognized that the transition potential of steel
from the passive state to the active is between -200 and -350 mV to a
copper/copper sulfate reference electrode (CSE), which is specified by
ASTM C 876, Section 7, titled, Standard Test Method for Half-Cell
Potentials of Uncoated Reinforcing Steel in Concrete. This
specification was written for rebars in bridge decks based on the
study performed by the FHWA [1]. To determine the corrosion condition
of the steel embedded in concrete, a number of concrete slabs were
tested to simulate bridge decks and the corrosion potentials were
monitored with time. The top surface of the slabs were subjected to
ponding with a 3% sodium chloride solution each afternoon. However,
as previously mentioned, moisture content of the concrete may
influence the passive film condition on the steel due to blocking of
oxygen access. In other words, the corrosion potential of the steel
in concrete may be dependent not only on the chloride ion
concentration but also the moisture content of concrete. Few studies
have been performed on the relationship between the corrosion
potential and the concrete moisture content.

Some researchers [17-19] noted that indications of high negative
corrosion potentials of steel in concrete may be associated with
either breakdown of the passive film by chloride ions or instability
of passive film by reducing oxygen supply. They explained that this
high negative corrosion potential may result in misinterpretations of
corrosion conditions of steel due to various moisture contents.
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If such high negative potentials are developed by wetting the
concrete, a question arises as to why such a great potential
difference (electromotive force) between the steel submerged in fresh
water or seawater and atmospherically exposed concrete does not cause
a large galvanic macro-cell corrosion.

Based on the information discussed above, the authors of this
paper investigated the corrosion mechanism of steel in partially
submerged concrete in fresh water and seawater.

Experimental Procedure
Concrete Specimens

Two different types of concrete specimens were cast. One type of
the specimens, concrete block as shown in Fig. 2, was used to
determine relative moisture contents of concrete. The other, concrete
beam as shown in Fig. 3, was to measure various corrosion parameters
for reinforcing steel.

Four concrete blocks were cast with various chloride
concentrations (0, 0.125, 0.25, and 0.3% of the concrete weight).
Each concrete block contains two titanium electrodes to determine
relative moisture contents of the concrete using an AC resistance
measurement method. The two electrodes, l-in. (2.54 cm) long and
1/8-in. (0.32 cm) in diameter, were mounted on a plastic ring with
l-in. (2.54 cm) apart as also shown in Fig. 2. The concrete was made
with Type I portland cement, 1/2-in. (1.27 cm) maximum size crushed
limestone and river sand. The water-cement ratio was 0.4.

Two concrete beams (Specimen Nos. 1 and 2) having dimensions 7 x
4.5 x 18 in. (17.8 x 11.4 x 45.7 cm) were cast. Each beam contained
two 1-in. (2.54-cm) diameter reinforcing steel bars positioned 1-in.
(2.54 cm) from the nearest concrete surface. One rebar was cut into
three sections (A, B, and C) and electrically isolated using plastic
washers located between the rebar sections. A copper wire was
connected by a screw to each rebar section and covered with a heat
shrinkable tube at each rebar isolated section. In addition, a total
of three titanium counter electrodes, 2-in. (5.08 cm) long and 1l/4-in.
(0.64 cm) in diameter, were embedded near each rebar section to
measure the corrosion current of Rebars A, B, and C, utilizing a
linear polarization technique. Three moisture gauges were also
embedded near each rebar section.

The concrete beam (Specimen No. 1), as shown in Fig. 4, was cast
with the same concrete mix ratio as the concrete blocks. Four
portions of the concrete beam were mixed with four different chloride
concentrations (0.25, 0.3, and 0.125% for Rebar sections A, B, and C,
respectively, and no chloride for the continuous rebar). These
chloride concentration variations were utilized based on the findings
of chloride concentration profiles from this type of structure
[14,16,287].

One concrete beam (Specimen No. 2) was cast with chloride free
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Type 1 portland cement concrete. Section Rebars A, B, and C were
embedded in water/cement (W/C) ratio of 0.6 concrete and continuous
Rebar D was embedded in 0.4 water/cement concrete. Rebar D was not
connected to Rebars A, B, and C during the test period.

Moisture Content Measurements of Concrete Blocks

After the concrete blocks containing the two titanium electrodes
were cured in the plastic concrete mold for 30 days, the blocks were
immersed in 3% artificial sea water (ASTM Specification for Substitute
Ocean Water, D 1141). Using an AC resistance meter (12 volts with 97
Hertz square wave), the concrete resistance between the electrodes was
monitored with time until the resistance reached a steady minimum. It
was assumed that the lowest resistances were indicative of water
saturated (100%) concrete containing various chloride concentrations.
The concrete blocks were then successively dried out at 50°C in a
oven. The concrete resistances were measured with time until they
reached a steady maximum. The hydrated cement contains a network of
capillary pores, gel pores, and air voids. The larger pores, which
are usually referred to as capillary pores, are the remains of
water-filled spaces {22]. The capillary pores occupied from O to 40%
of concrete volume, depending on the water-cement ratio and the degree
of hydration [23,24]. The gel pores constitute about 26 to 28% of the
past volume, even if the cement paste is completely hydrated [23,24].
At low relative humidities, the water in the capillary pores can
evaporate but it is not possible to remove the water from the gel
pores [22]. Therefore, it was assumed that the highest concrete
resistance measured at the end of the drying period was indicative of
20% of the relative moisture content, which was also used by Gjorv and
Vennesland {13]}. To compensate for the resistances measured at the
different temperatures, the Hinrichson-Rash Law was used

d, = d, e a(1/T1 - 1/72) (5)

Where d, and d, are resistivities at absolute temperatures T, and
T,, and "a" is a constant, The value of 2885 for the constant "a" was
used based on the findings by B. B. Hope et al. [17] and K. C. Clear
[25]. Resistivities of each concrete block which contains various
chloride concentrations were measured.

Measurements of Corrosion Parameters for Concrete Beams

After concrete beams were cured in the mold for 90 days, the lower
half of Specimen No. 1 was vertically immersed in 3% of artificial sea
water, and the lower half of Specimen No. 2 was submerged in tap
water. All rebar sections were connected with 10 ohm resistors to
measure macro-cell corrosion current flow between the rebars. A
switch was connected between Rebars C and D to isolate Rebar D from
Rebars A, B, and C.

The following corrosion parameters were measured to investigate
the corrosion mechanisms of these experimental specimens:

* Magnitudes and directions of macro-corrosion current
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flowing between the rebars with respect to the time immersed.

+ Corrosion potentials on the concrete surface of each rebar section
immediately after the specimens were lifted from the water using a
portable copper/copper sulfate reference electrode. The locations of
the potential measurements are Al, A2, Bl, B2, Cl, C2, and D1 through
D6 as shown in Fig. 4.

» Corrosion rates of each rebar section utilizing a linear
polarization resistance technique with a potentiostat, immediately
after the specimens were lifted from the water. The IR-drop free
potentials were obtained using a computer control current
interruption.

The above measurements were taken in the condition that
all Rebars A, B, and C are either connected or disconnected from Rebar
D. Relative moisture contents of the various sections of the concrete
beams were determined based on the resistance measurements of the
concrete blocks.

Results and Discussion

The variation of the relative moisture contents with respect
to the time immersed is shown in Fig. 5. Before the specimens were
partially immersed in water, the concretes were still holding high
moistures. Therefore, the corrosion parameters of steel in drier
environments were not obtained.

The concrete containing Rebar A in Specimen No. 1 became saturated
after the specimen was immersed for approximately 100 h. The concrete
containing Rebar A in Specimen No. 2, which was partially submerged in
tap water, became saturated after approximately 150 h immersion. It
is known that concrete mixed with chloride ions is generally more
porous and holds higher moisture contents in a dry environment than
the chloride-free concrete. Therefore, the chloride mixed concrete,
Specimen No. 1, was saturated in a shorter period than Specimen No. 2.

The concrete containing Rebar B, which was partially submerged in
the water became highly saturated in short periods. It appears that
the concretes above 1 in. from the water line became saturated after
approximately 150 h immersion for Specimen No. 1 and approximately 250
h for Specimen No. 2.

Figure 6 shows the corrosion potential variation of Rebars A, B,
and C of Specimen No. 1 with respect to time. The potentials of
Rebars A and B shifted in a more negative (anodic), direction
immediately after the specimen was immersed and then drifted in a more
positive (cathodic), direction up to and after 20 h. Thereafter, the
potentials shifted again in the more anodic direction up to
approximately 500 h immersion.

The potentials of Rebars A and B during the saturating period did
not vary significantly and did not appear to be a function of the
moisture content in a highly moist concrete. The corrosion potential
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of steel is expressed by the Nernst equation:
E = E° - (RT/nF) In [Fe™]/(Fe] (6)

where [Fe''] represents the activity of iron ions. [Fe] is the
activity of metallic iron, the latter being a pure solid and equal
therefore to unity, and E° is the standard oxidation potential of iron
f29].

During the saturating period, the ferrous ion activity [Fe™]
appeared to fluctuate with increasing moisture content. However,
after the concrete was saturated, the rate of the anodic reaction
shown in Eq 1 may slowly increase; consequently, the ferrous ion
activity may increase. When Rebar D was connected to Rebars A, B, and
C, the potentials of Rebars A, B, and C did not significantly change.

Figure 7 shows the potential variation of Rebar D in Specimen No.
1 with respect to the time immersed. After the specimen was immersed
for approximately 150 h, the potentials measured on the wet concrete
area, under the condition of Rebars A, B, and C connected to Rebar D,
shifted to approximately -400 mV (CSE). On the other hand, when
Rebars A, B, and C were disconnected from Rebar D, the potentials
measured at the wet surface shifted largely in the more positive
direction and fluctuated between -200 and -300 mV. It was noted that
the potentials measured on the wet surface were generally,
approximately 100 mV more negative than those measured at the dry
surface, regardless of the Rebar D connection.

The potentials were measured along Rebar A, B, and C and Rebar D
at 2 in. intervals after Specimen No. 1 was immersed for 510 h. The
potential profiles are shown in Fig. 8. As discussed above, the
potentials measured above the wet line on the concrete were more
positive with increasing distance from the wet line for Rebars A, B,
and C, and Rebar D. On the other hand, the potentials measured below
the water surface were more negative for both rebars. In additioen,
the potentials measured at 2 in. above the water surface of Rebars B
and Rebar D, which is the boundary of the wet and dry surfaces, were
mostly negative.

When Rebars A, B, and C were connected to Rebar D, the entire
potential profile of Rebar D shifted approximately 120 mV in the
negative direction, and the potentials measured on the wet surface
became approximately -400 mV even though Rebar D was not corroding.
This was confirmed by visual inspection of the rebars by destroying
the specimen at the end of the tests. On the other hand, the
potential profile of Rebars A, B, and C shifted approximately 10 to 20
mV in the positive direction. Therefore, the small potential shift of
Rebars A, B, and C in the positive direction resulted in the large
potential shift of Rebar D in the negative direction. Thus, when the
concrete is heavily moist by water and noncorroding rebars are
electrically continuous to corroding steel, the potential measurements
cannot distinguish the condition of steel in concrete.
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Figure 9 shows the potential variation of Rebars A, B, and C and
Rebar D for Specimen No. 2, with respect to the time immersed in tap
water, The potentials of the rebars, except these measured at the
boundary of the wet and dry concrete surface (Bl and D3), slowly
shifted to the more positive potentials with time, and became more
positive than -100 mv (CSE). As observed on Specimen No. 1, the
potentials measured at the interface of the wet and dry surfaces were
distinctively more negative than those measured on the other areas.
L. L. Shreir [30] described that when the pH of an electrolyte is
between 10 and 13, differential aeration causes a significant increase
in the potentials of both aerated and non-aerated areas without
appreciable current flow. These high negative potentials at the
interface may be due to the local differential aeration cells
developed between the rebar embedded in the wet and dry concrete.

As discussed in the "Background" section, the potentials of rebars
measured on the submerged concrete surface did not indicate passive
film breakdown even after the specimen was immersed for over 400 h.

To dilute the oxygen concentration in the concrete and influence the
condition of the passive films, it may require an increased exposure
period. Testing will be continued to determine this long term
influence. The potentials of the rebars embedded in the different
water/cement ratio concrete (W/C = 0.4 and 0.6) did not indicate any
difference over the test period.

Figure 10 shows the corrosion rate variation of Rebars A, B, and C
in Specimen No. 1 with respect to time. The corrosion rate of each
rebar was measured in both Condition I, where Rebar D was connected,
and Condition II, where Rebar D was disconnected.

The corrosion rate of Rebar A increased with time regardless of
Rebar D connection. When Rebar D was connected, higher corrosion
rates of rebar A were always measured due to increasing cathodic
surface area.

The corrosion rate of Rebar B varied with time, and was influenced
by the connection to Rebar D. When the specimen was immersed in
water, the corrosion rate increased immediately. However, the
corrosion rate became relatively steady until the concrete was highly
moist. This indicates that the moisture content of the concrete
greatly influences the corrosion rate of rebar which is embedded in a
drier concrete. With increasing moisture content, the corrosion rate
became less sensitive.

The corrosion rates of Rebar C were relatively steady and low over
the test period. When Rebar D was connected, the corrosion rate of
Rebar D was not significantly different. This indicates that Rebar C
is not strongly anodic to Rebar D.

Figures 11 and 12 show the variation and magnitude of the total
corrosion current and macro-cell corrosion current produced between
the rebars. Figure 11 shows the corrosion current of Rebars A, B, and
C without connecting Rebar D. The direction of the macro-cell
corrosion indicated that Rebar A was initially cathodic to Rebar B
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which was embedded in the concrete containing 3000 ppm of chloride
concentration. However, after the concrete containing Rebar A was
saturated, the direction of the macro-cell corrosion current was
reversed, which indicated that Rebar A had become anodic to Rebar B.
The macro-cell anodic current continuously increased with time over
the test period. As discussed in the "Background" section, this is
due to the absence of oxygen in the anodic reaction which does not
need oxygen. However, the magnitudes of the macro-cell anodic
currents (current flowing to Rebar A through the resistor) were less
than those of the total corrosion current (micro and macro corrosion
current) of Rebar A.

In addition, this type of structure has a large steel surface area
in the submerged concrete. Therefore, these macro-cell anodic
currents can be distributed to the entire surface due to the low
resistance path of sea water. Therefore, the macro-cell anodic
current density would be very low. This low anodic current density
indicated that the rebar embedded in the water saturated concrete
corroded due to micro-cells that existed on the steel surface during
the test period. It is unknown whether or not these high corrosion
rates of Rebar A would continue for a long term period.

The macro-cell anodic current on Rebar B developed by Rebar C
slowly increased with time. It seems that the upper portion of Rebar
B is anodic to Rebar C and the lower portion of Rebar B is cathodic to
Rebar A. However, these macro-cell currents were again, much less
than the micro-cell corrosion current.

Until the concretes of Rebars A and B were saturated, the
macro-cell cathodic current of Rebar C (flowing from Rebar C),
developed by Rebars A and B, increased and then became relatively
steady over the test period. The magnitude of this macro-cell
cathodic current on Rebar C was approximately 20 to 30% of the total
corrosion current. In addition to the lower chloride concentration of
the concrete containing Rebar C, this macro-cell cathodic current
reduces the corrosion rate of Rebar C.

The variation and magnitudes of the corrosion currents of Rebars
A, B, and C with connecting Rebar D are shown in Fig. 12. Similar
results were obtained for Rebar A, without connecting Rebar D.
Obviously, when Rebar D was connected, larger macro-cell anodic
currents were developed on Rebars A, B, and C due to increasing
cathedic surface area. However, the magnitudes of macro-cell currents
were still small compared with the total corrosion currents.

Macro-cell corrosion current flows between the rebars in Specimen
No. 2 were monitored over the test period. There was no macro-cell
current flow developed, indicating that if the oxygen concentration in
the concrete submerged is lower than that of the concrete exposed to
air, differential aeration does not produce current flow, as indicated
by Shreir [30].

Corrosion rate versus potential for Rebars A, B, and C over the
test period were plotted in Fig. 13. The corrosion rates of Rebar A
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are widely scattered in the range between -230 (CSE) and -500 mV.

Even though the potentials were more positive than -250 mV, high
corrosion rates were measured. On the other hand, low corrosion rates
were measured at approximately -400 mV. The corrosion rates of Rebar
B are scattered in the range between -200 and -300 mV. When the
potentials of Rebar B were more negative than -400 mV, the corrosion
rate was always high. The corrosion rates of Rebar C were low when
the potentials were more positive than -250 mV.

As seen in these graphs, the data points are more scattered with
higher moisture contents of concrete. When the potentials were more
positive than -200 mV, the corrosion rates are always low regardless
the moisture and chloride concentrations,

After the tests were terminated, the rebars in Specimen No. 1 were
exposed to visually observe the surface condition. Corrosion was
observed on Rebars A, B, and C. Even though the magnitude of the
corrosion rates on Rebars A and B did not vary significantly, the
corrosion appears to be more concentrated in the region of the wet and
dry concrete of Rebar B. For actual structures, this observed
concentrated corrosion area on Rebar B should be greater due to the
wave and tidal action. Therefore, the highly concentrated corrosion
areas can be expanded and most extensive in the splash area of the
structure.

Conclusions

1. When concrete contains high moisture contents, non-corroding
rebars are electrically continuous to corroding rebars, and the
potentials are more negative than -200 mv (CSE), the potential
measurements can not distinguish the corroding or non-corroding
condition of the rebars.

2. Corrosion potentials of rebars in the concrete containing less
moisture appear to follow the ASTM 876 standard.

3. Rebars embedded in chloride-free concrete did not show any sign of
passive film breakdown after the concrete was immersed in tap-water
for more than 400 h.

4. Local differential aeration cells appear to be developed on the
rebars embedded at the interface of the wet and dry concrete, which is
not contained chloride. However, these cells did not develop
corrosion at the interface during the test period.

5. Large differential aeration cells were not developed on the
passivated rebar embedded in the wet and dry concrete over the test
period.

6. In chloride contaminated concrete, rebar located under the sea
water was anodic to the rebar in concrete exposed to atmosphere.
However, the magnitude of the corrosion current developed by the
corrosion cell was far less than that of the total corrosion current.
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7. The corrosion rate of rebar embedded in a drier, chloride mixed
concrete was more influenced by the moisture content. On the other
hand, the corrosion rate in a highly moist concrete became less
sensitive to the moisture content.

8. Water-cement ratio did not create significant potential
differences on the rebar embedded in chloride-free concrete regardless
of the moisture contents.
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ABSTRACT: Improved procedures for inspecting both reinforced
concrete and prestressed concrete structures, with regard to
determination of the embedded steel components are discussed.
Prototype ultrasonic procedures recently developed to determine the
condition of prestressed pretensioned tendons in concrete will be
discussed. The application of electrochemical surface mounted
systems for estimating the rate of corrosion of reinforcing steel and
other embedded steel components in large concrete structures will
also be described. In particular, the ability to obtain rate of
corrosion data over the concrete surface and presenting it as iso-
corrosion rate contours will be highlighted.

KEYWORDS: Corrosion monitoring, ultrasonics, reinforced concrete,
prestressed concrete, inspection.

INTRODUCTION

Deterioration of reinforced concrete structures resulting from
corrasion of the reinforcing steel and prestressing steel has become an
increasing problem worldwide. A number of techniques have been used to
ascertain the corrosion condition of embedded steel. Methods of
inspection currently used to determine structural condition, existence
or otherwise of corrosion, and the likelihood of further damage, include
half-cell (iso-potential) mapping to ASTM C(C876-87, cover surveys,
chloride profiles, core sampiing and electromagnetic/infra-red
scanning. Although useful and accepted throughout the industry, these
techniques only give an indication of the extent or likelihood of damage
due to corrosion occurring, they do not provide any data about the rate
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of corrosion process at the time of the measurement and with the
exception of electromagnetic systems the standard techniques cannot give
an indication of the amount of corrosion/metal loss already occurred.

Research into electrochemical methods of obtaining rates of
corrosion in concrete has been carried out by numerous workers. Various
methods have been applied including embedded test cell arrangements, wet
surface mounted probes, guard ring probes, electrochemical Tinear
polarization resistance measurements, electrochemical (a.c.) impedance
measurements, monitoring and analysis of electrochemical potential noise
and others. Discussion of these different techniques and procedures is
outside the scope of this paper, but a summary is available in the
literature {1-4}. The measurement of corrosion rates on steel
reinforcement in concrete is fraught with difficulties [3,4]. Our
experience indicates that a number of compromises must be made in the
design of a practical system, trading off precision of the resulting
data against speed of measurement, reliability of the hardware and
'usability' in the field.

In the case of prestressed concrete structures failures can occur
without necessarily external signs of damage or deterioration being
apparent. Examples of such failures are covered in the literature
[5,6]. Prestressed structures also have a particular problem associated
with inspection [7,8]. A NCHRP contract in 1985 reviewed options for
non-destructive inspection of pre-cast structures [7] and indicated that
there were several techniques available for the inspection of some, but
not all, types of prestressed structures. In particular it identified
the SCORPION system developed in France that essentially consists of a
lorry mounted mobile X-ray radiography system for the inspection of
specific bridge and concrete structures.

Electromagnetic systems were also identified as being capable of
providing some information with regard to the condition of embedded
components.  However, one generic system which, at the time, did not
appear to have been investigated to any great degree was the possible
use of ultrasonics to inspect the embedded components in prestressed
members.

A research proposal was prepared and awarded by the National Academy
of Sciences to look into the possibility of developing an ultrasonic
inspection system for pre-cast pre-tensioned and pre-cast post-tensioned
structures. This work was carried out at CAPCIS in conjunction with the
Department of Civil Engineering and the Department of Instrumentation
and Analytical Science (DIAS), UMIST,

The work involved an assessment of the fundamentals of ultrasonic
propagation in concrete, the reflective nature of ultrasound waves from
embedded components and scatter, the practical investigations
incorporated measurements on various laboratory test samples and full
scale pre-cast beams.
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RATE OF CORROSION MEASUREMENT

Equipment

The corrosion rate measuring system employs suitably designed
electrochemical instrumentation and interface, data logger and a dry
surface mounting probe as shown in Figure 1.

Figure 1. Rate of Corrosion Probe and Monitoring Instrumentation.

The probe comprises a circular auxiliary electrode, formed by a
‘sandwich' of carbon loaded conductive plastic foam, a backing pad of
flexible polyurethane foam and a rigid polypropylene support [9]. The
foam assembly is held in place by a set of radially placed stainless
steel retaining wires that also provide electrical connection to the
probe face. A standard 'potential measuring' Ag/AgC1/KC1 gel type
reference electrode is located at the centre of the probe assembly. In
use, the probe is simply pressed against the concrete surface at the
desired measurement location. Moderate hand pressure or vacuum suction
is then maintained for the duration of the measurement (some 2 to 3
minutes). No special surface preparation is normally necessary, apart
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from the removal of dust and loose debris from the surface of the
concrete by a hand held wire brush prior to placement of the probe.

The electronic measurement system has been described before [3,10]
and is shown in Figure 1, It comprises a battery powered electrochemical
interface based on a low power potentiostat and a data logger. The
measurement 1is carried out using a three electrode arrangement; the
system measures the potential of the reinforcement with respect to the
reference electrode (E.,..) and applies an anodic overpotential of 20mV
via the auxiliary electrode. The resulting current is then recorded.
The measurement sequence is controlled by a program resident in the data
logger, user interface is via the logger display and key pad. Data from
each measurement location is stored as location identifier (usually a
grid reference code entered by the user), E orr reading and two readings
of the polarising current. Data and time information may also be
stored.

At the end of each measurement session the data is downloaded from
the data logger to an IBM PC compatible computer for storage and
analysis using Corrsoft™ POTMAP program. This package handles data
transfers to and from the data logger and gives a plotter or graphics
printer hard copy output in the form of contour maps, in numerous
colours, as required.

The area of rebar surface being polarised must be known in order to
obtain a quantitative estimate of the corrosion rate. In practice this
area will depend not only on the rebar diameter but also on the
particular rebar surface profile, on the distribution of aggregate and
on the geometry of the reinforcement cage. The effects of these may be
modelled and their contributions compared in a computer simulation, but
they are very difficult to ascertain in practice. Practical results,
however, indicate that areas where active corrosion is occurring usually
give corrosion rate readings up to several orders of magnitude higher
than areas where the steel is not actively corroding. Reinforcement
density and rebar sizing do not usually vary by as much as this amount
across any particular structure, making it possible to use the 'raw',
qualitative, data as a good predictor of the distribution of the
corrosion attack. Further calibration may then be made for particular
locations, based on a careful examination of drawings, cover meeting
readings, etc., and possibly aided by a computer simulation of the
current distribution based on the geometry of those locations.

Applications

The system as described above has been applied to several structures
in Europe and the Middle East. The corrosion monitoring system was
originally developed to take some 300 spot readings on the structures of
the Sea Water Cooling canal in Al-Jubail, Saudi Arabia [3,11]. Several
means of probe mounting were tried, including retaining bolts and a
vacuum operated skirt. Valuable lessons were learned from the exercise
and the system was modified accordingly.

The system has also been tested on several reinforced concrete
bridges in Finland, using a simplified design of the probe, without the
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retaining stainless steel wires., The Finnish structures exhibited
excessive carbonation and in many cases a sufficiently good electrical
contact could not be made between the probe face and the concrete
surface. It should, however, be noted that in this application the
probe was mounted on the top of a long (5 metre) telescopic pole that
made it difficult to apply sufficient pressure to the probe; also it was
not possible to access the surface of the structure to remove the
carbonated deposit or thin but highly resistive on to film to ensure a
good contact between the reference electrode tip and the concrete
surface.

Recently, the system was applied to a large reinforced concrete
marine structure in the Middle East. In this application it was
necessary to carry out a fairly detailed survey of a number of large
{approx. 13 x 17 metres) vertical retaining walls. Two operators
working from a hydraulic platform and measuring a 1 metre grid could
comfortably survey one of these walls over each & hour working period.
Measurements have also been taken on several bridges in the U.K.

Results

The present corrosion rate measuring system can be used to obtain
iso-potential contour maps of the surface of the surveyed structure,
together with iso-corrosion rate contour maps covering the same area.
Figure 2 shows the equipotential contour maps obtained on a bridge
support pier, U.K. The spread of the potential values and their
distribution across the surface of the structure does not give any clear
indication of corroding or passive areas. The corresponding corrosion
rate contour maps are shown in Figure 3. The corrosion rate data is
plotted on a logarithmic scale since the measured corrosion rates
spanned a range of nearly three decades. Relative corrosion rate values
are shown, although absolute rate values could also be calculated and
plotted by the software if the conversion constant was known.

Figure 2a shows the half cell potentials obtained on the north face
of the crosshead. Figure 3a shows the corresponding relative corrosion
rate map. An area of a high corrosion rate is apparent near the top of
the crosshead, centred at approx. 5,-1 metres. Interestingly, the area
of relatively low (more negative) potentials near the ground level (e.g.
8,~6) does not appear to be associated with a particularly high
corrosion rate.

Figures 2b and 3b show corrosion potential and corrosion rate
contour maps for the south face of the crosshead. Again, the area of
more negative potential near ground level does not appear to be
associated with a corresponding area of high corrosion rate. A
relatively high corrosion rate was measured on the right side of this
crosshead face (approx. 11,~-2). This appeared to correspond to an area
previously wetted by leakage from the road deck.

The results of the corrosion rate survey were in general agreement
with those of the present half-cell survey. The major exception was
found in areas near the ground level where low (more negative) half cell
potentials relative to the majority of readings of the order of -105 to
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-170mV vs Ag/AgC1/KC1 were observed without corresponding high corrosion
rates.

DEVELOPMENT OF ULTRASONIC INSPECTION SYSTEM

Background

The ultrasonic inspection of concrete has traditionally been limited
to rather simple measurements conducted in the time domain, such as the
time required for an acoustic pulse to travel through a know distance or
depth of the material. Since the propagation velocity is related to the
strength of concrete, the pulse-velocity technigue has been established
as possibly the only standard method of non-destructive testing of
concrete using ultrasonic systems. Pulse-echo techniques, which provide
detailed information regarding the internal defects in materials whose
composition is essentially homogeneous with respect to the interrogating
wavelength (such as metal castings etc.), are unsuitable for use with
concrete [12]. Concrete is so inhomogeneous in its composition that the
scatter of ultrasound waves normally precludes the use of frequencies
extending beyond 150kHz. These Tlow frequencies cannot provide
sufficient spatial resolution for conventional imaging purposes.

The need to develop an ultrasonic inspection system capable of
providing information not only with respect to the internal integrity of
the concrete but also the condition of any steel reinforcing components,
led to the detailed analysis of the waveforms that were received having
travelled through concrete samples and structures of various types. A
thorough understanding of these waveforms, which contain components
arising from a number of sources, ultimately led to the development of
an instrument (for which a patent application has been filed) that can
successfully detect various internal conditions of the concrete under
inspection [13, 15].

System Qperation

The final prototype system that operated successfully in laboratory
trials is described in detail elsewhere [16, 17]. A general arrangement
is shown 1in Figure 4. In practice, the system operates with 400kHz
rolling probes (see Figure 5), that move along the surface of the
concrete beam to be analysed, firing and receiving pulses at regular
intervals. For example for a 5m concrete beam, that is interrogated
every 50mm, one hundred waveforms will be acquired, i.e. x;(n) to x,gon
{each waveform comprises 512 data points, i.e. n = 1...512). Each
waveform is then transformed to the frequency domain by an FFT algorithm
and the energies in 8 bands are calculated.

The bands that are calculated are 500kHz in width and range from O-
5kHz to 350-400kHz. The energy for the first band of the first waveform
is labelled E,,. The energy for the second band of the first waveform
is labelled E,, etc. Hence, for each waveform, 8 separate energy values
are calculated. The way in which the energies are combined for each
waveform determine the kind of defect that can be detected, since the
scattering equations show that the amount of energy scattered (and hence
received) is determined by the dimensional relationship of the
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wavelength and scatterer. For 1instance, if a major void was being
sought, the energies in each band for a given waveform are simply
multiplied together (an operation similar to cross-correlation), since
all bands will show greater energy levels due to reflection. In this
case, a new function Z(k) is synthesised that represents the combined
(multiplied) energies as a function of the scan position.

A major void in the middle of the beam would be revealed by plotting
Z(k) against k, as shown in Figure 6. The result was obtained on a
laboratory cast beam containing a know defect, located actually under
the observed "spike" {16]. If smaller defects are being sought, such as
areas of delamination due to the corrosion of steel reinforcing
components, then experiment has shown that only high frequency
components respond. In this case, the energies of the Tow frequency
bands are used to correct for coupling variation.

Once the method of signal processing has been established, the
computer based digital signal processor was replaced with a dedicated
signal analyser. In the final prototype, the analyser performed the
data acquisition and the signal processing and the computer acted as
system supervisor, informing the analyser what operations it should
perform and acting as a mass storage device for the data.

]

Scan Position along Beam k

Figure 6. Typical Qutput of System, after analysis.
“Spike® indicates location of defect.
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SUMMARY

The rate of corrosion measurement system as described above makes it
possible to electrochemically determine the rates of corrosion of steel
reinforcement 1in concrete. Both Ecorr and corrosion rates are
determined at each grid location and stored, making it possible to draw
both corrosion potential and corrosion rate contour maps of the surveyed
structure. Corrosion rate variation is usually greater than that of
corrosion potential on any particular structure, making it easier to
identify areas at risk. This is not unreasonable as corrosion rates for
steel in concrete appear to follow an E vs log i.,. relationship
[18]. Absolute corrosion rates may also be computed if the
reinforcement size and density are known at each location, and may be
used to accurately assess the extent of the corrosion damage.

The development carried out to date on ultrasonic inspection systems
indicates that it has the potential for providing information with
regard to the present condition of the prestressed components without
the need for destructive examination. However, it should be pointed out
that it would be anticipated that such a system would be used in
conjunction with other inspection procedures and not as a sole criterion
for structural integrity. Given the possible speed of any such survey
it would enable regular and rapid scanning of structures to identify
potential problem areas for further assessment by other techniques
including, where necessary, break out and direct physical examination.
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ABSTRACT: Corrosion in various buildings and factory piping has been
a serious concern for many industries. Corrosion-related leaks or
pipeline bursts may cause expensive damage to property and result in
shutting down the operation. Therefore, nondestructive corrosion
inspection of inside piping has become more important. Utilizing
ultrasonic waves, internal corrosion and metal loss can be measured.
However, existing inspection techniques were not satisfactory to
determine the accurate condition. 1In this scenario, an automatic
pipe corrosion inspection system was developed, utilizing state-of-
the-art electronics technology. The system consists of an inspection
device and a data processing unit. The inspection device travels on
the external pipe surface, while the data processing unit displays
the condition of both the internal surface and a cross section areas
of the pipe. The data collected by the robot is also numerically
analyzed to calculate the pipe thickness distribution, the minimum
thickness, metal loss percent and corrosion rate and to estimate the
remaining service life of the pipe based on proper theory. This
inspection can also be applied on the threaded pipe section to
determine the allowable metal loss. To verify the performance and
accuracy of the data collected using the robot, partifical corroded
pipes are tested. This paper will discuss the abilities and limita-
tions of the automatic pipe corrosion inspection system and the
results of the verifications tests.
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INTRODUCTION

A new trend of using nonmetallic or compound pipes for the
piping of building facilities has recently been prevailing. However,
metallic pipes, particularly the pipes made of carbon steel, are
still widely used. 1In Japan, the raw water with low hard component
is subjected to purification before being supplied as the service
water for building facilities. Because of the increasing amount of
coagulant and chlorine added to the raw water for purification to
cope with the deteriorating quality of the raw water, the corrosive
environment in building facilities has been worsened in these recent
years, leading to the problem of corrosion of the facility pipes in
existing buildings.

Furthermore, the evaluation of the condition and durability of a
piping system, largely influencing the improvement plan of the laid
pipes throughout the building, has become an important factor under
the social background calling for an improved facility system to meet
with the new functional demand. Therefore, it has become in-
dispensable to carry out corrosion diagnosis of the pipes to grasp
the corrosion status of the existing metallic pipes.

To cope with the present situation, "Automatic Pipe Corrosion
Inspection System" as a method of corrosion diagnosis has developed.
This system is capable of carrying out automatic non-destructive
diagnosis by using ultrasonic wave.

This paper describes the details of the development of the such
system, the purpose of development, its outline and functions.

DETAILS OF DEVELOPMENT AND PURPOSE OF DEVELOPMENT

The existing pipe diagnostic methods have numerous problems
apparently with no solutions yet, calling for a systematized diagno~
sis method. 1In the process of development the vital factors demanded
in the actual corrosion diagnosis were extracted. These factors and
the corresponding measures thereby are given below:

1) Shall not involve the stoppage of carrying (transmission)
function of a piping system - Shall be limited to the '"non-
destruction diagnosis" on the outer surface of a pipe.

2) Minimum residual wall thickness of the carbon steel pipes can

be firmly detected. - "The ultrasonic measurement technique" shall
be applied.
3) The pipe corrosion form can be grasped. - The "automation of

measurement™ shall be carried out to collect a large quantity of data
regarding the wall thickness, position, etc.

4) Measurement at narrow place is possible. - The apparatus to
be installed to a pipe shall be preferably compact.
5) Shall have the data analyzing function. - The personal

computer shall be connected to analyze.

6) Measurement at the bent (elbow) portion shall be possible.

7) Measurement can be made on the coated pipe.

8) Lamination can be detected.

9) Remeasurement shall be possible if the collected data turns
out to be defective.

The development of "Automatic Pipe Corrosion Inspection System”
was commenced in order to cope with the factors mentioned above.
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OUTLINE OF "AUTOMATIC PIPE CORROSION INSPECTION SYSTEM

The block diagram of the system is shown in Fig. 1. The system
is composed of a "pipe inspection robot unit" that carries out the
field measurement and simple analysis, and a "data processing system
unit” that carries out precise data analysis and image
representation.

Pipe inspection robot Data processing system

.

Flaw detecting device

Prin

EEE?E

= ]
Color prioter
; —1
Automatic contact media feeder ul.
o= R plovee

FIG. 1 -- System block diagram.
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1. pipe Inspection Robot Unit

The Photo. 1 shows the pipe inspection robot carrying out field
measurement.

(1) Flaw detecting device

Installed to the pipe, the flaw detecting device is composed of
the pipe fixing jig, rolling unit and ultrasonic probe holder.

1) Pipe fixing jig

The pipe fixing jig is used for ensuring the fixing strength of
the system and for carrying out pipe centering. The jig is divided
into two sections, one section equipped with the pulse motor (with
pinion gear) to carry out rotation and control of the rolling unit.
The rotary rail is also installed in the circumferential direction to
allow the rolling unit to travel along the appropriate orbit.

The centering for fixing and piping is carried out by engaging
and integrating the pipe fixing jig to the pipe by means of a clamp,
and then tightening the spacer block, installed at the tip with the
adjusting screws inserted into the flanges at both ends of the jig
toward the center. Three types of pipe fixing jigs (for small
aperture: 20 - 100 A, for medium aperture: 125 - 200 A, and for large
aperture: 225 - 300 A) are available to enable measurement even at
narrow places.

2) Rolling unit

The rolling unit, on receiving the driving force from the pulse
motor, rolls over the pipe fixing jig, and shifts the probe holder
appropriately over the pipe axis. The contact with the pipe fixing
jig is made by means of the built-in driven wheel. The rolling unit
is divided into two sections, with one section equipped with a
scanner in the Y-axis where the probe holder makes axial movement.

The movement of the probe holder in the axial direction of the
pipe is made by the driving force from the concerned pulse motor,
transmitted to the holder connector through the built-in belt in the
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V~axis scanner. Furthermore, the Y-axis scanner is equipped with an
original position sensor at the foremost end, and with a terminal
point stopper at the tip end to prevent malfunction.

PHOTO. 1 -- Field measurement using pipe inspection robot.
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l.>ulse motar (for rotatiom) Pulse motor (for axis shift)
\ Y-axis scanmer Probe holder
= L
Shoe

&3

Pipe fixing jig Rolling unit

\ Revolving gear

FIG. 2 -- Outline of flaw detecting mechanism.

3) Detecting probe holder

Photo. 2 shows a set-up probe holder. The probe holder is
composed of the ultrasonic probe, shoe befitting with the pipe
curvature, displacement absorbing mechanism with various springs,
etc. The shoe enables smooth movement (shifting) of the probe in the
circumferential direction, and is also used for retaining the contact
media in the specified space between the probe and the pipe to appro-
priate guantity. The displacement absorbing mechanism, on the other
hand, absorbs the unevenness on the outer surface of the wall and the
three-dimensional displacement on the curved section to allow smooth
follow-up.

(2) Operation control panel

The operation control panel is composed of a controller that
carries out the scanning control of the ultrasonic probe, an ultra-
sonic flaw detector that carries out measurement, a lap-top personal
computer that controls the above-mentioned apparatuses in addition to
carrying out data collection, storage and analysis.

The operation control panel is also equipped with an oscillo-
scope to enable the real time verification and monitoring of the
propriety of the obtained data, and a monitor screen on the CRT to
monitor the data during measurement. The data, judged appropriately
at the field, is stored in the FD before being transmitted to the
data processing system unit. However, the operation control panel is
also possessed with the function of making basic analysis. As an
example of the image representation at the operation control panel,
the "pipe section indication"™ is shown in Photo. 3.

(3) Automatic contact media feeder

This system applies the gap submerged coupling system (the
system that enables indirect contact rather than the direct contact
by interposing the contact media between the probe and the pipe). In
this system the contact media is fed automatically into the probe
holder by using the variable speed, geared pump pressure-feed system.
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PHOTC. 2 -- Installation of detecting probe
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<Circular Section> *** Pipe Corrosion Diagnostic System ***
* Cutting-plave line: Axis; 100 mm

o

1 Name of the detected body : 0b175a01
2 Date of measurement : March 20, 1990
3 Measurable range 1 200 mm x 360°
4 Measurable pitch :
Circumferential direction: 2 mm
Axial direction 1 Z2m
S Piping aperture 1 175 A
6 JIS wall thickness : 5.3 m
7 Minimmm wall thickness : 0.4 mm
8 t>12.5m : 0
9 t<0.5m H¢]
10 Abnormal scanning : 0

11 Cumulative missing measurement rate: 1%

F4: Plane FS: Sectional development F6: Lamination F7: Optional screen at EDITION mode

PHOTO. 3 -- Example of image output on operation control panel

2. Data processing system unit

As shown in Fig. 1, the data processing system unit is composed
of a personal computer, a printer and a plotter, and carries out
processing of the data, stored by the pipe inspection robot, through
the 3 1/2" floppy disc. 1In order to give a clearer vision of the
status of corrosion, the following image representations are made:
“"plane indication of residual wall thickness," "vertical and horizon-
tal section indication of pipe," "estimated section indication of the
screw coupling section,” etc. In addition to the above processings,
the following numerical processings can also be made: "residual wall
thickness degree distribution and analysis," "estimation of the
remaining life of the pipe," and "statistic processing of several
testpieces in the same biping system."

The actual examples of the "plane indication of residual wall
thickness” and the "residual wall thickness degree distribution and
analysis" are shown respectively in Figs. 3 and 4. The system
outline chart and the specifications for measurement are summarized
in Tables 1 and 2 respectively.

RESULTS OF TESTS

Various tests were made to verify the functions of this system
regarding the measurement. The results of the tests are given in
this Chapter.

1. Functional verification at the pipe resorted to natural corrosion
To verify the functions enabling secured detection of compli-
cated forms of corrosion, the results obtained by the measurements of
the cold and hot water pipes actually laid in a certain office
building, and the actual results obtained by overhaul and analysis of
the pipes on which the measurements were made are presented here for
comparison. The image representation of the "plane indication of
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residual wall thickness," obtained through this system, is given in
Fig. 3.

Plane Wall Thickness Indication Measuring vidth

200 mm
J15 wall thickness 4.2 mn
Min. wall thickness 2.0 am
Missing measurement rate 0.2 5
Average annual corrosion 0.146 mm

Fermissible residual
= wall thickness 0.6 mm

Remaining life of 6.3 years
the pipe
Remaining life of 0.0 years
the screv section
Magnification 1.0

[ ¥all thickness distribution ]

8- 55% 8.0%

55- 60% 1. 1%
| 68- 65% 2.5%
65- 78% T

78- 75% 12.7
75- BB% 34.0%
8O- 85% 38. 4%

85- 99% 4.3%
. 95-108% 1.2%

‘ 98- 95% B.6%
}

A | No. 890414-04

Name of the building : A certain office t-u;ld.ngl?ipe material : SGPE | lmmx1*

[i‘ine application : A cold and hot water pipe |
| I

FIG. 3 -- Plane indication of residual wall thickness.
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& 3000 13600 N Standard deviation 0.248 mn
= 54000 12600 R Most frequent value 3.50 na
&
fod B0000 12000 -4+ ~
S6000 11200
77 52000 {0490
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£ 20000 7: 3.30
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;iggg 1600 11: 3.40 12: 3.5¢0
P 13: 3.50 14: 3.50
0 DL : 15: 3.50
1111114 16: [ Maximus value ] 4.20
0123456789012345
¥all Thickness
Name of the building : A certain office building | Pipe material : SGPE‘IMXI’ A No. 890414-04
Pipe application : A cold and hot water pipe 80A | Period : 15.0 years '

FIG. 4 ~- Analysis of frequency distribution of wall thickness.
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TABLE 1 -- System outline chart

Item Outline
Deterioration Deterioration diagnosis through evaluation of cor-
diagnosis rosion due to the automatic measurement of residual
procedure wall thickness by using ultrasonic wave
Ultrasonic Ultrasonic flaw detector: Pulsar output over 200 V

flaw detect-
ing mechanism

Repeat frequency 625 Hz
Separate-type vertical probe
Frequency 10 MHz
Trembler diameter 5 mmg
Flaw detecting cable: Double-layer shielded

Detecting probe

Drive and
transmission
system

Circumferential direction: Gear transmission due
to pulse motor
Pipe axial direction: Belt transmission due to
pulse motor

Data sorting
system

The minimum values are extracted out of the several
wall thickness data collected during measurements.
Number of data: N = PL x PRF/V

where;

PL: Distance between the points of measurement (mm)
PRF': Repeat frequency (Hz)

V : Circumferential scanning speed (mm/s)

Measurement Measured by installing the extension adjusting jig
of curved to the flaw detecting mechanism

pipe * Indefinite position accuracy

Measurement Original point correction due to B1-B2 system

through paint
Detection of
lamination

* Paint thickness at the original point shall be
uniform as the premise

Detection of
lamination

The analytic program, obtained through the analysis
of lamination characteristics, is used.
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TABLE 2 -- Specifications for measurement using the system

Item

Specifications

Measurable pipe

Carbon steel pipes for piping [JIS-G 3452,
G 3454, ASTM-A 120, A53 (F), A 135, A 53
(A, B)], etc.

Measurable range

The measurement can be made within the following
range.

Axial direction of pipe : Max. 200 mm
Circumferential direction: Max. 360°

Applicable curved
pipe

Pipes above 100 A of JIS B 2311 and JIS B 2312
can be measured.

Measurable pitch

Circumferential direction:

1.0 mm or 2.0 mm (20 A - 150 A)

2.0 mm (175 A - 300 A)

1.0 mm is also possible in the case of partial
measurement

Axial direction (of the pipe): 1.0 mm or 2.0 mm

Number of meas-
urable points

103,600 points for 1.0 mm x 1.0 mm in 150 A
pipe

Scanning speed

Circumferential direction: 10, 20, 30 mm/sec
Axial direction : 20 mm/sec

Time required
for measurement

55 - 60 minutes for 100 A pipe at the scanning
speed of 30 mm/sec

Fault detecting
mechanism instal-
lation space

650 mm

Unit mounting surface

1,000 mm (approximately)
Other three surfaces: 110 mm

Axial direction:
Pipe periphery :

267




268 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

Furthermore, the internal corrosion of the pipes arranged in

plane after subjecting to pickling and rust removing is given in
Photo. 4.

o 150

W e 50 W w00 o

PHOTO. 4 -- Internal corrosion on the pipe subjected to overhaul and
analysis

The degree of corrosion is given in terms of color-stage-tone in
Fig. 3, indicating distinctly the banded corrosion in the pipe axial
direction (near 60°) and the two pin-hole corrosion spotted near 45°
in Photo. 4. The results of comparison of the maximum corroded

section (pin-hole corrosion: arrow mark) of the concerned pipe are
given below.

[Results of Overhaul and Analysis]

Position: 245° in circumferential direction, 65 mm in pipe axial
direction

Residual wall thickness: 2.0 mm

[Results of measurement using this system]

Position: 249° in circumferential direction, 69 mm in pipe axial
direction

Residual wall thickness: 2.0 mm (measured with a point micro meter)

Since the concerned pin-hole corrosion size is approximately
5 mm@, it can be safely judged that the fault detecting function has
been almost verified.

2. Functional verification at the pipe subjected to artificial fault
(defect)

The cylindrical corrosion model under the assumption of “ho}e
corrosion," normally considered hard to detect, and the V-corrosion
model under the assumption of "groove corrosion on the electro-unite
pipe" were artificially made on the inner surface of 20 A and 300 A
carbon steel pipes by means of electro spark machining.

The plane development diagram of the 300 A pipe subjected to
artificial fault is shown in Fig. 5.
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[Tip-end shape of V-corrosion model]
ABC: R < 0.1 mm, A'B'C': R= 0.1 mm A"B"C": R = 0.25 mm

[V~corrosion model]
A: tx = 0.9 x t0 B: tx =0.5x t0 C: tx = 1.1 mm
tx: Residual wall thickness(mm) tO: Wall thickness of base metal (mm)

FIG. 5 -- Plane development diagram of artificially corroded 300 A
pipe

(1) Functional verification of V-corrosion model

An example of the image output of the "plane developed and
enlarged indication" of the V-corrosion model, obtained through the
experiment made on the 300 A model pipe by using this system, is
shown in Fig. 6, while the results of the analysis of the data on
V-corrosion model, obtained through the experiment made on the 20 A
and 300 A model pipes are given in Table 3.

The above results make the following point clear.

1) In the case of V-corrosion model the fault with the tip end
size 0.25 mmR was detected at 2 points in the 20 A model pipe, while
all faults with tip end size 0.25 mmR, faults with tip end size
0.1 rmR and below 0.1 mmR were found at one point each in the 300 A
model pipe.

2) The detection position accuracy in all cases remains within
the range of -0.1 - +2.0 mm.
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3) The measured wall thickness accuracy in all cases remains
within the range of -0.4 - +0.1 mm.

o 225° 359°
o il e el =
FIG. 6 -- Plane development diagram (plan) of V-corrosion model.
TABLE 3 -- Analysis result of V-corrosion model

Standard value

Data obtained through the system

Tip-end
Aperture } ' ape Wall | Circumferential | Detecting | Minimm | Most frequent | Maximum | Average
thickness position position value value value value
20 A A" 1.4 m 4 mm 5/5 mm .7 mn 1.5mm | 2.0 m 1.6 mm
4 1.0 1.2 1.2 1.2
B" 0.9 m 46 mn 48/48 0.5 1.0 1.4 1.0
48 0.5 0.5 0.6 0.5
300 2 A" 6.0 320 320/322 5.6 5.7 6.8 5.7
B" 3.1 652 654/656 3.2 3.4 3.4 3.3
C 1.1 736 736/738 0.7 0.8 0.8 0.8
c! 1.1 904 302/904 0.7 0.8 0.8 0.8
o 1.1 987 986/988 0.8 0.8 0.8 0.8

{2) Functional verification of cylindrical corrosion model

Fig.

7 shows an example of the image output of the "plane

developed and enlarged indication" of the cylindrical corrosion,
obtained through the experiment made on the 20 A model pipe, while
Table 4 shows the results of the data analysis regarding the

cylindrical corrosion model of the 20 A and 300 A model pipes.
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Plane ¥Wall Thickness Indication Enlarged Diagram Meas
J1s
. .

21 273 Min.
Missing measu
Average annual
Permissible r

wall thic

76

= wall ckness 0.3 am
Remaining life

[ Wall thickness distribution ]

8- 18% 8.8%
18- 28% B.8%
28- 3B% B.8%
3B- 48% B.1%
48- 58% B.1% |
58- 68% 8.8% |
68- 78% 8.5%
78- 88% 42.7% |
,808- 98% 2.9%
Ei98-108% 53.8%
Name of the building : Pipe material SGPE [ 1max 1° - E.\'r B91206-01
Pipe application : Model 204 for test 20A | Period : i '
FIG. 7 -- Plane developed and enlarged indication of cylindrical

corrosion model

The results make the following points clear.

1) In the case of cylindrical corrosion model, all faults of
size 0.6 mmg - 3.4 mmd in the 20 A model pipe and the faults ranging
from 0.8 mmg -~ 3.4 mmgp in the 300 A model pipe were detected.

2) The detection position accuracy (error range) remains within
+1.5 mm in the case of 20 A, and within 0 - +1.0 mm in the case of
300 A model pipe.

3) The measured wall thickness accuracy remains within 0.6 mmg:
$0.1 mm, 0.8 mmg: O - +0.3 mm in the case of 20 A, 0 - +0.1 mm in the
case of 300 A, and 0.1 - +0.5 mm in the case of the other model
pipes. Through the above experiment results, it can be deduced that
the inspection (diagnosis) system can be safely put to practical use.
3-3. Other functional verifications

(1) Measurement through paint

This experiment, made on the partially painted pipe subjected to
artificial corrosion, showed the same result as in the case of a pipe
without paint Therefore, it has been proved that the measurement can
be made through the paint, provided that the paint thickness on the
wall is uniform.

(2) Measurement on curved pipe (elbow) sections

Although the wall thickness measurement accuracy, etc. have not
yet been confirmed since the obtained result has not yet been put to
comparison (verification) with the result of overhaul and analysis of
the actual curved pipe, it is found that the measurable range is
roughly #15° with the back of the curved pipe as standard, and
approximately 80 - 120 mm in the axial direction of the pipe.
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TABLE 4 -- Analysis result of cylindrical corrosion model
Hole Standard value Data obtained through the system
Aper- | (pitting)
ture | corrosion Wall Circumferential| Detecting | Minimum | Most frequent | Mawimum | Average
dia. thickness position position value value value value
20 A 0.6¢ 1.7 mm 8.5 m 8/11 mm 1.6 mm 1.8 mm 1.8 mm 1.8 mn
1.2 8.5 9/10 1.2 1.2 1.2 1.2
0.84 1.7 25.5 26/27 1.5 1.5 1.5 1.5
1.2 25.5 227 1.2 1.2 1.2 1.2
1.44 .5 42.5 43/45 1.6 1.7 1.7 1.7
1.2 42.5 44/44 0.9 0.9 0.9 0.9
3.44 1.4 59.5 55/59 1.4 1.5 1.5 1.5
0.9 59.5 59/63 1.2 1.2 1.3 1.3
300 A 0.8¢ 5.6 100 99/100 5.5 5.5 5.7 5.6
3.4 100 99/100 3.8 3.8 3.9 3.8
1.2 100
1.4¢ 5.5 300 296/293 5.6 5.6 5.8 5.7
3.3 300 295/299 3.8 3.8 3.9 3.8
1.1 300 298/300 1.1 1.1 1.2 1.2
3.4 5.3 500 494/500 5.6 5.6 5.9 5.7
3.3 500 494/498 3.7 3.8 3.9 3.8
1.0 500 496,500 1.0 1.0 1.7 1.4

(3) Recollection of data

Measurements were made several times on the same section of a
pipe resorted to natural corrosicn, and the results were compared to
indicate that the reproduction of data is possible with accuracy of
+0.1 mm, provided that the flaw detecting device is normally
installed.

CONCLUSION

Through the various experiments made to verify the functions of
the system, the system seems to have achieved the object set at the
initial stage of development. However, there are some problems left
unsolved yet, such as the diagnosis limited to certain pipes, appli-
cable partially to the curved section only, etc. We are determined
to continue making effects to find some solutions to these problems.
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ABSTRACT: Most cities, counties, and sanitary districts have used concrete pipe for
sewer construction during the past 100 years. Many of these pipelines under certain
site conditions have been corroded by sulfuric acid formed from sulfide gas. Despite
this track record, many design engineers are still selecting concrete pipe with some
allowance for corrosion using the somewhat outdated sacrificial wall thickness
method. There are numerous agencies which do not even inciude sulfide corrosion
prediction and control as part of the sewer structure material selection process. Even
when sulfide corrosion studies are undertaken, no engineering considerations are
given for the potential of corrosion in structures such as wet wells, manholes, drop
structures, and metering stations. Deteriorated concrete pipe in some cases is
replaced with new concrete pipe with no provisions for corrosion and such
practices will lead to premature failure of the sewer system and excessive
rehabilitation budgets. This paper presents the state-of-the-art of prediction and
control of sulfide corrosion in sewers and rehabilitation methods available for
repairing such sewer systems.

KEYWORDS: sanitary, sewers, concrete, rehabilitation, sulfide, coatings, liners,
admixtures, corrosion

INTRODUCTION

The most common sanitary sewer pipe material is reinforced concrete. Unfortunately many
agencies have experienced serious problems of concrete sewer deterioration due to sulfuric
acid attack resulting from hydrogen sulfide gas. The sulfide induced corrosion is normally in the
part of the sewer that is exposed to atmosphere and moisture. Corrosion caused by acidic
discharges found in the industrial effluent affect the lower half of the sewer pipe carrying the
discharge. Under severe conditions, the concrete wall thickness close to the crown of pipe can
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disappear at the rate of 1.0 to 3.0 cm per year due to sulfide corrosion. In corrosive soils, the
outside of the concrete pipe also could be attacked by salts such as sulfates and chlorides.
States having severe problems of sulfide corrosion in four or more municipalities are
Washington, California, Arizona, Texas, Lousiana, Florida, lowa, lilinois, Indiana, Ohio,
Michigan, Wisconsin, Pennsylvania, New York, and Massachussets. Some of the worst
corrosion problems have been reported in Seattle, Boise, Milwaukee, Casper, Albuquerque,
Baton Rouge, Fort Worth, Los Angeles, San Diego, Sacramento, New Orleans, and Tampa.
The survey by the Los Angeles County Sanitation Districts indicated that of the 89 cities
responded, about 30 % reported sewer collapses due to sulfide corrosion, and 63 % have
taken some steps to control this problem.

Although much is known about the sulfide problem, engineers are still designing sanitary sewer
systems either with no evaluation for suifide corrosion or with the sacrificial wall thickness,
most commonly known as the "Az" method. Even when some sulfide corrosion predictions are
made, the structures such as manholes, drop structures, wet wells, metering stations, etc. are
usually not protected. Deterioration of a sewer system can result in loss of ability to transport
sewage, contamination of ground and the groundwater supply, excessive ground settlements,
and cave ins. The design engineer and the owner should recognize the adverse consequences
of improper engineering practices and must undertake appropriate measures during planning
and design of sewer systems for their communities. The practice of selecting the most suitable
pipe material based solely on the review of pipe material suppliers’ product literature will result
in early rehabilitation of the sewer infrastructure.

PREDICTION OF SULFIDE BUILDUP

Evaluation of corrosion caused by hydrogen sulfide in concrete sewers require some
understanding of the chemical behavior of sulfides. The conditions necessary for hydrogen
sulfide corrosion are as follows:

o0 Reduction of sulfates to sulfides

o Dissolved sulfides in the wastewater

o Release of hydrogen sulfide from the water to gas form

o Bacterial conversion of hydrogen sulfide to sulfuric acid

o Sulfuric acid in contact with the exposed concrete surface

Three approaches have been tried over the years by engineers practicing in this area of
environmental engineering to forecast the likelihood of sulfide buildup in certain classes of
sewers and these are namely:

o limiting velocity
o flow-slope relationship
o Pomeroy’s Z formula

These methods do not give reliable indications of sulfide buildup potential and therefore, it
is recommended that the design engineer proceeds to predicting sulfide buildup using more
rational equations which would model the problem better.

The rate at which hydrogen sulfide is generated by the slime layer formed on the inner
surface of the concrete pipe or structure is controlled by factors such as:
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o Biological Oxygen Demand
o Concentration of Sulfates
o Dissolved Oxygen

o pH

o Temperature

o Flow Velocity

o Exposed Surface Area

o Detention Time

o Slope

It is necessary to simulate varied conditions of flow in order to get reliable estimates of
sulfide buildup. Numerous mathematical models have been reported in the literature for this
purpose and the most commonly used eguation is that by Pomeroy-Parkhursti1] for partially
filled sewers. This model is based on research conducted primarily in the collection systems
of Los Angeles County. This model is applicable only when the conditions satisfy the basic
criteria for sulfide buildup. The model is not applicable when the DO leve! exceeds 0.5 mg/L.
The model is given by

dS/dt = M’[EBODI/r - N (sv}®*7® [S)/d,,
where S = total sulfide concentration
t = time
M’ = empirical constant to account for sulfide generation
N = empirical constant to account for sulfide loss
EBOD = effective BOD
r = hydraulic radius
s = slope of energy gradient
v = mean velocity
d, = mean hydraulic depth

At equilibrium, when the gain is equal to the loss of sulfide, the limiting sulfide
concentration, S, is obtained using the eguation

Sim = 1.56 M'[EBODI{sv}-3"® p/(b N)
where p = wetted perimeter
b = surface width of flow

Thus, the sulfide generation in a series of pipe reaches with varying hydraulic properties can
be obtained with the use of an integrated form of the governing eguation and this is

L -t = 1.1d,, {log (S,..- S;)- log {Sim _Sz)}(sv)—.:ns/N

Numerically applying this equation, with the assumption that S, for the first reach could be
used as the S, for the next reach, it is possible to calculate the suifide levels for a series of
reaches. One such effort is the computer program SULF.BAS by Kienow and Kienow[2]. When
the characteristics of the effluent varies substantially from tributaries to the primary
interceptor, the sulfide conditions at the junctions should be carefully modelled using mass
balance equations.

In a force main or surcharged sewer trunk line, the pipe is flowing full, thus minimizing
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surface reaction, sulfide oxidation potential, and sulfide losses to the sewer atmosphere.
Furthermore, the DO is assumed to be zero. Thus, the sulfide predictions are normally done
using the EPA equation[3] which is given by

S, = S, + Mt [EBOD(4/d +1.57)]

1t

where d pipe diameter

Even at this stage of the prediction, the equations have too many empirical constants and
result in uncertainties in the calculation of sulfide buildup in sanitary sewers. Field calibration
of calculated results using observed values on representative reaches are always required in
order to make reliable predictions in the remaining reaches of any given sewer.

CORROSION EVALUATION

Hydrogen sulfide buildup eventually leads to corrosion of the sewer structures which can
be visually documented. Thus, physical inspections, close circuit televising, and some concrete
core samples are always necessary. Once these data become available numerical modelling
should follow to verify field results. The rate of corrosion of concrete can be predicted based
on the assumption that the rate depends on the rate at which sulfuric acid is generated in the
sewer, the alkalinity of the concrete, and the hydraulic considerations. Pomeroy assumed that
the total amount of hydrogen sulfide reaching the wall and the amount that will be oxidized and
made available for reaction with the pipe material will control the corrosion rate. The equation
he developed is given by

Cuo = 0.45 k PHI,,/A
where C,,. = average rate of penetration of corrosion in m/yr
k = coefficient of efficiency for acid reaction
PHI,, = flux of sulfide to the pipe wall in g/m2-hr
A = alkalinity of the concrete wall in calcium carbonate equivalent

It should be emphasized that the PHI value used in this equation is the annual average
sulfide concentration and not either the peak or climactic value. The peak corrosion rates are
calculated using factors such as those in the equation

Coeax = C., - CCF . TCF

where CCF = crown corrosion factor
TCF = turbulence corrosion factor, when the flow is nonuniform
Coear = peak corrosion rate in m/yr

When the design and construction of a new sewer system is in the planning stage, the
sulfide buildup evaluation of the existing system verified by field data will provide valuable
insight into trouble spots. If the existing coliection system can be repaired,

it still requires engineering studies to determine the extent to which sulfide would buildup in
the future years. Such an evaluation of the existing system requires careful planning and
execution. A strategy should be developed to get the most for the tax dollars available for
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investigation of the sulfide problem. The field work should be done methodically with the
appropriate level of planning, preparation, and inspection. Concrete coring, effluent sampling,
and analytical work to determine the characteristics of the effluent are all time consuming and
expensive. Thus, sampling locations should be carefully selected to optimize the fieldwork and
data collection.

CONTROL OF SULFIDE CORROSION

It is necessary to design to avoid sulfide buildup and the related corrosion in sewer
structures. Many efforts could be undertaken by the designer and the owner to avoid future
problems of corrosion. For small sewers, proper flow velocities and slopes are chosen to
minimize sulfide buildup. Proper ventilation, periodic cleaning of the sewer, limiting the length
of force mains, grinding the solids before it enters the sewer, providing pretreatment at a septic
system, and using either pressurized or vacuum for driving the effluent are all prudent practices
to consider for improving the design life of the sewer structures.

For trunk sewers, velocities should be chosen to avoid excessive deposits of solids. Proper
ventilation is equally important. Special structures and manholes should be carefully designed
to avoid excessive deposition of solids and to avoid too long a detention time. Adequate
maintenance and monitoring shouid be part of the O & M budget of the owner.

Most concrete pipe designs are still done using the Az method, where
Az = 0.45 PHI,,. L. CCF. TCF

in which L is the design life of the concrete sewer structure with the assumption that the
sacrificial wall thickness at a certain alkalinity level will provide the necessary protection
against loss of use of the concrete sewer ahead of its intended design life. This practice
unfortunately has not yielded any meaningful engineering solutions to the hydrogen sulfide
induced corrosion in concrete sewer structures for most cases. Although, the steel pipe
industry and the ductile iron pipe industry have somewhat similar corrosion problems, these
industries have developed better engineering solutions to address the corrosion problems than
simply follow the outdated sacrificial wall thickness design philosophy. Pipe materials should
be carefully evaluated and pipe made of HDPE, PVC, PP, PB, RPM, lined steel, lined ductile
iron, vitrified clay should be compared with the performance of Az designed concrete pipe and
plastic lined concrete pipe. Many plastic pipe products, when properly engineered, will provide
better materials for sites which are likely to generate high levels of sulfide. There are several
admixtures which have improved the performance of concrete in sulfide situations in France,
Germany and Norway. Research reported by Fidjestal[4], Durning {5], Mehta [6], Luther (7],
Bock [8], Compagnie Nationale Du Rhone [9] indicate that the presence of high alumina cement
and/or silica fumes in concrete increase the resistance to acids due to the reduction of
permeability of the concrete pipe wall and in turn the depth of penetration of the sulfuric acid.
Furthermore, these admixtures tend to reduce or completely eliminate the free calcium
hydroxide in concrete. Furthermore, the calcium silicate hydrate paste formed with silica fume
is more stable in low pH environments.

Other methods which are used for sulfide control include oxygen injection, chlorination,
hydrogen peroxide dosing, iron salt addition, sodium hydroxide shock dosing, potassium
permanganate addition, sodium nitrate addition, ozone treatment, and growing
bacterial/enzyme cultures.
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CHEMICAL RESISTANCE TESTING

Some form of sulfide corrosion testing needs to be undertaken by design engineers on a
routine basis as part of QA/QC measures for either proper protection of traditional pipe
materials with plastic liners and coatings or use of new materials. The Standard Specifications
for Public Works Construction (known as the Greenbook) developed by the Joint Cooperative
Committee of the Southern California Chapter of the American Public Works association and
Southern California Districts of the Associated General Contractors of Californial10] is the only
public document that outlines a procedure for testing various sewer structure materials for
chemical resistance. In this procedure, the physical properties of the specimens are measured
after exposure to chemical solutions of the following types:

o sulfuric acid 20 % by volume

o sodium hydroxide 5 %

0 ammonium hydroxide 5 %

o nitric acid 1%

o ferric chloride 1%

0 sOap 0.1 %

o detergent (LAS) 0.1 %

o bacteriological BOD not less than 700 ppm

At 28 day intervals, specimens are removed from each chemical solution and tested. If any
specimen fails to meet the 112 day requirements set by the committee before completion of
the 112 day exposure, the material is subject to rejection. it is recommended that public
agencies adopt a procedure similar to this to be able to screen pipe/structural materials to be
used in sewer systems.

LIFE CYCLE COST STUDIES

It is important that life cycle cost studies be undertaken following procedures similar to
those given in Kerr and Ryan [11], by sewer system designers to account for the costs
associated with planning, engineering, construction, maintenance, rehabilitation and
replacement, and deductions for any residual value at the end of the proposed project design
life. Such studies should include realistic service life estimates for various sewer structure
materials considered based on actual track record and field performance rather than on
testimonies of consultants on vendor’'s payrolls or public officials who might bring their own
biases in defiance of sound engineering principles. Sulfide induced corrosion and its impact on
service life of unprotected concrete pipe should be given equal consideration as the significant
role installation and inspection plays in structural performance of flexible pipe materials in the
calculation of service life.

REHABILITATION METHODS

Before a public agency and the engineering consultant embark on a rehabilitation program
of a deteriorated sewer system, the pros and cons of replacement v. rehabilitation should be
carefully studied. Schrocki12] provides a detailed account of various factors to consider in the
proposed chapter for the City of Los Angeles Specifications. The well-defined tangible factors
to consider are as follows:

o inspection
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0 engineering

o rights-of-way

0 easements

0 cost to business/government

0 construction time/cost

o cost of disruption

0 mobilization

o savings in O and M

o costs of detour and flow bypass/rerouting
0 mapping

Intangible items usually ignored are as foliows:

0 noise, dirt

o safety

o ground settlement/damage to buildings
o reputation of the agency

o inconvenience

0 complaints

o liability

0 emergency

o traffic rerouting
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Economic evaluations between the options of replace or rehabilitate should include realistic
estimates of costs associated with the above items. The most suitable rehabilitation methods
for repairing concrete pipe should be carefully chosen by weighing the following factors:

0 pipe shape and size

o soil conditions

o groundwater conditions

0 additional loads

o corrosion conditions

0 accessibility

o flow quantity

o possible bypassing/rerouting flows

o type and level of damage to the sewer system
o cause of damage to the sewer system

Most methods require some form of initial cleaning, close circuit televising, root control, and
groundwater monitoring. The pipe material considerations should include the following factors:

0 availability

o track record

0 quality control

0 engineering support
o future repair

0 abrasion resistance

o durability

0 hydraulic resistance
o structural capability
o installation rate/cost
0 ease of use
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o availability of standards

Some repair techniques are applied on the outside of the concrete pipe while others attempt
to repair the inside. Brief descriptions of some of such methods are given here.

Cement Grouting

Portland cement grout can also be used to form extra layers of material to repair
deteriorating sewer structures provided proper mixes and alkalinity are provided. The amounts
of water and cement used are carefully controlled based on the final physical properties and
workability requirements. Micro-fine cement is usually used in subsurface conditions where the
grain size characteristics of the site would not permit efficient pumping of the regular portland
cement grout. Cement mortar is used for consolidation grouting where the ground needs to be
packed to avoid excessive settlements due to a deteriorating sewer structure.

Chemical Grouting

Chemical grouting is used to repair usually from the ground surface, after some excavation,
or by using drilled holes from the inside of the pipe. Chemical grouts consist of a mixture of
several substances which stiffen after some time once placement is achieved within a selected
time period. Typical grouts used are acrylamide base gel, acrylic base gel, acrylate base gel,
urethane base gel, and urethane base foam.

Segmented Liners

Segmented liners are available in many convenient shapes and sizes to fit the specific
purpose. These are also made of different materials. The designer should be careful in selecting
the material to ensure that the chemical resistance is adequate to handle the level of corrosion
anticipated. The work is accomplished in a dry condition and therefore bypassing the flow is
always required. These liners are combined with either concrete placement or pressure grout.

Sliplining

Sliplining takes place in the form of inserting a pipe of smaller size into a deteriorating sewer
using planned hole in the ground as the access port. This is accomplished either using a
continuous slipliner pipe or segmented pipe with appropriate OD controlled joints. The insertion
pitis used to pull the slipliner pipe with a mechanical winch which relies on rollers to cut down
the friction against the exterior of the liner pipe wall. Pipe pulls of over 300 m are fairly
common in small sizes. Materials such as ductile iron, steel, clay, HDPE, PVC, PB, PP, and RPM
are used for slipliner pipe. Some of these materials are available in the market with profiles and
cores. Buckling is a major consideration during the installation process, grouting, and in service.
Therefore, the design engineer needs to make appropriate calculations to ensure that the wall
stiffness of the slipliner pipe chosen could withstand the loads. it is uneconomical to design
these slipliner pipe materials without taking advantage of the buckling strength enhancement
provided by grouting.
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Deformed Lining
An extruded PVC or HDPE pipe that is folded into a U shape is pulied into a broken sewer

and with the aid of hot water or steam with pressure the deformed pipe is stretched back to
its original shape to conform to the shape of the sewer.

Spiral Wound Lining

A PVC strip is pulled through a winding machine that is placed at the bottom of a manhole
and this machine pushes the pipe made at site into the broken sewer. This spiral pipe
essentially is the formwork for the cement grout to be either pumped in or placed using grout
tubes in the annulus between the liner and the existing pipe. Man entry size lining is done using
mechanically interlocking PVC panels either in segment form or a continuous coil delivered from
a spool dragged inside the pipe.

Cured-In-Place Inversion Lining

Cured in place pipe uses a thermosetting resin that is used to saturate the fabric felt initially.
Once the pipe is inverted into its final location inside a sewer using hydrostatic pressure or air
pressure, either hot water, hot air, or steam is used to initiate the hardening process of the
resin used in the liner pipe. A catalyst is always used in the resin matrix to contro! the
processing time. The felt could be woven, nonwoven, or a combination of both.
Reinforcements of various types are also being tried at the present time to be able to handle
higher internal working pressures.

Specialty Concrete

Shotcrete, gunnite, high alumina cement spray on, silica fume mixes, latex modified cement
all provide better corrosion protection than regular Portland cement concrete, if the mixes are
very carefully designed and applied.

Coatings

The success of any form of coating depends on the adequacy of the cleaning of the initial
concrete surface, the effectiveness of the bond between the concrete surface and the
coating/lining, and the chemical resistance of the lining/coating material. An ongoing evaluation
of protective coatings for concrete is carried out by John Redner and his colleagues at the Los
Angeles County Sanitation Districts and the most recent results are reported in Redner, Hsi,
and Esfandi[13].

Spot Repair

Spot repair is done at areas where damage is far more severe than the rest of the sewer
structure. The method allows several forms of grouts, liners, seals, mechanical, etc.
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SUMMARY

1. Most prediction madels in use for estimating sulfide buildup rely on too many empirical
constants, which need to be carefully chosen to get reasonable answers. Some level of field
calibration of all calculated results are always essential before an engineer can claim some
degree of confidence in the forecasts. The prediction of corrosion rates in concrete sewer
structures is even worse when it comes to reliability due to most models having not done
enough characterization of fundamental processes contributing to corrosion in concrete sewers.

2. More research is required on the various physico-chemical phenomena involved in concrete
corrosion due to sulfide buildup.

3. It is important for the design engineer and the owner to invest some funds into evaluating
the sulfide buildup potential during the planning stages of either a new system or an existing
structure proposed for repair work.

4. Numerous methods have been in use for some time for controlling sulfide buildup and in turn
to prolong the service life of sewer structures and the design engineer and the owner should
consider using one or more of such techniques. Trials should start with bench scale tests to
screen for the best among several methods and the final protoype also should deserve some
testing, before public money is spent in large amounts on the final design and construction for
the whole sanitary district.

5. When a sewer system is deteriorated enough to consider either replacement or rehabilitation,
many factors should be taken into consideration in deciding which route to take.

6. In designing new sewer systems, the choice of the pipe material should be given careful
consideration. Carefully engineered and tested concrete mixes with proper admixtures can
prolong the service life of the sewer system in as much as the use of plastic liners or other pipe
materials,

7. Failure of an unprotected manhole, drop structure, junction structure, or wet well due to
sulfide corrosion can cause as much an expenditure to the public as that from the failure of the
main sewer itself. Therefore the design engineer need to pay some attention to selecting proper
materials for the construction of these structures as well.

8. Design engineers need to pay enough attention to the fundamental principles governing the
generation and release of suifide gas in our sewer systems and more importantly the corrosion
damage caused to a vital part of our infrastructure. While continuing our practice of applying
the existing design tools to provide some answers to this problem, we need to expend more
of our efforts to research further into the fundamentai mechanisms of sulfide buildup and the
associated corrosion. If they fall short of this mission, the taxpayers will question their ability
to solve a problem which is so well known for so long in the pipe industry. In this pursuit, the
concrete pipe industry has a fundamental obligation, far more than anyone else, to the public
to work with those in engineering so that reliable answers are found for this pressing problem.
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Conventionally reinforced concrete deteriorates rapidly
in the hostile environments of the Persian Gulf coast
region, one of the most difficult areas in the world for
construction of durable concrete structures [1,2].

While the causes of distress are numerous, corrosion of
reinforcing steel and particularly the chloride-induced
corrosion is most frequent, being responsible for about 85%
of all deteriorations ([3]. Chloride ions accelerate
corrosion of the steel either by preventing the formation of
the passivating film, or by destroying it after it has
developed on the surface of rebars. This results in a loss
of cross section and a buildup of the voluminous rust with
subsequent cracking, spalling, and delamination of concrete
cover [4].

One of the most frequent sources of chlorides in
concrete in the Gulf coast region are concrete aggregates

lConsultant, Concrete Clinic International, 5204
Karrington Drive, Gibsonia, PA 15044.
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guarried from the chloride-bearing surface deposits of sand
and gravel. Chlorides can also be introduced into concrete
with brackish or sea water which may be specified for mixing
and/or curing concrete, especially in areas where potable
water is not readily available. The groundwater and subsoil,
frequently containing chloride salts in concentrations
exceeding 3000 ppm and 6.5%, respectively are likely to
become a vast source of chlorides in below ground
structures, unless preventive measures are implemented.
Other sources of chlorides include the sea water spray
carried by prevailing winds, saline water, particularly in
the splash zone of reinforced concrete structures, and
moisture condensates in combination with the windborne salt-
laden dust from surface crusts of salt playas and sabhas.

In the Gulf region near the coast, the mean monthly
temperature is in the range of 18 to 32°C. In the summer
months, daytime temperatures frequently exceed 40°C. The
average relative humidity is about 62% in June and July, and
78% in December and January, and may rise to 90% and higher.
These conditions promote corrosion-related reactions with
the sharp increase in the rate of corrosion at an ambient
temperature of about 30-40°C and a relative humidity
approaching 70% [5].

Elevated temperatures and humidity also significantly
increase the penetration of CO, and SO, into the pores of
concrete, which results in the neutralization of concrete
cover and a subsequent loss of its protective power.

Poor concrete practices commonly encountered on
concrete~related projects along the Gulf coast are also
among the major contributors to the corrosion of reinforcing
steel. This includes, the lack of control over the water-
cement ratio, poor consolidation of freshly-placed concrete,
excessive cracking of concrete cover, inadequate hydration
of portland cement, poor workmanship, as well as the lack of
proper maintenance of reinforced concrete structures. This
leads to a sharp increase in the permeability of hardened
concrete and creates favorable conditions for penetration of
corrosion~-inducing agents into the concrete.

With the concentration of sulfates up to 4500 ppm in
ground-water and about 20% in subsoil, it is a common
practice in the Gulf region to specify sulfate resistant
portland cement (SRPC) for almost all subsurface concrete.
Since SRPC has a lower amount of the tricalcium aluminate
(C4A), its chloride-binding capacity, and consequently the
degree of protection provided to the reinforcing steel
against chloride-induced corrosion, is lower than that of
ordinary cement. To provide an adequate protection the
amount of C;A should not be less than 4%, and preferably 5-
63 [6-7].

All these and other factors make reinforced concrete in
the Gulf coast region highly vulnerable to deterioration due
to chloride-induced corrosion of embedded steel.
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LIQUIFIED NATURAL GAS STORAGE TANK FOUNDATION

Constructed in 1974, the storage tank is a steel
double-skinned 83-m diameter and 31-m high vessel with a
fixed dome roof. The tank is supported by a ring 2.4-m wide
and 2.0-m deep foundation having an outside diameter of 84.8
m. The heating to the tank is provided by means of electric
elements placed in stainless steel tubes. The tubes were
installed by inserting them through steel sleeve pipes
embedded in the foundation during construction.

The concrete showed cracking, spalling, and
delamination within a few years after construction. Most
damage was noted along the plane of the heater tube sleeves
(Fig. 1). In areas where the sleeves were absent, the
deterioration of concrete was rated as minor, being
represented mainly by fine vertical drying shrinkage cracks
on the side surface, and some plastic settlement hairlines
on the top surface of the foundation.

FIG. 1--Detericoration of concrete in areas of the
heater tubes.

A number of spalled areas of the top surface were
removed to reveal severe corrosion of the sleeves. On one
occasion, a sleeve was found to be totally corroded exposing
the inner tube. Unlike the sleeves, all examined steel bars
of the main reinforcement were in a perfect condition, with
an exception of some bars located in the vicinity of hair
cracks that exhibited minor corrosion. Examination of the
holding-down bolts in areas where they pass through the top
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surface of the foundation did not reveal any significant
corrosion. A coating of the bitumen paint on the top surface
of the foundation beam was found to be severely weathered
exposing the original concrete. The vertical surface of the
beam was also weathered, but to a lesser extent. On one
occasion during the inspection, a moisture condensate was
noted to have ponded on the top surface of the foundation.
Water streak marks readily visible on the tank walls as well
as on the foundation surfaces suggested that the amount and
frequency of the moisture condensation were quite
significant. Despite severe corrosion of the sleeves and
corrosion-related deterioration of the top concrete cover,
there was no evidence indicating that the load-carrying
capacity of the foundation was significantly affected.

Measurements showed that concrete cover to the heater
tube sleeves and to the main reinforcement was approximately
equal to the specified value of 50 and 75 mm, respectively.
The concrete in the foundation beam was generally sound and
well consolidated with the depth of carbonation varying from
1 to 15 mm. The average cement content was about 380 kg/m”.
Based on the amount of C;A the cement appeared to be
sulphate resistant. Compressive strength of concrete cores
obtained vertically was in the range of 23.4 to 36.6 MPa, as
compared with the minimum specified cylinder strength of
17.2 MPa.

Concentration of water soluble chlorides by weight of
cement determined on vertical cores varied from 0.77-0.88%
at the top surface to 0.41-0.56% at the level of the heater
tube sleeves. This is far in excess of the maximum value of
0.15% allowed by ACI 318 for reinforced concrete structures
exposed to moisture in service [8]. The concentration of
chlorides at the level of rebars was much lower, an averade
being about 0.26%. A similar pattern of distribution of
chloride ions was recorded in horizontal cores, although the
surface concentrations were somewhat lower. Test results
showed the concentration of chloride ions in samples of the
moisture condensate collected from the top surface of the
foundation varied from 85 to 4100 ppm. The manner in which
concentration of chlorides varied in the concrete suggested
they originated externally on the foundation surfaces, most
likely from the windblown dust, and migrated to the level of
the sleeves via the saline condensate through the weathered
bitumen coat and the concrete cover.

After removing unsound concrete to a depth of about 100
mm below the main reinforcement, the corroded sleeves were
cut off and replaced with split stainless tubes. All exposed
rebars, the outer edge of the tank annular base plate, the
tank wall to a height of 75 mm, and the holding-down bolts
were shotblasted to bare metal, and then treated with two
coats of zinc phosphate primer, followed by two coats of
micaceous iron paint (Fig. 2).

Prior to placing new concrete the existing concrete
surface was thoroughly cleaned and then coated with an epoxy
adhesive. Examination of cores obtained upon completion of
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the repairs showed that there was a good bond between newly-
placed and existing concretes. To prevent penetration of
salt-laden moisture, the ends of the newly-installed heater
sleeves were sealed with silicone sealant, and the entire
horizontal surface of the foundation as well as the top 175
mm of the vertical surface were treated with two coats of
epoxy paint.

FIG. 2--Preparation of embedded steel and concrete for
repairs.

ACID FLARE FOUNDATION

The foundation plinths of the acid flare tower were
about 7 years old when severe cracking developed in concrete
cover. Most damage was observed to occur in the top of the
plinths, where holding-down bolts were located (Fig. 3).

A series of tests conducted to determine the cause and
extent of deterioration showed that cracking of concrete
cover was due to corrosion of reinforcing steel bars induced
by chloride ions from the surrounding concrete.
Concentration of water soluble chlorides measured at various
depths up to 650 mm was in the range of 1.1 to 1.7% by
weight of cement. The manner in which chlorides were
distributed throughout the mass of concrete indicated that
the source of chlorides was internal. The concrete in the
plinths was made using sulfate resistant cement with the
cement content varying from 210 to 355 kg/m3. The estimated
water-cement ratio was in the range of 0.48 to 0.57. There
was no indication of adverse reactions involving the mortar
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matrix of the concrete. An average compressive strength of
concrete cores was 29.8 MPa.

Structural analysis showed that if concrete were
removed and steel bars exposed in the top of the plinths,
there was a possibility that the tower supports would not be
able to withstand wind loads and the whole tower could
overturn.

FIG. 3--Cracking of concrete cover in the plinth.

Therefore, instead of replacing the unsound concrete
and corroded steel, it was proposed to construct a
reinforced concrete jacket around each damaged plinth which
would also encapsulate the bottom portion of steel legs and
hold-down bolts. Prior to repair works a temporary
protective shelter was erected over the work area, comprised
of a roof insulated with a reflective cover against radiant
heat from the flare. The paving around each plinth was
removed and the soil excavated down to the base slab of a
plinth. The top mat of the base slab reinforcement was then
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exposed and new reinforcement fixed around each plinth, with
vertical bars being installed and resin-grouted in the base
slab. To prevent appearance of reflective cracks and
migration of chlorides from the old structure into the
newly-placed concrete, each plinth was covered with a
compressible material.

After curing, all concrete surfaces below the ground
level were treated with two coats of a bituminous paint and
above the ground level with two coats of a chlorinated
rubber paint. Joints between concrete and steel legs were
sealed with a two-part polysulfide sealant.

COOLING WATER OUTFALL FLUME
Designed to discharge plant cooling water into the sea,

the flume is a monolithic U-shaped 5-m wide, 3-m deep and
250-m long reinforced concrete structure (Fig. 4).

FIG. 4-~The cooling water outfall flume.

Inspection of the flume conducted seven years after its
construction revealed severe cracking, spalling, and
delamination of concrete cover along the whole length of the
structure. The most significant damage was observed at the
top of the flume walls where concrete in many areas
completely debonded from the main body of the wall and could
easily be removed (Fig. 5). The exposed rebars exhibited
severe uniform and localized pitting corrosion being in some
cases completely rusted through. The extent of deterioration
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of the reinforced concrete was less severe lower down the
wall, but corrosion of steel and cracking of concrete were
still apparent. No visible signs of corroded reinforcement,
except for some minor hairline cracks, were observed on the
outside surface of the wall below the ground level. Concrete
in this area was found to have a coating of a bituminous
paint, apparently applied at the time of construction.
Inside the flume, large areas of delaminated concrete cover
were well visible, extending the full height of the wall. In
some cases, the concrete cover has fallen away exposing
heavily corroded reinforcing steel bars. The wall sections
below the waterline were found to be in a better condition
than those above the waterline. The thickness of concrete
cover throughout the flume varied from 0 to 100 mm, as
measured in areas of exposed reinforcement.

FIG. 5-~Deterioration of concrete in the flume walls.

The concentration of water soluble chloride ions in the
flume walls varied from 1.22 to 2.18% by weight of cement.
There was no appreciable difference in concentrations of
chlorides determined at various depths of the concrete.

Compressive strength of concrete cores obtained from
various portions of the flume was in the range of 36.6 to
44.1 MPa. There was no evidence of any deleterious reactions
in the concrete. The depth of carbonation normally did not
exceed 15 mm. An average cement content was about 365 kg/m3.

Half-cell potential survey conducted in areas above the
ground and water levels, where the concrete cover was
intact, indicated a greater than 90% probability that active
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corrosion of rebars was occurring at the time of the survey.

Based on results of the investigation, it was concluded
that the singular most significant factor responsible for
corrosion of steel and corrosion-related deterioration of
concrete was the presence of chlorides at the level of the
reinforcement. The pattern of distribution of chlorides in
the concrete suggested that the source of chlorides was
internal, most likely, contaminated concrete ingredients.
The other possible source of chlorides was the hot salt-
laden discharge water. Also, since the flume was situated in
close proximity to the sea, it was possible that chlorides,
at least in some portions of the structure, were introduced
with the sea water spray.

The condition survey showed that the flume walls have
deteriorated to such an extent that the probability of the
collapse occurring within the next five years was rated as
extremely high. In addition to blocking the channel and the
downstream outfall, the failure of the walls would also
cause erosion of the soil with a consequent loss of ground
around the foundation of the flume, as well as around
adjacent structures. Any remedial works to restore the
integrity of the existing structure would be costly and
still only of a temporary nature. Therefore, the decision
was made to demolish the existing water outfall and to
replace it with a new structure. To ensure the operational
safety of the flume until the new structure is commissioned,
a buttress wall was constructed along excavated existing
walls. This was done by placing concrete against existing
walls in 4-m long and 1-m wide sections, extending to the
outfall base. The sections were separated from each other by
means of expansion joints. To prevent migration of
chlorides, the new wall was isolated from the old structure
by installing polythene sheathing.

SULFUR PIT

Constructed in 1977 the sulphur pit is a rectangular
11-m wide, 14-m long, and 3-m deep reinforced concrete
monolithic structure. The roof of the pit is a 250-mm thick
slab resting on 6 simply supported beams. Eight years after
completion the roof slab of the pit has collapsed (Fig. 6).
Since the sulfur pit has never been used, no loads other
than the weight of the roof system were applied to the
supporting beams.

Visual inspection showed the failure happened in beam
sections located at approximately 2.5-3.0 m away from
supporting walls of the pit. Prior to collapse, large
deflections occurred causing numerous cracks to develop in
the slab and in the beams. It appeared the beams collapsed
as a result of a domino effect. Initiated in the end beam,
the first failure induced the other failures by a sudden
transmission of the weight load. Even though the reinforcing
steel in the fractured beams was highly corroded, no rupture
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was noted in exposed rebars, except for some stirrups.

Petrographic analysis carried out on cores extracted
from the roof slab showed the concrete was adequately
consolidated and was, in general, of good quality. The
cement paste was hard, dense, and well-bonded to aggregate
particles. An average cement content was about 341 kg/m3. No
evidence of deleterious alkali-aggregate reactions was
observed in any of the examined cores. The depth of the
cement paste carbonation measured from the top and bottom
surfaces of the slab did not exceed 10 mm. The estimated
water-cement ratio of the concrete was about 0.53.
Compressive strength of concrete cores was in the range of
27.3 to 31.2 MPa.

FIG. é6~-Collapse of the sulfur pit roof slab.

A total of 7 samples were obtained from the failed
beams to determine concentration of chlorides in concrete at
varies depths. Tests showed percent of chlorides varied from
1.0 to 1.7 by weight of cement. The pattern of distribution
of chloride ions throughout the mass of corncrete suggested
that the source of chlorides was internal. Review of
construction documents showed that concrete for the sulfur
pit was mixed using sea water. This was in accordance with
the project specification which stated: "sea water shall be
used for all concrete.”

Based on results of the investigation, it appears the
collapse of the roof has occurred as a result of the bond
failure caused by severe chloride-induced corrosion of
reinforcing steel bars, and a consequent deterioration of
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concrete cover. Corrosion of reinforcing bars has weakened
beams to such an extent that they could no longer support
their weight and the weight of the slab on top. When
deflections developed, the main bottom rebars separated from
a beam without failure. The remaining bottom section
consisting of concrete and some stirrups was not able to
resist tensile stresses causing a beam (apparently the end
beam) to fail in tension. When the beam collapsed adjacent
beams also collapsed, due to a sudden application of an
excessive load.

VESSEL SUPPORTS

Visual examination of vessel supports carried out
during the routine inspection in 1984, after 7 years in
service, revealed extensive cracking and spalling of
concrete cover caused by corrosion of reinforcing steel and
holding-down bolts (Fig. 7).

FIG. 7--Deteriorations in a typical vessel support.
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Potential survey conducted on areas where steel could
not be visually examined showed there was more than 920%
probability that active corrosion of steel was occurring in
all the investigated structures (Table 1).

Laboratory examination indicated that the concrete
surrounding reinforcing steel contained a significant amount
of chlorides, varying from 0.13 to 0.22% by weight of
cement. Chloride ions were distributed rather uniformly
throughout the mass of the concrete, thus implying that
chlorides may have been added during construction either
with chloride-bearing aggregates, or mixing water, or a
combination of both. Concentration of chlorides in vessel
supports not exhibiting signs of deterioration was only
0.02-0.04%. Quality of concrete as well as the thickness of
concrete cover in all the examined supports were adeduate.

TABLE 1--Results of the investigation of vessel supports.

Equipment Concrete deterioration Steel cl- Half
foundation corr % cell
Crack Spall Delam
Separator Vs S S Vs - +
Receiver#il vs M s s 0.21 +
Flash drum Vs S S Vs 0.20 +
Boiler #3 Vs S M S 0.24 +
Boiler #2 Vs M S S 0.19 +
Reboiler#1l S M M S 0.26 +
Reboiler#2 Vs M s s 0.29 +

Note: VS-very severe, S-severe, M-moderate, +-active

To repair the damage, the defective concrete was first
cut with a disc-cutter and than removed to sound concrete to
a depth of 10-~50 mm behind the reinforcement. Where cracks
in the concrete originated from the anchor bolts the
concrete was removed over the full length of the bolt to a
maximum of 300 mm from the end face of a plinth. All
embedded steel was cleaned by chipping and wire-brushing.
Two coats of a slow-set epoxy based bonding agent were
applied to all exposed steel, one after cleaning, and the
other one prior to placing concrete. The existing concrete
surface was also treated with one coat of the same bonding
agent (Fig. 8).

To ensure that the load-carrying capacity of the
supports was not significantly decreased, only one half of a
support was repaired at a time. The other half was repaired
after the newly-placed concrete gained a sufficient
strength. The concrete used for repairs was a 25 MPa mix
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modified with styrene-butadiene. The maximum size of coarse
aggregate was 10 mm. After curing, all the repaired supports
were treated with two coats of low viscosity penetrating
epoxy resin.

FIG. 8--Vessel support ready for concreting.

Inspection of the same structures ccnducted 3 years
after repairs showed that corrosion of reinforcing steel was
occurring again, though at a lower rate. This may have
happened if chloride-contaminated concrete was not removed
completely during repairs and chloride ions migrated into
the newly-placed concrete. Also, because of various rates of
corrosion, deterioration is likely to surface in areas where
the rate of corrosion was low at the time of repairs. And
finely, if not all anocdic sites were removed from the chlo-
ride-contaminated member, the replacement of unsound
concrete with fresh, chloride-free, high-oxygen concrete
could accelerate the macrocell action and, consequently, the
rate of corrosion by introducing potential cathodic sites
into the system.
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In the case of a very severe damage, a vessel was
lifted off its foundation, after necessary modifications to
the connected pipework, and the foundation was demolished.
The ground was then compacted and a 100-mm thick slab was
cast. After positioning a new precast foundation to the
previously recorded lines, the surrounding areas were
backfilled and the paving reinstated.

SUMMARY AND DISCUSSION

In all the reported cases the most important single
factor responsible for corrosion of reinforcing steel was
the presence of chloride ions at the level of the
reinforcement.

Chlorides were introduced into concrete with
contaminated aggregates, sea water that was used for mixing
concrete, sea water spray, cooling sea water, as well as
with the moisture condensate contaminated with salt-laden
dust.

In most examined structures the deterioration was
noticed within the first 5-7 years of their service life.

No evidence was observed of any deterioration of
concrete which may have been attributed to atmospheric
pollution.

Pachometer surveys and inspection of cores indicated
that the thickness of concrete cover over embedded
reinforcement in the majority of investigated structures was
generally equal to or in excess of the specified value.

The most common repair method used to eliminate
corrosion-related damage was the replacement method. It
should, however, be remembered that this method is effective
only when contamination of concrete with chlorides is of a
localized nature. For repairs to be effective, it is
important not only to remove unsound concrete but also all
concrete contaminated with chlorides in concentrations
exceeding the corrosion threshold value.

When all concrete is contaminated with chlorides the
replacement method in combination with a routine inspection
can be an effective temporary measure. For permanent repairs
the cathodic protection and the full replacement of
contaminated concrete, preferably with precast concrete, are
the only alternatives.

Installation of a jacket over a structure which is
heavily contaminated with chlorides does not appear to be a
sound repair technique. A jacket will not eliminate
corrosion but promote it by sealing corrosion-~inducing
agents inside the affected structure.

Since normally rehabilitation works regquire the
shutdown of the equipment operations, most oil refinery
structures are difficult to repair. Because of this, more
attention must be paid to the development of design
criteria, the selection of concrete materials, and to the
guality of concrete operations to prevent the deterioration
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of reinforced concrete.

Because moisture plays an important role in chloride-
induced corrosion of reinforcing steel, a structure must be
designed in such a way that the accumulation of chloride-
laden water on concrete surfaces will be kept to a minimum.

Concrete aggregates must be free from contamination
with chlorides. In no case should sea water be used for
making and/or curing concrete.

Testing concrete for the concentration of chlorides and
the chloride permeability, prior to acceptance of a concrete
mix design, will assist in keeping the concrete chloride-
free, before and after placing.

Low water-cement ratio, proper compaction and curing
are important to ensure that hardened concrete will be dense
and resistant to carbonation and penetration by chloride
ions.

Field observations of structures in service have shown
that a bitumen coating applied to the above ground concrete
surface may become weathered and therefore, may not provide
an adequate corrosion protection to reinforcing steel.

It is generally accepted that the use of an epoxy-based
coating properly applied to the surface of a concrete
structure is one of the best means of shielding the
structure against intrusion of chloride ions. It should,
however, be noted that an epoxy coating is more effective
when used as a post-construction rather than as a post-
repair treatment. When utilized in rehabilitation projects,
an epoxy coat may promote corrosion of reinforcing steel by
sealing corrosion-inducing agents inside the structure.

Lack of maintenance is responsible for a vast majority
of corrosion-induced damage in reinforced concrete. It is a
common practice to repair a structure only after corrosion
of steel and corrosion-related deterioration of concrete
become very severe. In many instances the implementation of
a preventive maintenance may be much more cost-effective.
This includes: a) regular inspections to identify potential
areas of corrosion-induced distress, b) removing
accumulations of salt-laden dust, c) sealing cracks to
prevent ingress of corrosion-inducing agents, d) minor
patching, and e) renewal or application of protective coats
in critical locations.
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ABSTRACT: Corrosion of steel in concrete is a major problem in the U. S. infras-
tructure. Approximately half of the bridges in the interstate highway system are in need
of repair, and a significant cause is the corrosion of the embedded steel due to chloride
ingress. A similar problem is found in parking structures throughout the northern regions
of the United States due to deicing salts brought in from automobiles.

As of now the only commercial means of arresting corrosion without replacing con-
crete is the application of cathodic protection. Calcium nitrite has been shown to be an ef-
fective corrosion inhibitor when admixed into plastic concrete. In this paper an experi-
ment to impregnate a bridge deck and support column with calcium nitrite is discussed.

Two methods were used to impregnate the concrete with calcium nitrite. The first
involved drying a bridge deck by heating it above the boiling point of water, and then
slowly cooling to ambient temperature to avoid thermal and drying shrinkage cracking.
The deck was then successfully impregnated with liquid calcium nitrite.

The column was impregnated by removing delaminated concrete and drilling holes.
A calcium nitrite rich latex modified grout was placed in the drill holes and a calcium ni-
trite rich latex modified concrete was produced to replace the removed concrete. Nitrite
migration into the sound concrete left in place is to be measured over time.

Corrosion rates determined by polarization resistance, and corrosion potentials
were measured before the above processes were performed. The steel was definitely cor-
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roding in some areas and the corrosion behavior is to be monitored over time.

KEYWORDS: concrete, corrosion, corrosion rate measurements, inhibitors, calcium
nitrite, rehabilitation, heating, concrete/mortar overlay

INTRODUCTION

The two most common means of repairing concrete in which steel corrosion has
caused distress are the removal of the concrete and/or the use of cathodic protection. In
cases where delaminated and spalled areas are a small percentage of the deck area and the
steel has not lost appreciable cross sectional area, cathodic protection is the current
method of stopping corrosion without concrete removal. In this project the feasibility of
adding a known corrosion inhibitor, calcium nitrite, to repassivate the reinforcing steel in
concrete was examined. This would represent a repair method that would not require re-
moval of sound concrete, nor would it require long-term maintenance of a cathodic pro-
tection system.

Initial laboratory testing was performed by W. R. Grace & Co.-Conn. in the mid
1980s to determine the conditions needed to impregnate hardened concrete with calcium
nitrite to below the reinforcement level. Methods examined included vacuum impregna-
tion, pressure impregnation, ordinary soaking and drying the concrete by heating above
the boiling point with subsequent soaking with an aqueous calcium nitrite solution. Only
the last method was successful in impregnating the concrete with calcium nitrite to below
the reinforcement level. It was also determined that the cooling of the concrete had to be
controlled to prevent thermal shock.

In August 1985 a large scale bridge deck impregnation was performed at the
University of Texas at Austin (1). A 6.1 by 18.3 m bridge deck section was made avail-
able for treatment. Two 3 by 6 m sections were dried to above 100 <C to approximately
mid depth and slowly cooled. Detailed analyses of the heating and cooling profiles as
well as the crack distribution before and after heating were performed. There were no
new cracks due to the heating and cooling process and there was no growth in existing
cracks. Analysis of the concrete and measurement of liquid consumed in the soaking pro-
cess both indicated that 10.7 kg/m? of nitrite penetrated 51mm into the deck. Thus, the
posttreatment process was successful and a patent was issued in 1991(2).

In the summer of 1987 a 3 by 6 m section of a parking garage was subjected to the
posttreatment procedure. This structure was approximately 18 years old and severe de-
lamination was present. Chloride levels were over 8.9 kg/m3 in the top 32 mm. The deck
was successfully heat treated and slowly cooled without creating cracks. However, nitrite
analysis of cores showed that only 1.9 kg/m?3 of nitrite penetrated to the 25- 38 mm
depth. It was concluded that the reduced penetration was due to surface contamination
and high surface chloride concentrations which blocked the nitrite.

Laboratory experiments showed that removing a contaminated surface layeron
other field specimens improved ingress. Thus, in future posttreatment of field concrete it
was considered desirable to either scarify the surface, or to cut grooves below the sur-
face.
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In this work a 6 by 2.4 m section of a bridge deck breakdown lane was posttreated
during the week of July 23, 1990. The location of the test site was on U.S. Route 460
Bypass West, outside of Christiansburg and Blacksburg Va.,spanning Va. Rt. 732. The
bridge consisted of three simple spans, with two travel lanes of 3.6 m each, anda 3 m
breakdown lane. The test area was a 2.4 by 6 m long section of the breakdown lane in
the north span. The deck was grooved parallel to the expansion joints between the spans.
(Figure 1) Based upon experience of R. Weyers and P. Cady grooves were precut in the
deck to allow the calcium nitrite to ingress without having to penetrate surface impurities
(3). Corrosion measurements (polarization resistance and corrosion potentials) and chlo-
ride determinations were performed. The section was demonstrating both active and pas-
sive corrosion rates which correlated well with the chloride concentrations. There were
also a few delaminated areas.

In addition to performing the posttreatment on the deck section a severely corroded
column was treated (Figure 1). This involved filling drilled holes with a calcium nitrite
rich grout, and replacing spalled concrete with a calcium nitrite rich concrete. It is felt that
over time the calcium nitrite will diffuse into the surrounding concrete providing corrosion
protection for the embedded steel.

This report describes the procedures used and results to date on the posttreatment of
the bridge deck and treatment of the column. Initial analysis showed that nitrite was im-
pregnated into the deck, and that grouts and concrete at high nitrite levels could be field
applied. Approximately six months after the posttreatment corrosion potentials and corro-
sion rates were measured. Further analysis over time will need to be performed.

CORROSION MEASUREMENTS AND CHLORIDE CONCENTRATIONS
BEFORE POSTTREATMENT

Preliminary corrosion measurements and drillings for chloride analysis were taken
before posttreatment.

Test Procedures

Corrosion measurements included corrosion potentials and the measurement of cor-
rosion rates by the polarization resistance method. These were performed as a function of
position on the deck or column and serve as a baseline number for the corrosion activity.

Corrosion potentials were measured against a copper-copper sulfate (CSE) refer-
ence electrode according to ASTM Standard Test Method for Half-Cell Potentials of
Uncoated Reinforcing Steel in Concrete (C876).

One set of deck polarization resistance data was collected using a portable computer
controlled potentiostat (Thompson Autostat-Software Controlled Potentiostat) which used
a potentiostatic technique without compensation for IR drop. A copper wire mesh/sponge
counter electrode (152 mm x 76 mm) was used. A 51 mm hole was in the center fora
CSE reference. The polarization resistance, R,=AE/AI at I= 0, where E is the potential
and Lis the current was determined. R, is inversely proportional to the corrosion rate. A
complete description of the polarization resistance method is given in reference 3.

Another set of polarization resistance data was collected using a portable unit pro-
duced by KCC Inc.. The use of this instrument is described in reference 4. This instru-
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ment corrects for the IR drop in the concrete using a current interruption technique.
Galvanostatic control is used and three points are measured from which a straight line is
determined.

Chloride analyses were performed on specimens from roto-hammer drillings. A
method outlined in Florida DOT Research Report 203 PB 289620 was utilized.

Results

Pretreatment chloride data are given in Table 1 and correspond to positions in a
deck schematic in Figure 1. Location 1-2 is at the guardrail and increasing letter values
indicate moving towards the traffic line. Chloride levels are in general much higher near
the guardrail (1-2, A4, A26) as snow and slush containing salt buildup at that point due to
traffic. Chloride levels at the 57 mm nominal reinforcement depth are above 0.9 kg/m?,
which is considered a lower limit for chloride induced corrosion at several locations.

Chloride results for two positions in column 1 are in Table 1. The chloride values
are at the borderline for corrosion initiation at the 44 mm depth. The corrosion potential
analysis indicated that corrosion was not occurring since potentials were more noble than
-100 mV vs. CSE.

Corrosion potential and corrosion rate measurements were performed within the
2.4 by 6 m posttreatment area on July 23, 1990 before drying the deck. It rained the day
before so there wasn’t any difficulty in obtaining stable corrosion potential readings. The
corrosion potentials versus CSE are shown in Figure 2. Locations of high negative po-
tential occurred near the guardrail in good agreement with the chloride data.

Polarization resistance values at several locations are shown in Figure 2. They are
not corrected for the area of steel polarized, and as such serve as a relative comparison be-
tween corroding and noncorroding sections that can be monitored over time. The need
for area correction is not great since the reinforcement pattern is not expected to change,
and we are more interested in changes over time than absolute values. Note that it is like-
ly that at least 100 cm? of rebar area is involved (based upon a 150 mm long counter elec-
trode and 16 mm rebars with current spreading 25.4 mm on each side). Laboratory stud-
ies indicate that R, values greater than 66,000 ohmecm? are indicative of passivity, while
those less than 40,000 ohmecm? are indicative of severe corrosion (5), so if an arbitrary
100 cm? area was used corrosion was occurring at several locations where R, < 400
ohms, Figure 2. The low R, values occur in regions of high negative corrosion potential
and thus there is good agreement between the methods. Note that no correction was
made for the concrete resistance, but since the concrete was moist and of moderate w/c
ratio (above 0.45) the correction is minor in the noncorroding regions, and would mask
higher corrosion rates in the corroding regions (6).

The above measurements are in relatively good agreement with data from March
1990 which were used to assess the condition of the bridge. Figure 3 shows the corro-
sion potential and corrosion rate values determined on the deck. A total area of 92 cm?
was used for the bar area exposed which is probably low considering current spread.
Corrosion rates were calculated using the KCC method for which values less than 0.22
HA/cm? indicate that no corrosion damage is expected; between 0.22 and 1.08 LA/cm?
damage is possible in 10 to 15 years; and for rates between 1.08 to 10.8 pA/cm? damage
is expected in 2 to 10 years (5). Values in Figure 2 can be compared to those in Figure 3
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Table 1 Chlori ridge deck 1 kg/m?)
Location Column
Depth (mm) 1-1 A4  A26 Bl4a El4 E24 CO1-1 CO1-2
6-19 44 107 40 45 4.1 1.1 1.4 2.0
19-32 2.8 6.3 3.1 22 2.2 1.4 1.2 1.1
32-44 24 4.0 2.0 1.2 1.0 09 1.0 1.0
44-57 3.5 1.4 1.2 0.7 1.1 - 0.8
57-70 2.4 09 090 0.5 0.7 - 0.5
(Based on concrete unit weight of 140 pounds/ cu. ft [2237 kg/m3] )
ble 2 Calcium nitrite mix fill grooves in deck
LATEX
FINE (DOW) DCI-S Water
CEMENT AGGREGATE '@ 48% solids '@ 35% solids Daratard- HC (ICE)
MIX#  (kg/m?) (kg/m?3) (kg/m?) (kg/m?) (Im3) (kg/m?)
1 483 1459 149 64 3.2 50
(15% sfs (5% sis 0.3% s/s
cement) cement) cement)
2 483 1459 149 64 3.2 50
(15% sis (5% s/s 0.3% s/s
cement) cement) cement)
3 483 1512 107 64 32 72
(11% sfs (5% sfs (0.3% s/s
cement) cement) cement)
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Figure 2
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FIGURE 3
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by multiplying the inverse of the R, value in Figure 2 by 320 to give a value in pA/cm?.

The chloride analyses, corrosion potential, and corrosion rate data are in good
agreement. The posttreated area definitely had locations undergoing active corrosion and
others that appear to be in the passive state. As such the ability of the posttreatment pro-
cess to arrest or reduce corrosion activity should be measurable.

THE POSTTREATMENT PROCESS

Posttreatment of the Deck

Equipment-- A plan view of the bridge deck and the treated area is presented in
Figure 4. A series of 19 mm diameter holes were drilled into the underside of the deck
for placement of thermocouples to monitor the heating/cooling of the bridge deck. The
approximate location of the holes is shown in Figure 4. A pair of holes were drilled at
each location. The deepest hole penetrated 102 mm into the concrete from the underside
of the deck. The distance between the deepest penetration of the hole and the deck sur-
face was 51 mm. A Type K and Type T thermocouple was inserted into the hole, and
then sealed with a clay plug. The thermocouple leads were then taped to the underside of
the deck and brought over the side to temperature measuring instrumentation on the deck
surface. The second hole was drilled to a depth of 51mm from the underside into the
concrete. A Type T thermocouple was placed in this hole and sealed and taped in the
same manner as previously discussed.

A multichannel digital thermometer was used to measure all Type K thermocouples.
A total of 9 Type K thermocouples were used, with 4 being placed on the surface of the
concrete deck, in addition to the 4 being placed in the holes drilled into the underside of
the deck. The surface thermocouples were held in place with clay and blocks to insure
solid contact with the surface of the deck. The ninth thermocouple was used to measure
the heated air temperature inside insulating shell. The eight Type T thermocouples were
attached to a portable data logger and serial printer that was programmed for measuring
up to 12 temperatures at 15 minute intervals. Due to battery discharge/damage during
transit, the data logger did not function properly. A backup hand held two channel digital
thermometer was used instead, to take reading from the eight thermocouples at 15 minute
intervals.

To provide fast, effective heating to the deck, a Dayton 6.33 x 108 J/hr. kerosene
heater was utilized. The heater was modified to incorporate a centrifugal blower for an
increased throughput of air (CFM) in comparison to the original blower. A high tempera-
ture controller with adjustable on/off setpoint provided a constant air temperature inside
the shell. A Type K thermocouple placed 152 mm above the deck surface at the center of
heated deck furnished the temperature signal.

A lightweight modular heating shell was fabricated to trap the heated air above the
concrete deck. The shell was built in a layered construction, with reflective aluminum
sheeting attached to an inner frame of aluminum angle. Four 12.5 mm thick high temper-
ature fiberglass boards/sheets were glued together with high temperature silicone caulk-
ing, and was then glued to the inside frame. An outside frame of aluminum was then
glued to the panels. The outside fiberglass panel had a foil facing for water resistance.
(See Figure 4) Field assembly of the shell went slowly at first, since some of the panels
were damaged during shipment and initial handling. (More silicone caulking was need-
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Figure 4
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ed). The use of aluminum pop rivets to attach the panels and additional panels together
did not go as well as planned. Additional bracing and modifications were made to hold
the structure together. A connecting duct between the furnace and the shell was assembled
and pop riveted onto the shell. In commercial use a more rugged and more easily assem-
bled shell would be used. Figure 4 gives a schematic of the drying setup and thermocou-
ple locations.

A 0.1 cubic meter gas powered drum mixer was used for grouting and concreting
operations. A scale was used for batching materials for the grout and concrete mix de-
signs by mass.

Procedure- - The method of impregnating the concrete with calcium nitrite involved
driving the free water out of the concrete by heating the deck surface. A major concern
during the heating and subsequent cooling process was the temperature gradient that ex-
isted throughout the slab, Instrumentation of the deck was critical for monitoring any
temperature gradients that developed, since the deck was being heated from one surface.
Temperature monitoring capabilities were provided by a series of Type K and T thermo-
couples as described in the Equipment section. The thermocouples provided critical in-
formation on the depth of dry concrete and temperature gradients for the prevention of
thermal cracking, especially during the cooling down process.

Plots of temperature of the concrete slab at various depth as a function of time are
presented in Figures 5-8. Furnace shutdown is marked on each plot to delineate between
the heating and cooling cycles of the test. Figure 5 is a plot of the surface temperatures of
the concrete under the heating shell. Temperatures ranged from over 240 °C next to the
duct from the furnace to 146 °C at the far end of the shell prior to furnace shutdown.

Note that temperature differences between the various locations within the test area have
dropped dramatically after 1 hour of cooling. The differential is less than 55 «C versus
over 110 °C prior to furnace shutdown. After 8 hours of cooling, the temperature differ-
ential is only 11 °C. Figures 6 and 7 plot temperatures at 51 mm depth and 102 mm depth
of the concrete slab. An indication of how successful the heating and expulsion of free
water from the concrete at various locations can be found in Figures 6 and 7. The boiling
point was reached at 51 mm depth except at the far end of the slab. Boiling was reached
at the four inch depth for the center region of the slab. Figure 8 is a temperature profile of
center region of the slab, with surface, 51mm depth, and 102 mm depth plotted at the
same time. During the heating cycle, the concrete at any appreciable depth into the slab
was at arelatively constant temperature, with little temperature difference between 51 mm
and 102 mm depth. When the furnace was turned off and the cooling cycle began, with-
in three hours the three temperatures varied by only 8 °C. A large temperature gradient
which could cause cracking during the cooling of the deck was avoided by judicious
opening of vents and by extending the cooling period until the concrete was slightly
above ambient temperatures.

After the deck had been cooled, the heating shell was removed. The 51 mm x 102
mm dam for ponding the calcium nitrite was caulked, and a 15% calcium nitrite solution
was siphoned from a holding drum onto the deck. The calcium nitrite solution was ap-
plied with a hose and poured into each of the grooves until the groove was full. The level
of calcium nitrite solution was measured in the holding drum prior to application and after
the grooves had been filled to estimate the amount applied to the deck. A few small
cracks were noticed during application of the calcium nitrite, but it was not known if these
cracks were a result of the heating of the deck, since a survey of any existing cracks prior
to heating had not been done. However, there were several delaminated areas caused by
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Figure 5

(296 °¢] 500 Deck Tempeature At Siab Surface

450
400

350
Type K Thermocouples
[°C] 300 (Typ couples)
Temp (°F) 250 Boiling Point

200
150
100
50
18 °c1 0 I

0 5 10 15 20 25 30 35 40 45
Time (Hours)



312 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

[126 °C]

[°C]
Temp ( °F)

[26 °C]

Figure 6

2Dﬁeock Temperatures 51 mm Depth Into Slab
T

Boiling Point

Furnace-Center

iddle-Side

Far-Cen

Furpace Shutdown
(Type K Thermocouples)

e ———————
0 5 10 15 20 25 30 35 40 45
Time (Hours)}



BERKE ET AL. ON IMPREGNATION OF CONCRETE 313

Figure 7
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the corrosion of the steel within the test section. The deck was then covered with a
polyethylene tarp to prevent evaporation of the calcium nitrite solution.

Ponding of the calcium nitrite solution was over a period of 24 hours. At the end
of the 24 hour period the tarp was removed from the concrete. An inspection of the un-
derside of the bridge deck slab, revealed two small cracks that had leaked some calcium
nitrite. The cracks were inspected, and the amount of calcium nitrite lost was determined
to be minimal. Again, there was no crack survey done prior to the test to determine if
these cracks were already present. The calcium nitrite was then removed from the
grooves with a wet-dry shop vacuum.

The volume of 15% calcium nitrite that was ponded was 120 liters. The recovered
product was 40 liters. Therefore, approximately 80 liters was absorbed by the deck.
This is equivalent to 40 liters of of 30% calcium nitrite which is the nominal composition
of a commercial admixture, DCI Corrosion Inhibitor™.

The treated deck was rinsed down with plain water using burlap as an applicator.
This was in preparation for filling the grooves of the treated area with a calcium nitrite
rich latex -modified grout. This provided an acceptable riding surface containing nitrite to
be compatible with the treated concrete.

The calcium nitrite-latex modified grout was mixed using a 0.1 cubic meter gas
powered drum mixer. The mix design data is in Table 2. Due to the combination of the
reactivity of the cement, relatively high ambient temperatures on the bridge deck, and the
high addition rate of calcium nitrite (5% s/s vs. 2% s/s at normal addition rates) required
extra precautions not normally necessary. Ice and a large quantity of retarder was re-
quired to prevent flash set, and more importantly, preserve initial workability until the
grout could be applied by squeegee into the grooves. The retarder that was used was
Daratard-HC™, at a an addition rate of 3.2 /m3. This was required even with the use of
neutral set calcium nitrite (at normal addition rates), DCI-S Corrosion Inhibitor™. The
addition of latex (DOW Chemical (48% solids) at an addition rate of 15% s/s cement) re-
sulted in a smooth, pourable, but homogeneous grout which was ideal for application
with a squeegee. Mix #3 had a reduction in latex content (11 % s/s) due 1o the end of the
supply, and the reduction in latex reflected in the reduced workability of mix #3.

Wet burlap was applied to the deck after the application of the grout. The burlap
was covered with a polyethylene tarp and allowed to wet cure 24 hours. The tarp and
burlap were removed after the 24 hour wet curing period.

Column Repair

Equipment--Equipment necessary for the repair of the column with calcium nitrite-
latex concrete and grout was minimal in comparison to the bridge deck post treatment.
The 0.1 cubic meter gas powered drum mixer was also utilized for mixing the concrete
for the column repair. A plywood form was banded to the column for the concrete patch.
A metal chute was used for placing the concrete at the top of the form into the patch cavi-
ty. A small Hobart mixer was used for the mixing of the grout. Other equipment required
was a scale, batching pails, accurate liquid measuring containers such as measuring cups
for admixture dispensing, and concrete/grout finishing tools.

Procedure--A series of 25 mm diameter holes had also been drilled in a pattern out-
side the spalled area to the depth of the reinforcement. The area drilled also represented
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an area with corrosion problems. A calcium nitrite rich grout was mixed to fill the holes.
The mix was based on several trial mixes performed at Grace. Mix design information
can be found in Table 3. DCI-S Corrosion Inhibitor™, a neutral set corrosion inhibitor
(containing 30% calcium nitrite) at normal dosage levels (2% s/s), was to be used at 7.5
times the normal dosage rate. Latex (DOW chemical 48% solids) was to be used at 15%
s/s cement. Requirements for the grout were that it had to have some workability but be
stiff enough to remain in the drill holes. The first mix, with 15% latex was too fluid dur-
ing the first 20 minutes after mixing with the Hobart mixer.

The best mixes for the grout were mixes 4 and S in Table 3. A skim coat of mortar
was place over the hole pattern to prevent drying out of the grout and for cosmetic pur-
poses.

A concrete patch mix based on the grout was designed and batched. Mix design
data are in Table 4. Cement content for the mixes were in the 444 kg/m? range, with a de-
sign w/c ratio of approximately 0.4. Mixture 2 with 10% calcium nitrite % s/s gave the
best results. Ice was obtained for mix water, and retarder was added to the mix water to
be present at the start of hydration. During the mixing of the revised mix, additional re-
tarder was added (3.8 I/m?) and the w/c ratio was increased by 0.02 (final w/c= 0.40) to
obtain the desired workability for the repair. The concrete had an estimated slump of ap-
proximately 200 mm, with no noticeable segregation. The concrete was then rapidly
placed inside the form by the chute. The outside of the form was vibrated with a hand
held vibrator to facilitate consolidation of the concrete.

INITIAL FOLLOWUP DATA ON THE POSTTREATMENT PROCESS

Chloride and Nitrite Analyses

The concrete deck was drilled in three locations to determine the chloride and nitrite
contents. The data are in Table S and Figure 9. The nitrite penetration is the lowest in the
southwest corner for possibly three reasons. These are (1) that the deck was sloped to-
wards the northeast and liquid moved in that direction even though the grooves were cut
at equal contours to minimize this; (2) the corner could have received less temperature in-
crease since it was in contact with the large unheated deck mass and not in the direct air
flow of the heater; and (3) chloride contents were the highest in that location making it
more difficult to impregnate.

The average calcium nitrite content at the 51 to 64 mm level was equivalent to 25.6
l/m? of a 30% calcium nitrite solution. The liquid that was absorbed was 78.6 liters or
39.3 liters of 30% calcium nitrite solution. This works out to a dosage of 52 1/m3 for a
uniform distribution between 0 and 51 mm or 26 I/m3 from 0 to 102 mm. These values
are consistent with the analyzed nitrite with the exception being that the distribution was
not uniform.

Typically, 20 Y/ of 30% calcium nitrite solution will protect against 7.7 kg/m? of

chloride (7). Thus, it appears that sufficient nitrite is present to lower corrosion rates over
time,

Corrosion Data
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Table 3 Grout mixes for

317

column repair

LATEX
FINE (DOW) DCI-S
CEMENT AGGREGATE @ 48% solids @ 35% solids
MIX#  (kg/m3) (kg/m?) (kg/m?) (kg/m?)
1 488 1464 151 162
(15% s/s (11.6% s/s
cement) cement)
2 517 1553 108 172
(10% s/s (11.6% s/s
cement) cement)
3 497 1508 133 167
(12.5% s/s (11.6% s/s
cement) cement)
4 480 1440 164 159
(16.7% s/s (11.6% s/s
cement) cement)
5 472 1416 157 157
(18.3% s/s (11.6% s/s
cement) cement)
Table 4 Concrete mixes used in column repair
LATEX
COARSE FINE (DOW) DCI-S WATER
CEMENT AGGREGATE AGGREGATE @ 48% solids @ 35% solids Daratard-HC (ICE)
MIX # (kg/m3) (kg/m?) (kg/m3) (kg/m?3) kg/m?)  (Vm?) (kg/m?)
1 449 888 669 89 192 1.5 7
(w/fc=0.38) ( 10% s/s ( 15%s/s (0.2% s/s
cement) cement) cement)
2 444 880 663 89 127 9.2 51
(w/c=0.40) ( 10% s/s ( 10% s/s (1.0% s/s
cement) cement) cement)

(aggregate absorption at (0.5%)
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Table 5 Chloride and Nitrite Analyses (Chloride values in kg/m?, nitrite in I/m3 of 30% solution)
Core A Core B Core C
Southwest Corner Center Northeast Corner

Depth (nm.)  Chloride  Nitrite Chloride  Nitite  Chloride  Nitrite
0-12 3.6 296 1.3 464 21 36.1
12-25 3.55 272 2.25 44 0.4 519
25-38 2.1 30.6 0.95 51.9 025 62.2
38 -51 2.55 124 12 262 0.6 39.5
51-64 18 10.4 0.9 326 055 395
64-75 22 9.4 09 336 045 459
75-89 1.55 45 0.65 193 045 47.4
89-102 1.3 3.0 035 119 055 20.7
102-114 0.75 1.5 0.45 109 055 114
114-127 0.5 40 45
127-140 3.0 1.0
140-152 0.5 3.0

Note that there are 0.27 kg of nitrite in a liter of 30% calcium nitrite solution.
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FIGURE 9
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Corrosion rates and potentials were remeasured in February 1991 and are compared
to March 1990 data using the KCC Inc. instrument. Repeat measurements were per-
formed on the Deck in July 1991. At this time polarization resistance measurements were
determined using polarization with a guard ring counter electrode (Geocisa) to better de-
fine the polarized area (8). These values are compared to the KCC Inc. 3LP values.

Corrosion potentials measured in February 1991 are in Figure 10 for the deck and
Figure 11 for the column. In both cases the standard deviations are substantially reduced
in the treated concrete areas versus the pretreated values. Also, the standard deviations
are less than in the control areas. Reduced potential gradients are generally considered to
be indicative of less corrosion activity.

Absolute deck potentials are more negative in both the treated and untreated deck
areas. This might be due to higher moisture contents leading to reduced oxygen reduction
activity. The column shows more positive corrosion potentials after treatment.

Corrosion rates for the deck and column are given in Figures 12 and 13.
Comparing the March 1990 to February 1991 values shows that the treated deck had a
17% reduction in corrosion rates and 47% reduction in standard deviations. The control
area had a 22% increase in corrosion rates and a 134% increase in standard deviations.
Thus, the treated deck appears to be improving relative to the untreated deck. Since calci-
um nitrite can decrease resistivity (9), and because passive areas are known to correspond
to a larger area of bar being polarized (8), it is likely that the corrosion rates in the treated
area are much lower than indicated.

Deck measurements made in July 1991 tend to support the trends noted in February
1991. There is a slight negative increase in corrosion potentials in the treated area, how-
ever, the increase is much higher in the untreated area (Figure 10). Considering that July
temperatures are at least 10°C warmer than February-March temperatures this might be a
temperature effect. Furthermore, corrosion potential measurements do not directly relate
to corrosion activity and the continual reduction in standard deviations in the treated area
tends to show that macrocell activity has significantly decreased.

The most negative potentials in the treated areas are at the boundaries where the
drying would have been the least efficient in the posttreatment process. This is supported
by further examining the July 1991 data where the average corrosion potential in the treat-
ed area boundary was-306 mV vs. CSE with a standard deviation of 44 mV, whereas the
interior of the treated section had an average corrosion potential of -265 mV vs. CSE with
the standard deviation being 23 mV. Therefore, better results are probable if larger areas
are treated.

Corrosion rate measurements made in July 1991 are shown in Figure 12. The 3LP
results show that corrosion rates in the treated area which were originally larger than in
the untreated area were lower. This indicates that the treated section is showing improved
corrosion performance compared to the untreated section. The slight increase in rates
from February 1991 to July 1991 is much less than what could be attributed to a tempera-
ture increase (rates approximately double for every 10°C increase in temperature) which
implies that corrosion activity is decreasing more than indicated.

There is a large discrepancy between the 3LP measurements, and those determined
with the guard ring Geocisa instrument. The Geocisa data indicate that no corrosion is
taking place (that is, all rates are below 0.22 pA/cm?). As mentioned earlier an extremely
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FIGURE 10
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FIGURE 11

CSE Potential Measurements Prior To Post Treatment 5/90
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FIGURE 12
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FIGURE 13

3 LP I corr Values After Post Treatment 2/91
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conservative value was chosen for the polarized area using the 3LP KCC instrument, and
this can explain some of the difference. Further work beyond the scope of this project is
suggested to address the differences between the techniques. Nevertheless, the corrosion
activity in the treated area is decreasing relative to that in the untreated area.

Corrosion rates were not determined in the column before treatment due to time
constraints. Corrosion rate data after treatment are shown in Figure 13. Due to the high-
er density of steel in the column, and for reasons outlined above the rates are much higher
than the actual corrosion rates.

The initial posttreatment corrosion measurements don’t necessary reflect the ulti-
mate performance of the posttreatments. The corrosion activity will need to be monitored
in time to get a more accurate assessment.

CONCLUSIONS

The ability to dry out a concrete bridge and successfully impregnate it with a known
corrosion inhibitor was demonstrated. It appears to be a viable method of bridge rehabili-
tation that does not require the large-scale removal of sound concrete. The equipment em-
ployed is relatively unsophisticated and can easily be scaled up to treat larger areas.

The practicality of using grouts and concretes with high calcium nitrite inhi})itqr
contents was confirmed. This technology can be used in column repair where it is diffi-
cult to remove the column or apply other means of protection.

Initial posttreatment corrosion and nitrite analysis data indicate that the treated areas
are outperforming adjacent untreated areas and have reduced corrosion activity compared
to pretreatment values.

The next steps should be an economic assessment of the cost per square foot of the
processes and the treatment of a larger area. The corrosion behavior of the deck and col-
umn should also be monitored over time to determine the benefits of the treatment.
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BABSTRACT: The deterioration of the nation’s highway
infrastructure is proceeding at an alarming rate. A
major element of the problem involves chloride-induced
corrosion of reinforcing steel in concrete bridge
components. In order to rationally implement bridge
management strategies, it is generally recognized that
life-cycle cost analyses of viable alternatives are
required. This necessitates the development of reliable
meana for predicting the service lives of alternative
procedures. The major components of a rational model for
predicting service life in this scenario center on the
time for the chloride ion concentration to reach the
corrosion threshold level at reinforcement locations and
the corrosion reaction time necessary to produce loss of
serviceability. Obviously, the definition of the
terminal serviceability in terms of deterioration level
also constitutes an important element of the model. This
paper examines a semi-empirical deterioration model for
predicting service life based on fundamental concepts,
augmented with historical data.

KEYWORDS: service life, bridge decks, reinforcement
corrosion, chloride diffusion, corrosion rate

INTRODUCTION

According to a recent U.S. Department of Transportation
report, 39 percent of the 576,665 bridges on the nation’s federal
aid highway system are structurally deficient or functionally
obsolete [1]. In prepared testimony before the Investigation and
Oversight subcommittee of the House Public Works committee, Federal
Highway Administrator Thomas D. Larson recently reported that
spending on bridge repair and replacement needs to increase from
the current $3.5 billion per year to $4.2 billion just to keep up
with the rate of deterioration [2].
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Alumni Professor of Engineering at Penn State University, 212
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professor of civil engineering at Virginia Polytechnic Institute
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The riding surfaces, or decks, of bridges are the primary focal
point of problems related to loss of serviceability due to
deterioration. Furthermore, it has been repeatedly documented over
the past 30 years that the primary deteriorative mechanism involved is
chloride-induced corrosion of reinforcing steel in concrete bridge
decks. The high pH environment present in portland cement concrete
(about 12.5) normally causes embedded steel to become passivated by
the formation of gamma ferric oxide on the metal surface. However,
chlorides present in quantities greater than about 0.025 to 0.050
percent by weight of concrete [3] depassivate the steel, promoting
corrosion and subsequent destruction of the concrete through the
wedging action of voluminous corrosion reaction products. The primary
sources of the chlorides are deicing chemicals (sodium and calcium
chlorides) and brine or brackish ground- and surface-waters and
aerosols from the bridge environment.

The use of epoxy coated reinforcing steel in bridge decks that
are liable to exposure to chlorides (which has been standard practice
in the U.S. for about a decade) should greatly reduce problems in the
future., However, a very large percentage of the approximate 577,000
bridge decks in this country are over ten years old and do not contain
epoxy coated reinforcement. Regarding bridge demographics, the
average life of a bridge, in terms of overall site serviceability
(which includes rehabilitation and component replacements), is
estimated to be 70 years (4). Forty-five percent of the nation’s
bridges are over 35 years old, the average age when major bridge
rehabilitation is usually required (4]).

Increasingly, highway agencies are endeavoring to embark upon
fiscally responsible bridge management strategies based on
minimization of life~cycle costs. For the matter of existing bridge
decks that do not contain epoxy coated steel, this involves the
evaluation of a range of possible alternatives for the protection,
maintenance, repair, rehabilitation, or replacement of the deck. The
base line, against which the various active gtrategies are compared,
is the passive (do nothing) alternative. Therefore, it is essential
that means be available to estimate the service lives of bridge decks
containing black (i.e. non-epoxy coated) reinforcing steel as a
function of those factors that promote deterioration by corrosion of
the reinforcing steel.

THE MODEL

In 1984, the authors published a predictive model for the
deterioration of unprotected bridge decks subject to chloride-induced
corrosion of the reinforcing steel [(5). It is an hybrid
theoretical/heuristic approach that attempts to simplify the highly
complex interactions of myriad variables involved in the deterioration
versus time relationships into a practical and workable, yet
sufficiently sensitive process model. It considers only the effect of
chloride-~induced reinforcement corrosion. That is, effects of
carbonation are ignored. Carbonation can depassivate reinforcing
steel in concrete by reducing the pH in the concrete below the
protective 1l.5-level needed to form and maintain the protective gamma
ferric oxide coating. However, the time required for carbonation to
proceed to the depth of the reinforcing steel, under most
circumstances, can be expected to be much longer than the probable
useful life of the structure. Under typical conditions, the time
versus carbonation depth relationship can be approximated from (6]:

£ =(0.40 - 0.5(w/c)] d° (1)
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wheres t = time, years
w/c = water/cement ratio of concrete (by mass)
d = carbonation depth, mm

Thus, for example, at a water/cement ratio of 0.50 (which is at or
above the values typically allowed by specification for bridge deck
concrete) and a concrete cover depth of only 25 mm (1 in.), it would
typically take over 90 years for the concrete to become carbonated to
the level of the top of the reinforcing steel. Purthermore, at this
shallow cover of 25 mm, there exists a better than 70% chance that
subsidence cracking (see below) will produce immediate access of
chlorides to the steel anyway. Therefore, the effect of carbonation
in the bridge deck case was considered by the authors to be of no
practical consequence.

Morphology and Chronology of the Process

Several field studies on the performance of bridge decks, along
with complimentary laboratory evaluations and ever-constant vigilance
of the technical literature on the subject, led the authors to
formulate a typical morphology and chronology for the deterioration of
concrete bridge decks due to reinforcement corrosion. The process
often begins during construction when “"subsidence" cracking (to be
discussed in more detail below) causes immediate exposure of some of
the reinforcing steel to access by chlorides at the first contact with
chloride salts in the environment. Reinforcement exposed in this
manner will corrode and produce fracture planes within a few months to
a few years after construction.

The movement of chlorides through uncracked concrete occurs
almost exclusively by the process of diffusion, which begins with the
first contact of chloride salt solutions with the surface of the
concrete. Diffusion is a time-dependent process driven by
concentration gradients. For the typical bridge deck, constructed to
specification in the 1970°s, the deterioration model developed by the
authors indicates that it takes about five years for the chloride
content to reach the corrosion threshold concentration at the level of
the shallowest reinforcing steel. Then, approximately two more years
are needed for the wedging action of corrosion produces to produce
fracture planes and spalls. It is at this point that patching of
small spall areas on bridge decks begins. The process continues as
successively deeper steel becomes infected by chloride diffusion.
During the latter period, the proportion of the bridge deck surface
afflicted with fracture planes and spalls increases at the rate of
about 2% per year. Finally, the deck surface becomes so badly damaged
that it is necessary to remove the deteriorated concrete and to
overlay the deck, usually with latex-modified or low-slump, dense
concrete or with asphalt paving mixture. This action is typically
taken at the point when the deck surface displaying fracture planes,
spalls, and previously patched areas is about 40% of the total deck
area, Figure 1 graphically portrays the scenario just described.

Subsidence cracking: The body forces resulting from the
sedimentation (bleeding) process in fresh concrete produce tensile
stresses above stationary embedded objects (i.e. reinforcing bars) due
to the resistance that they provide to subsidence of the fresh
concrete during that period. This can result in cracking of the fresh
concrete. Subsidence cracking was found to be a probabilistic
function of the consistency of the concrete {slump), the diameter of
the reinforcing bars, and the depth of concrete cover over the
reinforcement [7]. The cracking probability is directly related to
slump and bar size, and inversely related to cover. Notice that this
type of cracking is parallel to and directly above the reinforcing
steel, as opposed to stress-induced cracking which typically runs
perpendicular to the reinforcement and the exposes very little rebar
to the environment. Bar cover is the most significant factor of the
three cited factors, as demonstrated in Figure 2.
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Chloride diffusion: The process of diffusion, by which chlorides
infiltrate sound concrete, can be expressed mathematically in terms of
Fick’s second law:

ac/at = b, (3%c/ax?) (2)
where: C = concentration
x = distance
t = time
D, = diffusion constant

Using the error function solution for this partial differential
equation and imposing conditions typical of the concrete bridge deck
scenario, the following relationship was used in the model (5, 8]:

t = 0.4918 (L - 2.0)2 3)

time to the initiation of reinforcement corrosion due
to diffusion of chloride ions, years
L = mean reinforcement cover, cm

where: t

The value assumed for the diffusion constant D., was 3 x 10'8 cm2/s.
The diffusion constant varies with the water/cement ratio of the
concrete and with temperature. In this instance a water/cement ratio
of 0.45 by mass and an average ambient temperature of 15°C were
assumed (8). More recently, in research carried out under the
direction of one of the co-authors, analysis of chloride profile data
from ten bridges in three states (PA, VA, q}) 3ave mean chloride 3
diffusion constants that averaged 1.5 x 10™° cm“/s (range 0.5 x 10 to
3.8 x 108 cm2/s) (9]- This indicates that the assumed value for D, in
the model may be too high, possibly due to lower mean ambient
temperatures than that assumed, lower water/cement ratios than the
0.45 assumed (unlikely), the greater maturity of the field concrete,
or a combination of these. For given surface and corrosion threshold
chloride concentrations and cover depth, time to diffusion varies
inversely and linearly with D.. Therefore, accurate determination of
the diffusion constant is imperative for reckoning service life.

Also, since D, appears to vary over about one order to magnitude in our
sampling of typical bridge decks, it appears that it is necessary to
consider the chloride diffusion constant as a site-specific variable
which needs to be determined for each bridge deck.

Corrosion threshold chloride content: In developing the
expression for time-to-corrosion based on the error function solution
to the diffusion equation, the authors assumed the value of the
corrosion threshold chloride content to be 0.2% by mass of the
portland cement content of the concrete (8], following the work of 3
others. For a typical bridge deck concrete [cement content 363 kg/m
(6 1/2 sacks per cubic yard)] this works out to about 0.73 kg/m’. In
a summary of findings by a number of researchers published in a recent
paper (3], that figure is approximately mid-range of the values
presented. As was the case with the diffusion constant, the reported
range of corrosion threshold chloride contents is sufficient to
produce significant variations in the calculated time-to-corrosion
values. The magnitude of the error, if 0.73 kg/m” is assumed to be a
correct and constant value for the threshold ghloride content, will
range from +20% for a true value of 0.60 kg/m” to -135% for a true
threshold of 1.30 kg/m’. More research is needed to more precisely
quantify the magnitude of the corrosion threshold chloride content.
Intuitively, its value should be relatively constant for the ranges of
the variables that define the bridge deck scenario.

Cracking caused by corrasion: The cracking of the bridge deck
surface produced by the wedging action from the increasing volume of
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corrosion products may occur either as inclined (trench) cracks or
horizontal fracture planes, depending on the depth of concrete cover.
The relationships that quantify the period of time from the initiation
of corrosion to the occurrence of cracking for these two cases were
adopted, in the deterioration model, from work published by Bazant
[10]. Time to cracking is a function of concrete cover over the
reinforcement, rebar diameter, spacing of rebars, corrosion rate, and
the tensile strength, modulus of elasticity, and Poisson’s ratio of
the concrete. For the bridge deck scenario, rebar cover and corrosion
rate would be expected to be the primary independent variables. This
was substantiated in recent work carried out under the direction of
one of the authors on a Strategic Highway Research Program pgfject
{11). In the model, we assumed a corrosion rate of 1.2 x 10~ g/cm /yr
based on information from one literature source [12). In recent
regearch carried out under the direction of one of the authors [13],
corrosion rates were determined on six bridges located in three states
(PA, VA, FL) and on removed sections of deteriorated bridge deck
slabs. Corrosion current (Icon) readings, were obtained using a
sophisticated galvanostatic linear polarization device which employs
special guard ring procedures to clearly define the polarized area of
the reinforcement. Sixty-three readings were obtained in areas where
corrosion potentials were more negative than -350 mV (CSE), indicative
of 90% or greater probability of active corrosion. After eliminating
three of the readings as obvious outliers, the mean corrosion current
value obtained and co erte% to metal loss for the remaining 60
readings was 5.9 x 10 g/cm“/yr (range: 1.4 x 103 to 20.2 x 1073
g/cm“/yr). This mean value is about five times the value assumed in
the original deterioration model. Once the chloride concentration of
the concrete in the vicinity of the reinforcement reaches the
corrosion threshold level, the time to cracking of the concrete is
linearly and inversely proportional to corrosion rate. Therefore,
corrosion rate is an important parameter in the deterioration model.
The range of values found in the field study, just cited, would
suggest that corrosion rate is a site-specific variable. Therefore,
it is a variable that should be evaluated on a case by case basis.

Service Life

The service life of a building component or material is defined
in ASTM E632 [14) as: "the period of time after installation during
which all properties exceed the minimum acceptable values when
routinely maintained." For the purpose of life-cycle cost analyses in
the bridge deck scenario, we are confronted with at least three types
of service life. First we have the useful life of the structure,
which will be terminated by either the serviceability of the structure
as a whole or cessation of its need (which almost never happens).

That time period constitutes the planning horizon over which the
strategies for maintaining the shorter-lived bridge components must be
evaluated. Since that time period will be quite long for bridges,
perhaps 60 to 100 years, it’s determination is relatively unimportant
due to the only minor differences between discounted cash flows for
the actual service life versus an assumption of perpetual service.

Two other "service lives" associated with the deck component of the
bridge, however, are important and need to be determined in order to
evaluate life cycle costs for the bridge. Recalling Figure 1, there
is a period of time following the initial bridge construction (or deck
replacement) when no maintenance is required. That period is followed
by a period of approximately steady-state deterioration until the
point is reached at which the deck requires major rehabilitation or
replacement. The durations of the two periods just described must be
determined in order to carry out meaningful life-cycle cost
evaluations.

In the original deterioration model developed by the authors [S5]),
the maintenance-free period (T. ) and the deck age at rehabilitation
(T;) were derived from a single parameter, viz., the clear cover of
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concrete over the reinforcement (L). However, as demonstrated earlier
in this paper, the chloride diffusion constant (D.) and corrosion rate
(J;) are both sufficiently site specific and influential on service
life so as to require that they be incorporated into service life
determinations. Figures 3 and 4 present the maintenance-free period
(Tp) and deck age at rehabilitation (T;), respectively, as functions
of mean rebar cover for the maximum, minimum, and mean values of the
chloride diffusion constant and corrosion rate reported earlier in
this paper.

PERFORMANCE OF THE MODEL

A review of the technical literature and data from a current
regsearch project yielded some information on the time-to-corrosion
(i.e. maintenance-free period) and time-to-rehabilitation for bridge
decks to compare with the predictions of the model. For the time-to-
corrosion period, the data plotted in our earlier paper [8] were found
to reasonably match the results shown on Figure 3. For example, at a
mean rebar cover value of 4 to 6 cm (typical range for bridge decks),
Ty varies from about 3 to 20 years for the Clear [15] data, and from
about 6 to 12 years for the Stratfull equation (as modified by Clear)
[15]), versus the approximate range of 4 to 16 years shown for mean D,

and J, values on Figure 3.

NCHRP Report 297 [16] presents an equation relating the number of
salt-applications~to-corrosion to rebar cover and water/cement ratio.
When combined with deicer chemical application rate data from the same
report, the water/cement ratios at which the indicated time-to-
corrosion values for 5 cm rebar cover occurred for the maximum,
minimum, and mean values of D, and J; on Figure 3 are 0.60, 0.43, and
0.49, respectively. RAgain, these values seem reasonable for typical
bridge deck conditions.

Regarding bridge deck life to rehabilitation, the statement of an
FHWA spokesman was referred to earlier in this paper alleging that the
average age when major bridge rehabilitation is usually required is 3§
years [4]. In our deterioration model it is assumed that major
rehabilitation occurs, averagely, when about 40% of the deck surface
is affected with delaminations, spalls, and previously patched areas,
as previously mentioned. If that criterion is applied to first figure
in a recent paper by Carter [17], it reveals that the average age of
bridge decks at rehabilitation in the Alberta primary highway system
is about 27 years.

Researchers at MIT attempted to model bridge deterioration by
statistical evaluation of data from the 1983 Federal Highway
Administration National Bridge Inventory [18]. Using the data from
the two states in that study in which deicing chemicals would have
been routinely employed (NY and MI), we extrapolated bridge deck
condition versus age information to provide an estimate of bridge deck
life at rehabilitation. This was accomplished by plotting ages of
bridges having specific deck conditions against the cumulative percent
of bridges affected, expressed in terms of the normal probability
function. The specific condition code evaluated here was "Code 4"
which is described as: "marginal condition - potential exists for
major rehabilitation."” The condition indicators, in terms of % of
deck area, for Code 4 were given as: > 5% spalls, or the sum of all
deteriorated and/or contaminated deck concrete 40 to 60%. The results
are shown on Figure 5. Notice that the extrapolation is based on the
initial slope of the data plots. The break in slope at about 15 years
occurred with all of the data sets in the MIT study and was attributed
to a systematic fault in the NBI data acquisition procedure ("...
unobserved bridge deck maintenance and/or repairs ... ") [18]. The
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resulting mean (50% probability) age, as shown on Figure 5, is about
39 years.
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Finally, bridge deck condition data from three states (NY, PA,
VA) were analyzed in a current research project under the direction of
one of the authors of this paper in order to determine average bridge
lives to rehabilitation [19]. The analysis technique used here was
the same as that employed with the NBI data from the MIT report. The
determined mean ages at rehabilitation are 16, 23.5, and 34 years,
respectively, for NY, Pa, and VA.

In summary, the actual bridge deck life to rehabilitation mean
values cited range from 16 to 39 years with a mean of 29. Since these
numbers, in general, represent mean values for fairly large samples,
one might expect that the effects of site-specific influences which
produce the scatter anticipated with the model (Figure 4) should be
mitigated. However, in most instances the "actual"” values represent
specific highway agencies, indicating possible effects of environment
(traffic and climate) and policies (deicing practices and definition
of conditions precipitating rehabilitation). Even the two factors
taken into account in the model (diffusion constant and corrosion
rate) may actually be relatively more constant within jurisdictions
(states or provinces) than universally due to influences of climate
and policy. For example, the results presented above for NY, PA, and
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VA in the SHRP C-103 research were found to correlate very well with
freezing indices and road salt usage in the respective states [19).
All of this serves to point to the requirement for detailed
description of the terminal conditions that define service life and
for the identification of the variables that must be assessed in order
to satisfy site specificity for individual case studies.
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ABSTRACT: This paper describes a 14 yvear study of the
corrosion of steel H-piles in soil at Turcot Yard,
Montreal, Canada. The program was directed at evaluating
the corrosion of these piles in disturbed and undisturbed
soils. Three sets of steel H-piles were placed in the
ground, one set without protection, a second set coated
in the disturbed soil region, and a third set with
concrete caps. Each set consisted of six vertical piles
driven to bedrock and one pile placed horizontally in an
excavation which was then backfilled. A steel pier,
supporting a portion of the Transcanadian Highway, was
included in the study. Electrochemical polarization
measurements were made annually during the period of
exposure, and periodically, selected piles were extracted
for examination and physical measurements. The results
show that corrosion of the steel piles in undisturbed
soil is less than 0.33 mils per year (8.1 um/y), but in
all cases, corrosion is low. The electrochemical
polarization measurements indicate that corrosion of the
steel piles supporting the pier has decreased by more
than an order of magnitude over the 14 year period.
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Construction of the Transcanadian Highway at the Turcot
Yard interchange, Montreal, and concern about the corrosivity
of the soil in that area, resulted in a long term program to
study the corrosion of steel H-piles at that site. Previous
information, based on visual examination of extracted piles,
had suggested that corrosion of steel piles in undisturbed
soil was negligible [1]. The limited amount of information
on this subject provided motivation for this effort. This
paper describes the design of the test site, the procedures
used in making the corrosion measurements, and a discussion
of the results obtained.

APPROACH

The need for monitoring the corrosion of steel piles in
soil over a long period of time, provided an opportunity to
use a nondestructive electrochemical method to obtain
corrosion data that could later be compared to similar data
obtained by physical measurements, before and after exposure,
to determine changes in flange thickness during exposure.

The technique of polarization resistance was chosen because
it is supported by extensive laboratory studies and the
requirements for its application to a field situation can be
met [2]. These requirements include: 1) a measurement that
can be performed in less than one hour per pile, and
preferably in less than 15 minutes; 2) uses equipment that
is easily transported, rugged, and is battery operated;

3) . provides data that can be verified in the field during the
measurement period.

EXPERIMENTAL PROCEDURE

Twenty-one steel H-piles, 12 in x 12 in x 74 1lb/ft (30 cm
x 30 cm x 110 kg/m) were used in the study, and all were
characterized by measuring the flange thicknesses of each
pile with micrometers at 1 ft (30 c¢cm) intervals, 1 in
(2.5 cm) from the flange edge. Seven steel piles were placed
in the ground at each of three test sites, as illustrated in
Figure la. A wide area of soil was excavated to a depth of 7
ft (2.1 m), and six piles were driven vertically in the
excavation to bedrock, so that the top of the piles were 2 ft
(0.6 m) below the original soil surface. A seventh pile was
buried by placing it horizontally in the excavation, followed
by backfilling the excavation. Note that one of the vertical
piles is located in the center of the other five, which are
arranged around the central pile at a radius of 6 ft (1.8 m).
The horizontal pile was placed tangential to the circle and
10 ft (3.1 m) from the piles. Figure 1lb dipicts the
placement of the piles relative to the excavated, disturbed
soil and the undisturbed soil underneath. The piles at each
of the three sites were treated differently, in the following
manner. The steel piles at site A were placed in the ground,
bare, without any form of protection. At site B, the top 4
ft (1.2 m) of the six vertical piles was coated, after being
driven into the ground, and one end of the horizontal pile
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was coated for the same distance as the vertical piles. The
six vertical piles at site C were concrete capped for their
top 4 ft (1.2 m), after being driven into the ground, and the
horizontal pile was capped on one end, simulating the
vertical piles. To allow electrical contact to the H-piles,
each had a 1 in (2.5 cm) diameter steel reinforcing bar
welded to to the top of the vertical piles and to the center
of the horizontal piles, so that the top of the rebar was a
few inches below the surface of the soil. A removable
cylindrical concrete marker, approximately 6 in (15 cm) in
diameter and 24 in (60 cm) long, rests on the rebar serving
as a marker to locate the rebar to each pile. All piles were
marked with a letter-number identifier welded to the top and
bottom.

@ %, I =] Disturbed Soil 4
= % EE = > Jee=9] ]
D WE 7 Kz 1D o ,,///;' Ysssrss s /
@ Undisturbed Soil
@ EQUIPMENT
REF
a) b)

Figure 1 - a) Top view of a test site with typical
placement of equipment, electrodes, and cables.

b) Side view of a test site with disturbed and
undisturbed soil regions.

In addition to the controlled test site piles,
measurements were made on one of the piers supporting the
highway overpass located in the area of Site B. This
particular pier, Pier A-10, rested on 32 steel H-piles driven
into the ground. All piles were electrically connected
together in anticipation to the possible future use of
cathodic protection. Two 2 in (5.1 cm} steel reinforcing
bars were brought to the surface, allowing an electrical
connection to the piles.

Soil samples were collected by borings made at Sites A
and B, and the soil type, soil resistivity, and soil pH were
determined at different depths. A perforated plastic pipe
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was imbedded at each of the three sites, so that the water
table could be measured. This measurement was made with an
ohm-meter and a two-wire conductor that was lowered into the
pipe until conductivity increased. The length of the
conductor when conductivity was detected was then determined,
providing a measure of the depth of the water line. These
measurements were made approximately once every two months
for a period of two years.

Electrochemical Measurements

After emplacement, electrochemical polarization
measurements were made on the piles every year for 14 years.
The corrosion measurement is made using the Stern-Geary
method, where the working electrode (WE) is polarized to not
more than 20 mV, and the applied current necessary to achieve
that change is noted [3]. The Stern-Geary equation relates
the corrosion current, icorr. of the WE as an inverse
function of the slope of the potential-current polarization
curve in the following way:

(dv) B, B.

i), " 2800 (Ba+ B

Where v is the potential of the WE, i is the applied current,
amd By and Be are the anodic and cathodic tafel slopes,
respectively, assumed to equal 100 mv/decade.

Because of time constraints, measurements could not be
made on every pile during the annual measurement period. 1In
general, the measurement is made in the following way.
Consider three electrodes, where the first electrode, the
working electode (WE), is the pile to be measured. The
second electode, the counter electrode (CE), is a nearby
pile, serving as the source of polarizing current. A
copper/copper sulphate reference electrode is the third
electrode. Thus, through polarization measurements on the
steel piles in the ground, it is possible to calculate a
corrosion current. The surface area of the piles is known,
and is used to calculate corrosion current density. Using an
average of the corrosion current density, corrosion rate is
calculated for the period of exposure. Measurements were
typically made in the late summer or early fall, and the
effect of temperature at other times of the year is not
known.

In preparation for the electrochemical measurements, the
concrete cylinders, marking the location of the reinforcing
steel bar to each steel pile, are removed and each rebar
cleaned with a wire brush. Locking pliers that have been
modified to accept an electrical wire connection make the
electrical contact to the rebar. Fifty foot (15.2 m) wire
conductors with a minimum 16 gage size are used to connect
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the electronic equipment to the electrodes, as illustrated in
Figure 1la.

A polarizing current is applied to the steel pile of
interest, (WE). The center pile in the group of six is
normally chosen as the counter electrode (CE) for application
of polarizing current, i, to the WE. A copper-copper sulfate
reference electrode is placed 50 ft (15.2 m) from the WE at
the soil surface. When conditions are very dry, it is
sometimes necessary to moisten the soil where the reference
electrode is positioned, to make certain that the electrode
makes good contact with the soil. Poor soil contact often
manifests itself by erratic or drifting potential readings.

For the first several years, measurements were made using
a Holler bridge circuit, which is reliable, rugged, and
versatile. The circuit is especially useful for this
application, because it is designed to allow compensation for
IR error, the error in the potential measuremnt when current
is passing across the working and reference electrcdes [4,5].
The major disadvantage of the Holler bridge is that balancing
the bridge circuit is slow and sometimes difficult, leading
to over or under estimation of IR and an error in the
measurenment.

More recently, in addition to the Holler bridge
measurements, a portable computerized system has been used
for making the polarization resistance measurements. This
system is made up of a portable computer, a data logger, a
disk drive for file storage, and a printer, all with self-
contained batteries, or powered from an automobile battery.
The system was originally designed for measuring the
corrosion of reinforcing steel in bridge decks and has been
described in detail [6]. Briefly, this system uses current
interrupticon for eliminating IR error, and applies a cathodic
polarizing current to the steel pile sufficient to change its
potential by 10 mV from its corrosion potential. This
information is printed out for immediate inspection and, at
the same time, stored for future reference. A digital
storage oscilloscope is used to monitor the wave form of the
current and potential signals. From these measurements, an
average corrosion rate is calculated for each of the piles.

Physical Measurements

Periodically, during the period of exposure, selected
piles are extracted for examination. The piles are visually
examined and photographed after each cleaning procedure in
order to document the condition of the pile. When capped
with concrete, the concrete is removed with jack hammers.
This is followed by cleaning with a water jet to remove loose
debris or debonded coating, when coated. The piles are then
sand blasted tc bare metal. The final step in this procedure
ig a repetition of the flange thickness measurements made
prior to initial burial, which is measurement of the flange



344 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

thickness every foot (30 cm) one inch (2.5 cm) from the edge
of the flange. These measurements provide a means for
evaluating the extent of corrosion along the length of the
steel pile, and from these measurements the corrosion rate at
any level is determined. The flange thickness represents two
surfaces, and the rate of corrosion for one surface is
calculated using half of the flange thickness.

One problem in this type of program is the need to repeat
measurements consistently over a long period of time. It is
important to avoid changes in procedure that may have a
detrimental affect the data, but over a period of 14 years
some changes were unavoidable. The major changes were an
improvement in the equipment used, such as the incorporation
of high impedance voltmeters, and more recently, the use of a
computer controlled system. Though the author was not
present at the initial emplacement of the piles, he was
directly involved in all aspects of the program thereafter.

RESULTS AND DISCUSSION

A listing of all the piles in the program and a summary
of the results obtained from the electrochemical polarization
measurements is shown in Table 1. Piles were extracted after
2.8, 6.8 and 12.9 years, but ten of the H-piles are still in
place at the test sites, as identified by missing data in the
table. A report on the polarization data after the first
removal of piles was published by Schwerdtfeger and Romanoff
[7]. Because of the extensive amount of data obtained over
the 14 years, only an overview of the results can be provided
here. The emphasis of these data is on the piles that have
been extracted, providing physical information for comparison
to the the electrochemical data. A significant fact,
revealed in this table, is that the average corrosion rate in
every case 1is less than 1 mpy (25.4 um/y).

Information on the soil at different depths for Sites A
and B are shown in Tables 2 and 3 respectively.
Unfortunately, there are no similar data for Site C. The pH
is near neutral or slightly alkaline in all cases, and is not
considered a source of corrosion problems to steel. The soil
resistivity at Site A varies between 1170 Q-cm and 4570 Q-cm,
and past experience suggests that it 1s not an aggressive
soil. 1In general the same is true at site B, except for
sections with a soil resistivity below 600 Q-cm, where soil
conditions can be corrosive to steel. As will be shown, this
low resistivity region at Site B was the most aggressive of
the soils.
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TABLE 1 - Summary of electrochemical data.

Average Number of Average
Corrosion Corrosion Corrosion Rate
Current Current Exposure From Corrosion
Pile ID Density Measurements Time* Current*
mA/sqg ft over 14 vy vears mils/yr (um/v)
1 1.12 6 6.8 0.55 (14.0)
2 1.05 12
3 0.75 10 12.9 0.37 (9.4)
4 0.42 11
5 0.30 2 2.8 0.15 (3.7)
6 0.24 2
7 0.40 10
1 1.04 2 2.8 0.51 (13.0)
2 1.42 6 6.8 0.70 (17.7)
3 1.56 12 12.9 0.77 (19.5)
4 1.98 12
5 1.40 12
6 0.88 2
7 1.11 2 2.8 0.55 (13.9)
10 0.26 8
1 0.66 2 2.8 0.32 (8.2)
2 0.86 12
3 0.92 11 12.9 0.45 (11.5)
4 0.51 5 6.8 0.25 (6.4)
5 0.94 12
6 0.77 4
7 0.53 10 12.9 0.26 (6.4)

*Note: Missing data indicate that piles are still in place.

Multiply mA/sqg ft by 10.76 to obtain mA/sqg m.

TABLE 2 - Soil properties as a function of distance
from the soil surface at Sites A.

Site A
Soil Depth Soil Type Resistivity pH

Samples ft Q-cm
1 3 - 4.5 Fill 2030 7.8
2 5 - 6.5 Fill 2130 7.6
3 6.5 - 8 Boulder - -
4 8 - 9.5 Shale - -
5 9.5 - 10 Peat 1170 7.0
6 10 - 10.5 Peat - -
7 10.5 - 11.5 Marle 1630 7.4
8 11.5 - 13 Marle 1880 7.3
9 13 - 13.9 cClay 1470 7.2
10 13.9 - 14.5 Silt-Gravel - -
11 15 - 15.9 Silt-Gravel 4570 8.2
12 15.9 Boulder - -

Note: Multiply ft by 0.3 to obtain m.
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TABLE 3 - Soil properties as a function of distance
from the soil surface at Site B.

Site B

Soil Depth Soil Type Resistivity pPH

Samples ft Q-cm
1 2 - 3.5 Fill 510 7,2
2 3.5 - 5 Fill 400 7.2
3 5 - 6.5 Fill 1020 7.5
4 7 - 8.5 Fill 1220 6.9
5 8.5 - 10 Peat - -
6 10 - 11.5 Peat - -
7 11.5 - 12 Marle 460 6.8
8 12 - 13.5 Marle 600 7.3
9 13.5 - 14.5 Clay 1120 7.1
10 14.5 - 15 Silt-Gravel - -
11 15 - 16.5 Silt-Gravel 4570 7.8
12 16.5 - 18 Gravel - -
13 18 - 20 Silt-Sand - -
14 20 - 21.5 Silt-Sand 4830 7.7
15 22 Silt - -

Note: Multiply ft by 0.3 to obtain m.

The location of the water table is of interest, because
it is expected that oxygen diffusion is limited in water
saturated soil, reducing the rate of corrosion. Table 4
lists the average distance from the soil surface to the level
of the water table.

TABLE 4 - Distance from the soil
surface to the water table.

Average Minimum Maximum
Depth Depth Depth
Site ft ft ft
A 7.7 6.5 8.7
B 10.3 7.6 11.8
C 13.0 11.0 13.6

Note: Multiply ft by 0.3 to obtain m.

Electrochemical Meagurements

Figure 2 illustrates the electrochemical data obtained on
the three piles extracted from site A. Only two data points
were obtained on Pile A-5, because it was removed from the
site after three years. However, 10 data points,
representing measurements over a 10 year period, were
obtained on Pile A-3, since it remained in the ground for
almost 13 years. The data on Pile A-1 indicates that it was
undergoing the highest corrosion of the three piles extracted
from this site. Even though there are fluctuations in the
corrosion current density from year to year, the greatest
fluctuation for any given pile at the three sites is less
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than a factor of four, indicating that corrosion remains
fairly constant. Table 1 reveals the corrosion rate
calculated from these data and the corrosion current density
for the piles that remain in the ground.

The piles at site B, coated in the disturbed soil region,
on the average showed a higher rate of deterioration than the
piles at the other two sites, including the bare piles. This
is not unexpected, since the soil analysis data indicated the
so0il resistivity at this site was low, <600 Q-cm in some
regions, as revealed in Table 3. The corrosion current
density data for the four piles extracted from this site is
shown in Figure 3.
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FIGURE 2 - Corrosion current density data on
three piles extracted from Site A,

The concrete capped piles at Site C, which more
realistically resembled the piers supporting the highway,
showed the lowest corrosion of the piles at all three sites.
Figure 4 is a plot of the corrosion current density data for
the four piles removed from this site, and shows that
corrosion was much lower than that at the other two sites as
indicated by electrochemical peolarization measurements.
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The results of the electrochemical data collected from
Pier A-10 are interesting because this was the only real
structure included in the study. It has already been
mentioned that the pier is supported by 32 interconnected
steel H-piles, and the total surface area of these piles is
reflected in the calculated corrosion current density.

Figure 5 illustrates the corrosion current density for Pier
A-10. Two features are immediately apparent. First, the
corrosion current is a approximately a factor of 3 less than
the corrosion current density for the concrete capped piles
and about a factor of 5 less than that for the piles at Site
B. This low corrosion current is probably due to a shielding
effect, where the applied polarizing current is only reaching
the piles on the outer fringes of the pile cluster. These
data suggest that the polarizing current is only polarizing
between 1/3 to 1/5 of the piles in the cluster. The second
noticeable feature is that the corrosion current density for
Pier A-10 is decreasing significantly with time. The maximum
current density is 0.65 mA/sg ft (7.0 mA/sqg m)) and the
minimum, after 14 years, is 0.03 mpy (0.32 mA/sqg m),
resulting in a corrosion current density decrease of more
than one order of magnitude. This may be due to the larger
surface area of steel in the cluster that has depleted the
oxygen concentration in its immediate vicinity, reducing the
rate of corrosion more rapidly than is occurring with the
test piles. Physical measurements could not be made on these
piles.
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FIGURE 5 - Corrosion current density data on
Pier A-10 at Site B.
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Phvsical Measurements

The electrochemical polarization data provides
information on the total corrosion on a pile, but does not
reveal how it is distrubuted over its surface. This detailed
information was obtained by visual examination and physical
measurements on the extracted piles. The physical
measurements also serve as a reference for the
electrochemical polarization measurements. A summary of the
corrosion rate of all the piles in three scil zones
calculated from the physical measurements and an average of
the total corrosion obtained from these data is listed in
Table 5. The corrosion rate calculations in this table are
based on the decrease in thickness of the flange that exceeds
the standard deviation of the original thickness of the
piles. The three soil zones in this table are 1) the top
4 ft (1.2 m) of the pile in the disturbed soil, 2) a 2 ft
(0.6 m) section of the pile in the scil interface between the
disturbed soil and the undisturbed soil, and 3} the
undisturbed soil below the soil interface. Because of the
variability in the level of the water table, its effects are
not specifically emphasized in this table, but examination of
these data for the unprotected piles at Site A clearly
indicate that the corrosion rate of the piles in the
undisturbed soil is much lower than in the upper soil
regions. The undisturbed soil region includes the water
saturated soil below the water table.

TABLE 5 - Average corrosion rate of the extracted piles at
three soil levels calculated from physical measurements

Disturbed Interface Undisturbed

Soil Soil Soil Overall

Top 4 ft Mid 2 ft Below Mid Average
Pile ID mils/y* mils/y* mils/y* mils/y (Uum/v)
a-1 0.72 1.01 0.26 0.42 (10.6)
A-3 0.51 0.07 0.23 0.27 (6.8)
A-5 0.77 1.72 0.11 0.35 (8.9)
B-1 0.80 0.00 0.52 0.53 (10.9)
B-2 0.27 1.49 0.55 0.58 (14.7)
B-3 0.13 0.65 0.55 0.50 (12.8)
B-7 1.88 0.00 0.17 0.43 (10.9)
c-1 0.00 0.69 0.30 0.28 (7.2)
Cc-3 0.00 0.55 0.34 0.31 (7.9}
Cc-4 0.00 2.32 0.22 0.33 (8.4)
c-7 0.00 0.41 0.30 0.27 (6.9)
Average 0.81 0.32 0.39 (9.9)

*Note: Multiply mils/y by 25.4 to calculate m/y.

A plot of the flange profile, before and after exposure,
graphically displays the effects of corrosion on the piles.
Profile data for a “representative" pile from each of the
sites is provided to give the reader an indication of the
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differences in corrosion attack at different soil levels.
These profiles also reveal the effects of a coating, a
concrete cap, and no protection, on the corrosion of a pile.

Figure 6 is a plot of the average flange thickness of
Pile A-1, exposed for 6.8 years without corrosion protection
at Site A. The dashed vertical line is the average original
flange thickness of the steel H-piles, and the two parallel
lines on either side respresent the standard deviation of the
average. It is evident from this profile that most of the
corrosion attack occurred in the top 14 ft (4.3 m) of the
pile with negligible attack below that level. Table 5 shows
that the average corrosion rate measured for the top 4 ft
(1.2) section of this pile is 0.72 mils per year (mpy) or
18.3 um/y. At the soil interface, between the disturbed soil
and the undisturbed soil, the average corrosion is 1.01 mpy
(25.7 um/y), and the same table shows that in the undisturbed
soil region, average corrosion rate is 0.26 mpy (6.6 um/y).
The average corrosion rate over the entire pile is 0.42 mpy
(10.6 um/y) .
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FIGURE 6 - Profile of the flange thickness of pile A-1
(unprotected) after 6.8 years at Site A.

The steel piles at Site B suffered more corrosion attack
in the undisturbed soil region than the piles at the other
three sites. This is clearly reflected in the data of
Table 5, which reveals that corrosion in the undisturbed soil
region for the piles at Site B was twice that observed at the
other sites. The soil property measurements at Site B showed
that portions of the soil near the surface and approximately
12 ft (3.7 m) below the soil surface had a soil resistivity
less than 600 Q-cm, which is considered a highly corrosive
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soil. 1In general, coating the top of the pile in the
disturbed soil region was beneficial, but where the coating
failed, corrosion attack was severe. This is reflected in
the variability in the corrosion observed for this region as
shown in Table 5, where the corrosion rate ranged from 0.13
toc 1.8 mpy (3.3 to 45.7 um/y). Figure 7 illustrates the
profile data for Pile B-2. The average corrosion rate of
this pile in the undisturbed soil region was 0.55 mpy (14
Hm/y}. On removal of this pile it was noticed that the pile
was wet up to 21 ft (6.4 m) from the bottom of the pile,
which is just below the interface region where high corrosion
was observed. 1In the soil interface region corrosion was
calculated to be 1.49 mpy (37.8 um/y). The average corrosion
rate in the coated region, was 0.27 mpy (6.9 um/y).

The piles at Site C were capped with concrete to simulate
the actual pier structure, and the effect of the concrete on
the corrosion process is especially interesting for this
reason. Removal of the concrete cap clearly indicated that
the concrete had protected the steel H-pile from any
corrosion attack. However, visual examination revealed
shallow pitting in the area immediately below the concrete
cap, and the data in Table 5 supports this observation. The
table shows that the most severe corrosion on the piles at
Site C occurred in the soil interface region, which in this
case, 1is immediately below the concrete cap. It was also
observed that corrosion on the rest of the pile surface was
less than that developed at the other two sites, as indicated
by the data in Table 5. The profile data for Pile C-4 is
illustrated in Figure 8,
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FIGURE 8 - Profile of the flange thickness of pile C-4
(concrete capped) after 6.8 years at Site C.

CONCLUSIONS

Two questions are of importance in this program. First,
how reliable are polarization measurements for measuring the
corrosion rate of steel H-piles in soil, and second, what is
the corrosion rate of these steel H-piles. In this study,
the physical measurements are the primary reference for
determining rate of corrosion, and the reliability of the
electrochemical polarization data is determined by
comparison. The corrosion rate data in Table 1, obtained by
electrochemical polarization, and similar data in Table 5,
obtained through physical measurements, are plotted and shown
in Figure 9. Each point is labeled for the pile it
represents, and the straight line is a least-squares best fit
to the data. The eguation of the line and the coefficient of
determination, R2, are shown. This equation, based on eleven
data pointsg, indicates that the electrochemical polarization
technique tends to overestimate corrosion rate by
approximately 30%, for values greater than 0.25 mpy
(6.3 um/y). The dashed line, y = x, represents where the
data would lay, if there were perfect agreement between the
two measurements.

These data show that the average corrosion rate of the
steel H-piles in the three soil regions is low for all three
sites. As Table 5 shows, the average corrosion rate for the
bare piles in the disturbed soil region is 0.67 mpy (16.9
Mm/y). In the soil interface region, the average corrosion
for all the piles is 0.81 mpy (20.6 um/y), and in the
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undisturbed soil region, their average corrosion rate is
0.32 mpy (8.1 um/y). The average corrosion rate for all the
piles over their entire surface is 0.39 mpy (9.9 pm/y).

SUMMARY

1) Electrochemical polarization measurements are useful for
evaluating the corrosion of steel H-piles in soil, even
though the measurement overestimates the rate of
corrosion by approximately 30 percent.

2) This 14 year study reveals that the average corrosion
rate of the steel H-piles at Turcot Yard is low in all
cases, and is especially low in undisturbed soil where
the average corrosion rate is less than 0.33 mpy
(8.4 um/y) .

3) The electrochemical measurements also show that the
corrosion current of piles supporting a pier has
decreased by more than an order of magnitude over the 14
year period.
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ABSTRACT : Concrete forms a major component of the
national infrastructure. The interaction between
corrosion of embedded steel and deterioration of
concrete is of concern to the engineers involved
with infrastructure maintenance. If an effective
repair and maintenance strategy is to be planned,
it is important to understand the forms and causes
of deterioration and corrosion damage in concrete
structures. Equally important is an understanding
of the range of test methods available to diagnose
the cause and determine the extent of such damage.

KEYWORDS : concrete, corrosion currents, rusting,
pitting, destructive testing, non-destructive
testing, passive monitoring.

Concrete is an important component in infrastructure.
Many structures rely on concrete to give them rigidity, and
to bear compressive loads. Concrete itself relies on steel
reinforcing to take tensile and shear loads, and distribute
them to suitable support points. Concrete also has the vital
function of providing a protective cover to this steel, to
prevent corrosion. Conditions that reduce the effectiveness
of the 'cover concrete' as a barrier to the corrosive effects
of environment and weather increase the risk of corrosion
damage, higher maintenance costs, and shortened structural
life. It is in the national interest to minimize maintenance
costs and maximize the service life of infrastructure.
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There are now many technigues available to help predict
the onset of corrosion, assess corrosion damage, and identify
the cause. However, if they are to be effectively employed,
it is important to understand the variety of processes that
can initiate corrosion, and how this corrosion may affect the
structure. Only by knowing the effects and interactions of
these processes can the Engineer decide on the combination of
inspection and test methods that will provide the information
needed to make a correct diagnosis, and to plan an effective
maintenance or repair program.

CORROSION FORMS

Corrosion of metals can take many forms, and for those
unfamiliar with this topic, Schweitzer [1] provides a good
general introduction to the subject. Being concerned with the
effects of corrosion on steel in concrete structures, this
paper will focus on those forms caused by normal weathering
and environmental influences:-

a) General rusting,

b) Pitting corrosion,

c) Galvanic corrosion,

d) Erosion caused by physical and bioclogical action.

This paper reviews the most common forms and causes of
corrosion of embedded steel, and their effect on concrete. It
then summarizes the more commonly used methods that are
currently available for evaluation of damage, determinatiocn
of cause, and assessment of repairs. This is an international
problem, and experience in both Europe and the United States
are drawn on to describe the available methods, and the
current status of research and development in this field.

Concrete Properties and their Effects on Corrosion

General rusting is the most readily recognised form of
steel corrosion, and is often described as a simple chemical
reaction that occurs when steel is exposed to air and water.
In fact it is a complex electrochemical process that can be
controlled if certain conditions are maintained.

When rusting takes place, small electrical currents flow
between areas of differing voltage potential on the steel,
through a surrounding medium, or ‘'electrolyte'. In doing
this, they transport ions of metal from anodic to cathodic
areas, reducing the steel cross-section at the anode, and
depositing material at the cathode, where it forms rust. For
these corrosion currents to occur on steel in concrete, three
essential conditions must be met :-

- There must be a difference in voltage potential between
points on the steel surface or the surrounding material.
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- The concrete must be conductive to form the electrolyte.
- The concrete must have electrical contact with the steel.

The engineer has little control over the first condition,
for variations in the steel, surface impurities, and stresses
from bending or fabrication all induce potential differences.
Cover concrete, however, provides an opportunity to control
the latter two conditions.

Fresh concrete is alkaline, in excess of pH 13.5. This
alkalinity oxidizes the surface of embedded steel, forming a
chemically and electrically inert layer of ferric oxide. Dry,
hardened concrete has a high electrical resistance, so if it
can be kept dry, and the oxide coating on the steel can be
kept intact, neither of the latter conditions can be met.
Even if the concrete is saturated, but the oxide coating is
maintained, the potential corrosion currents cannot flow.

To control corrosion, the engineer must be concerned with
maintaining the conditions that prevent the flow of corrosion
currents. This requires knowledge of the physical, chemical,
and electrical properties of the materials.

Concrete: Typical concrete is a mixture of cement, sand,
coarse aggregate, and water. Cement itself is a mixture of
calcium, aluminum, silicon and iron. Aggregate is usually
crushed rock, or gravel. Most gravel is a mixture of rocks,
depending on where they were drawn from by river or glacier.
Sand is often also a mixture of different rock particles. The
water must be of drinkable quality, but usually contains some
trace minerals, organic matter, fluoride and chloride.

The range of materials present in concrete is important,
because they will determine it's permeability, density, and
reactivity. They affect the type and rate of corrosion that
may occur. Where admixtures are used, they may well introduce
further variables. An example in this case is the once common
use of calcium chloride to accelerate setting. This released
free chlorides into the concrete, which were later found to
be a key catalyst in the corrosion process.

Which Corrosion Form ?

Depending on the moisture and gases available to form an
electrolyte, corrosion may take the form of general rusting,
or localised, severe attack known as 'pitting'. Thus external
or environmental conditions will also influence the type and
rate of corrosion.

General Rusting : Once corrosion starts, it tends to be
self-accelerating. In geheral rusting, the metal is oxidised
in a chemical reaction triggered by contaminants, such as
chlorides, and the resulting rust typically occupies eight
times the volume of the original steel. This increase in
volume creates stresses that crack the concrete, and thus
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facilitate the ingress of more air, water and contaminants to
speed up the rusting. The cracks will worsen until pieces of
concrete break off or spall. The cracks often bleed corrosion
products onto the surface as rust stains, so signs of damage
can be readily visible. Unfortunately, such signs indicate
that the damage is already well-established and deep-rooted.

Pitting corrosion : However, not all forms of attack are
so readily visible. A much more insidious form is localised
'pitting'. This is often a result of chloride ions in the
concrete being concentrated in small depassivated areas by
the ionic current flow, increasing the conductivity of the
electrolyte locally, and so accelerating the pitting process
at the small anodic point. The corrosion products are usually
deposited over the larger remaining cathodic area, and rapid
metal loss occurs at the corrosion pit, but rust may not form
sufficient thickness to cause cracking.

In this way, a complete loss of steel cross-section can
occur at the corrosion site with no external sign of damage,
a potential disaster in such items as pre-stress wires, or in
post-tension tendons in floors, columns, and decks.

Galvanic corrposion : Each metal and metal alloy occupies
a given position in the 'Galvanic Series'[1l]}, signifying an
anodic or cathodic nature relative to other metals in the
series. Two dissimilar metals, in a suitably electrolytic
environment, form an electrical cell. Electrolytic action
removes material from the anode, and the further apart metals
are in the galvanic series, the more aggressive is this
reaction. Therefore two dissimilar metals embedded close
together in concrete will react in the same way as steel with
surface potential differences, if the concrete is suitably
conductive.

Forms of Attack

As stated, for corrosion of embedded steel to take place,
the protective, passivating properties of overlying concrete
must be destroyed, and this can happen in many ways, though
they can be summarised in three broad categories :-

~ Chemical attack on concrete from environment or spillage
- Chemical attack on steel of internal or external nature

- Physical damage, such as cracks from impact, settlement,
overloading, or fire damage, and erosion or stripping.

Chemical attack on Concrete - Carbonation : As an example
of an atmospheric or environmental attack, the carbonation
process also shows the interaction which occurs during the
deterioration of concrete. Cement paste has a submicroscopic
pore matrix, and absorbs moisture by capillary action. It
'breathes' with changes in humidity, atmospheric pressure,
and temperature. Carbon dioxide penetrates the concrete, to
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react with the pore moisture, forming carbonic acid. This in
turn reacts with the alkaline calcium hydroxide in the cement
to form calcium carbonate, reducing the pH of the matrix to
around 9.4. By reducing the alkalinity of concrete in this
way, Carbonation can destroy the concrete's ability to
maintain the protective oxide layer on any embedded steel,
and so open the way for corrosion.

Chemical attack on Steel - chlorides : A secondary effect
of carbonation involves chloro-aluminates, which are harmless
in concrete. However these compounds are stable only at high
pH levels, so carbonation, in reducing the alkalinity of the
concrete, also causes the breakdown of chloro-aluminates,
releasing chloride ions.

Free chlorides increase the electrical conductivity of
moisture present in the carbonated concrete, and by chemical
reaction promote depassivation of the steel. In doing so,
they create both of the conditions with which the engineer is
concerned ~-conductive concrete, and good electrical contact
between concrete and steel. The chlorides thus take an active
part in both destroying the protective properties of the
concrete, and in the corrosion process itself.

Other Chemicals : Airborne sulfates, or ‘'acid rain' can
be highly aggressive to concrete, and may seriously affect
the integrity of structures. Sulfates penetrate concrete in
a similar way to carbon dioxide. They react with certain
calcium compounds in the cement paste to form gypsum and
ettringite. These products weaken the paste structure, and
reduce the strength of the cement. This process also is
expansive, generating stresses that crack the weakened
concrete, creating easier ingress for additional moisture and
contaminants. When the steel is reached, the access created
for air and moisture almost inevitably induces corrosion. In
advanced attack concrete can be reduced to loose rubble.

It is not only airborne contaminants that cause problems,
and many substances are aggressive enough to damage concrete.
Milk, fruit juices, some brewery products, and a number of
oils and animal fats, for example, will attack concrete if
regular or untreated spills occur. A booklet by the Portland
Cement Association, 'The Effects of Substances on Concrete'
[2), gives a comprehensive list, useful for any engineers
concerned with transportation or industrial infrastructure.

Alkali-Silicate Reaction (ASR) : ASR is reasonably well
understood and documented. It occurs between certain types of
silicate aggregate and free alkalis in the concrete. The
product of the reaction is a hygroscopic gel that absorbs
available moisture to expand, cracking the concrete as it
does so. Less often found is Alkali-Carbonate Reaction, (ACR)
where carbonate aggregates are involved, but the result is
virtually identical, although earlier to develop. The cracks
may lead to an early onset of corrosion, for they increase
permeability of the concrete, allowing easier access for both
oxygen and moisture to the embedded steel.
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If all the free alkali or reactive aggregate is used up,
the process may halt before visible damage occurs. If repairs
are carried out for some other purpose, however, they may re-
introduce the exhausted reagent, and so restart the process
locally, causing failure of the repair bond. The rate of ASR
deterioration will depend on the quantity and reactivity of
the reagents, available moisture, and temperature, but severe
structural damage can occur in as little as three years. If
ACR is the problem, damage usually occurs in less than three
years. At the other extreme, ASR can take more than thirty
years to create any visible damage. The number of structures
affected by ASR or ACR is uncertain, though believed to be
considerable. ACR damage is very limited in geographical
extent, unlike ASR.

Modern concrete mixes consider potential reactivity, and
theoretically avoid the problem in newer structures, but the
Strategic Highway Research Program (SHRP) published a note of
caution in a recent report [3]. Research from SHRP shows that
inadequate curing can lead to ASR. If fresh concrete is left
unprotected from sun or warm wind excessive evaporation of
water from the surface will occur, causing migration of more
water up to the surface. As this also evaporates, alkali
build-up occurs that can reach critical levels even with low-
alkali cements. This process can also cause concentration of
any contaminants or additives in the mix water.

Physical and External Damage

Most literature on the subject of cracking in plain and
reinforced concrete considers it in terms of strength and
stability, concentrating on drying shrinkage, deflection
under load, and structural movement. There is little that
addresses problems of durability caused by cracking. Some
standards have been set for assessment of crack sizes, and
for reporting on crack patterns, distribution, etc.[4] but in
general they deal with large, visible cracks. There is little
information available on micro-scale cracking.

Cracking and Permeability : Fine, micro-scale cracking,
or micro-fissuring is often almost invisible. In the Author's
experience, engineers have often discounted micro-fissuring
as being of no significance to structural stability. Whilst
this may be true for stability in the short term, it is not
so when durability is considered. Micro-fissuring can often
be found in heavily loaded slabs adjacent to support beams,
where the slab flexes over the support. It is found in the
underside of concrete beams for similar reasons, particularly
if there are heavy cyclic loads. It is also caused by the
early stages of sulfate attack and ASR.

The long term effects are that the concrete integrity is
compromised, and permeability is increased. Thermal stresses
from sunlight/shade patterns, or freezing and thawing will
aggravate micro-fissuring, facilitating ingress of air and
moisture.
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Erosion and Surface Stripping : There are processes that
will gradually strip away the surface layers of concrete, so

progressively reducing the amount of cover protecting the
steel. Apart from abrasion by traffic tires on bridge-decks
etc, erosion can be caused by air-borne debris and dust, or
water-borne particles. Two other important processes cause
surface stripping that reduces cover concrete over a period
of time, and may eventually expose embedded steel.

Freeze/Thaw Cycle : Moisture in concrete will freeze if
the temperature is low enough, and ice occupies more volume
than the original water. If the surface layer of concrete is
saturated, the expansion forces generated by freezing can be
enough to crack the concrete, and the outer layer will flake
off as the ice melts. Typically it will only affect a few
millimetres of concrete at a time, but the cumulative effects
of repeated freeze and thaw cycles will eventually remove
significant amounts of concrete.

Where such action is anticipated, its effects can be
controlled or eliminated by using air-entrained concrete. In
this material small air voids are deliberately created, to
provide room for the expansion of any ice.

cavitation : Structures exposed to fast-flowing turbulent
water can be subjected to cavitation. This occurs when small
momentary pockets of low pressure or vacuum are created by
the turbulence. Bubbles of water vapour form, and collapse
again as the flow carries them out of the low pressure area.
In collapsing, they create pockets of very high pressure that
is capable of pitting the surface of any steel or concrete on
which it impinges. The rate of deterioration depends on the
water volume and turbulence, but is capable of producing
significant damage in periods of months, rather than years.

Electrically induced Corrosion : Most engineers are aware
of the principle of cathodic protection, but not as many are
aware that it can be a double edged weapon. In practice, a
structure can be protected from corrosion by connecting it,
via an electrolyte, to a suitable anodic material that will
become the corrosion site. Electrical current flows between
the now cathodic structure, and the anode. This over-rides
any internal electrolytic currents, and forces corrosion to
occur outside the structure, at the anode site. The method is
often used on marine structures and lock gates etc., where
the anode is immersed close to the structure. An 'impressed
current' system is where a power supply creates a controlled
flow of current between the structure and the anode, allowing
the engineer to control the efficiency of the system.

In the great majority of cases, such cathodic protection
systems have proven to be a safe and effective way to control
corrosion, but care is needed to prevent the creation of any
inadvertent cathodic systems. Steel pipeline, for example, is
often protected by an impressed current system. If the pipe
crosses a highway or other obstacle by bridge, and is not
totally insulated from it, the system can leak stray current
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that will force the steel in the bridge to become anodic, and
corrode. Whilst such occurences are rare, they can cause a
significant amount of damage if undetected.

Impressed current systems use direct current (dc), and
processes that use large dc currents can leak stray current
into the surrounding structures, creating accidental cathodic
protection systems. There have been cases where stray current
from dc railway systems have damaged nearby structures. Many
chemical and industrial plants have suffered similar damage
through stray current effects. The corrosion process requires
only milliamps of current at low voltages, and such small
currents can be very difficult to detect and remedy.

Biological attack : A concern for engineers working with
sanitation infrastructure, but also of importance to other
structures under some circumstances, is biological damage to
concrete and steel. Raw sewage and some animal wastes are
naturally aggressive to concrete, but it is less well-known
that bacteria can cause significant damage. There are some
bacteria, for example, that can digest organic sulfates and
produce a waste product rich in hydrogen sulfide (H,S).

This compound erodes concrete by reacting with calcium
hydroxide, weakening the cement paste in much the same way as
sulfate attack. The combination of this weakening, allied
with abrasion by water and sewage flow over the concrete, can
eventually strip it back to expose reinforcing steel. If cast
iron pipes are exposed, hydrogen sulfide will directly attack
the metal, reacting with it to form iron sulfide.

Interdependence

The aim of these first pages has been to make it clear
that corrosion of embedded metal in concrete will eventually
cause damage to the concrete. Conversely, any damage to, or
deterioration of the concrete can lead to the corrosion of
embedded metal. They are interdependent processes, and it is
futile to treat the symptoms of decay without first having
identified and remedied the cause. Structural and cosmetic
repairs often suffer early failure because the cause of the
original damage has not been identified and corrected.

The term 'embedded metal' has been deliberately used here
to emphasise that the risk of corrosion is not limited only
to reinforcing steel. A common source of damage to concrete
on bridges is where parapet rails have been added after the
main construction, and fixing holes are drilled into the
concrete. If ordinary steel anchor bolts are used, and not
effectively sealed into the concrete, corrosion will occur.
The rusting will eventually burst cpen the concrete, and the
rail will become detached. Similar damage is frequently found
on concrete balconies, where the safety rail has been fitted
by bolts or cast sockets. Drainpipes, guttering, conduit and
their fixings are also common points for corrosion attack.
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TEST METHODS

There is now a wide range of methods available to the
engineer to determine the true causes of damage, and measure
its extent and the rate of progress. These methods can be
used to predict the likelihood of corrosion taking place, and
identify the areas of a structure most at risk. They can be
loosely grouped into two categories :

- Destructive (Coring, sampling, drilling, etc.)

- Non-Destructive (In-situ tests with no damage to the
structure or disfigurement of the concrete surface)

Generally speaking, the destructive tests involve testing
a sample to failure, and rely on laboratory facilities for
full analysis. Non-destructive tests are usually carried out
on site, although complete analysis of the test data may be
done subsequently at an office or laboratory.

Space does not allow a full description of every method
here, but the following is a review of the more commonly used
tests with a brief summary of methodology, and information
obtained. It should assist in determining which methods would
be relevant to a given set of circumstances. There is also a
cautionary note about limitations of some methods. If a test
is incorrectly applied, ambiguities or measurement errors can
occur which may make the test data inconclusive. Though some
of the methods described here were developed in Europe, they
are all available in the USA through specialist companies.

Destructive Tests

Core sampling : A sample of concrete is core-drilled from
the structure, and analyzed by a selected combination of the
following laboratory procedures :-

- Visual inspection for aggregate size and type, cracks,
voids, depth of surface deterioration, presence of steel.

- Physical measurements for density, moisture content, rate
of water absorption, and air permeability. Testing for
compressive, tensile, and shear strength, elastic modulus
and Poissons ratio.

- Ultrasonic Pulse Velocity (UPV) tests to be correlated
with in-situ test results from the rest of the structure.
(UPV testing is described in the next section)

- Petrographic (microscopic) examination for mix type and
proportions, presence of ASR or sulphate products etc.
Accelerated growth test to determine if ASR is active

- Chemical analyses for cement content, presence and depth
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of any contaminants, carbonation depth, identify High
Alumina Cement (HAC), and measure degree of conversion.

Note : Cores should be kept moist until analysed unless
specified otherwise. E.g. sealed in plastic film, or a sample
box with water retaining packing such as sawdust.

Drilled samples : Concrete sampled by collecting the dust
from a masonry drill can be analysed in a Laboratory for :-

- Percentage cement content and alkalinity

- Percentage and depth of penetration of contaminants such
as chlorides or sulfates.

- High Alumina Cement (HAC) and degree of conversion.

The drill hole can be used to check depth of reinforcing
steel, and to carry out carbonation depth tests.

Note : Careful control of drill depth and cleaning of the
drill bit and hole between samples is essential when sampling
from specific depths. For HAC testing a low speed drill or
chisel is used to avoid pre-heating the sample, destroying
evidence of HAC conversion.

Steel sampling : Reinforcing steel is exposed by removing
cover concrete. This permits visual assessment of corrosion
damage, and measurement of residual thickness. Samples of the
steel may be taken for laboratory tests to determine steel
type, tensile strength, corrosion resistance etc.

Carbonation Depth : Usually carried out with the previous
tests. Requires a fresh broken concrete face perpendicular
to the outer face. A small chisel is used to flake off the
side of a drilled or cored hole. A chemical indicator sprayed
onto the test face indicates alkalinity or acidity of the
cement by color change. Though not as accurate as laboratory
testing, it is a good site guide to the depth of carbonation.

Pull-out test : Determines approximate concrete strength
by measuring the force required to pull a set of standard
expansion anchors out of standard drilled holes. Provides a
good approximation if a large enough number of samples are
‘used, and correlated with crushing tests on a core sample
taken from the same area.

Non-destructive Tests (NDT)

Rebound Hammer : Also known as the Schmidt, or the Swiss
hammer. It measures the rebound distance of a standard steel
projectile, propelled against the concrete with a standard
force. A scale on the tool shows the rebound distance as a
'Rebound Number'. This number can be used to check concrete
uniformity by comparison of the test data. If calibrated with
laboratory tests, it can give an indication of strength.
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Note : The actual property of the concrete measured is
surface hardness. The comparatively small cross-section of
the projectile tip may mean that impact is on a piece of hard
aggregate at the surface, whereas a subsequent test may be on
softer cement paste between aggregate particles. This creates
measurement disparity which can only be resolved by making a
large number of tests and averaging the data. Processes that
have a surface hardening effect, such as curing membranes or
carbonation, may give rise to optimistic strength estimates.

Surface finish, curvature, and presence of water affect
the uniformity of the impact, therefore the degree of rebound
recorded. The method also assumes a standard velocity for the
projectile at impact, but this will be affected by gravity,
and friction. A difference will be noted between measurements
made by the same instrument, in the vertical and horizontal
planes, on the same test piece.

Ultra-sonic Pulse Velocity (UPV) : Two transducers, a
transmitter and a receiver, are placed on the test piece. An
electronic trigger/timer device measures the transit time of
an ultrasonic pulse through material between the transducers.

UPV is calculated from the transit time and measured path
length. Since UPV is a function of the modulus and density of
the material, it provides comparative data for the assessment
of concrete uniformity. Cracks, inclusions, honeycombing, and
voids affect transit time by diverting the pulse, or reducing
its velocity. UPV can also measure crack depth and direction
in some circumstances. Correlation with compressive strength
tests on core samples will enable estimates of strength in
other parts of a structure cast from the same concrete,

Note : UPV should not be used to estimate the concrete
strength without correlation on a laboratory test sample. If
repeatability is required for long term monitoring, the UPV
transmission path must be precisely duplicated, using fixed,
permanent reference points. Accuracy of calculated velocity
depends on the accuracy of path length measurement, angle
between transducers, and diameter of transducer faces. Most
accurate when transducers are on opposite, parallel faces of
test piece (direct path). Less accurate on faces at 90° to
each other, ie. corners (semi~direct). Least accurate when
both transducers are on the same face, (indirect path).

Steel close to, and parallel to the transit path can
cause error due to its higher UPV, compared with concrete.
Steel extending across a crack can transmit the pulse and
'hide' the crack if the test is made too close to the steel.

Sonic-logging : Can be used to apply the UPV test in many
inaccessible areas, underwater etc. Transducers are sealed
probes lowered down preplaced access tubes or coreholes. The
probe cables are drawn over a special winch, which measures
and records the probe depth.

Sonic logging provides a continuous profile of transit
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time between the probes as they are withdrawn. Measurement
densities of up to two per vertical inch make the method less
susceptible to repeatability error caused by normal variation
in concrete quality than conventional UPV. It can be used in
coreholes extending through the foundation base to assess the
quality of the contact between bedrock and the foundation.

Mechanical Impedance : The test point is struck with a
small hammer containing a load-cell (force)}. The response is
monitored by geophone (velocity). The transducer signals are
captured by a data acquisition system, and processed by PC
computer. In the frequency domain, velocity is divided by
force to give the transfer function, or mechanical impedance
response graph, providing information on dynamic stiffness,
structural resonance, concrete quality and integrity.

The method can detect low density or honeycombed concrete
micro-cracking or delamination due to deterioration, and loss
of support or voids beneath concrete pavements, floors, dam
spillway linings and runways. It can be used to assess the
bonding of screeds, finishes, tiles, and asphalt overlays on
concrete,

Note: Specialist experience is needed for application and
and interpretation of the data. Transducers must be used on
a clean, sound surface, with no debris or flaking concrete.

Re-bar locator : Several proprietary devices use similar
methods to locate and map reinforcing and embedded steel. A
sensor coil, generating an electromagnetic field, is passed
over the surface of concrete or masonry. Magnetic material
entering the field will cause variations in the magnetic flux
that can be measured electronically.

From these measurements, the location and orientation of
the material can be determined. Some devices enable the size
and depth of cover to steel bars to be determined by using
spacer shims of known dimensions to increase the distance
between the transducer and the reinforcing steel, and then
comparing the measurements.

Note : The method uses electro-magnetism to detect the
target and can be 'blinded' by magnetic mass (steel beams,
columns or plates, magnetic aggregate). It may be unable to
discriminate individual bars if re-bar is bundled, or the
steel misplaced, and the bars are too close together.

Ground Penetrating Radar {GPR) : GPR systems send pulses

of microwave energy through the test piece. Some pulse energy
is reflected from the interfaces between different materials,
back to the surface, where it is recorded.

The method can be used to determine layer thicknesses if
correlation with a known depth sample is made. It can locate
embedded conduits and steel too deep for, or not detectable
by re-bar locators. In certain circumstances GPR can locate
or map the extent of voids or delaminations.
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Note: The pulse energy reflected depends on difference in
the dielectric constants of the materials at the interface,
and bulk conductivity. High conductivity materials dissipate
pulse energy as heat. The dielectric constant is the ratio of
pulse velocity in air to velocity through the test material.

Conductivity and velocity vary with moisture content and
density, therefore radar may not be able to detect interfaces
between saturated materials.

Half-cell Potential Test : Typical Half-cell probes may
be either a copper electrode in copper sulfate electrolyte,
or silver in silver chloride. Half-cells generate a known
reference voltage that can be used to assess the electrical
potential difference of any point on a concrete structure's
reinforcing steel.

Empirical evidence from research and commercial testing
has not yet proven any specific voltage at which corrosion
will occur, but it has been shown that the likelihood of
corrosion is proportional to potential difference. Mapping of
‘potential contours' for a structure readily identifies the
most 'active' areas, and so provides a focus for other test
and evaluation methods. Test results are usually analysed in
conjunction with Resistivity test data.

Bulk Resistivity : Resistivity testing measures the bulk
resistance of the concrete to the flow of the electrical
currents necessary for electrolytic corrosion. An array of
two or four electrodes in contact with the concrete surface
pass an alternating current using the concrete to complete
the electrical circuit. According to the type, the device may
use a constant current, and measure voltage loss, Or measure
the amount of current required to maintain constant voltage.

Resistivity measurements should be correlated with half-
cell potential data to determine the likelihood of corrosion
activity. Again, the data is empirical, but experience has
shown that high resistivity is associated with low corrosion
risk and vice-versa.

Note : Electrical resistance of a material is affected by
moisture content. In dry conditions, Half-cell or resitivity
tests may show no evidence of corrosion risk, even where the
process is well advanced. Tests should planned for wet parts
of the year, or after thorough wetting of the structure.

Caution must be used when using the methods on structures
with post-tensioning tendons. Usually the tendons do not have
intimate contact with the concrete. Test results for concrete
and reinforcing steel around tendon ducts may not be relevant
to the condition of the tendons themselves.

Pagsive monitoring

If effective repairs are to be made, the engineer must
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know if any cracks in the structure are still active as load
or climate condition changes, and therefore likely to recur
in any repair material at some later date. Much information
can be gathered from visual inspection and what are referred
to as 'Passive' monitoring methods. These include devices
such as tell-tale plates, crack monitoring gages, and other
movement measurement instruments.

Visual inspection : A key part of a structural evaluation
is the visual inspection. It is used to establish reference
points and select sites for other tests. The comparison of
test results from apparently sound areas with those from the
damaged areas will often provide much useful information in
later analysis. Exposure conditions, the prevailing weather
patterns and construction details such as overhangs, ledges
and joints are all considered when analysing test results.

In addition to noting surface anomalies such as spalling,
stains, pitting, and effloresence (furry or scaly deposits)
crack size should be measured, using a calibrated pocket
microscope. Any deposits or gel in the cracks will also be
seen with this device.

Tell-tale plates : The simplest crack monitors are thin
glass plates glued across the crack. Any crack movement will
break the glass. A more sophisticated unit is the Avongard
monitor, which consists of two acrylic plates. One is etched
with a fine grid pattern, the other with a simple cross-hair
marking. The plates are glued either side of the crack, the
cross-hairs overlappping the grid, and centered on it. Any
subsequent movement of the sides of the crack can be measured
from the position of the cross-hairs on the grid.

Strain gages : These may be electrical or mechanical, and
are used to monitor relatively slow movement across or around
cracks as load or thermal stresses change. They can therefore
provide 'spot' measurements, or record a history of movement
over time, when coupled to a suitable data-logging system.

Acoustic Emission : change in load or temperature induces
stresses in a structure that can result in minute movements
of the structural material around such anomalies as cracks,
voids, or inclusions. These movements generate acoustic noise
that can be monitored and recorded. Analysis of the data can
characterize each noise source 'signature', by amplitude for
a given stress, and frequency content. Once the base-1line
signature for a point on the structure has been established,
changes in the signature, either in frequency content or in
amplitude, will indicate a corresponding change in structural
condition, such as an increase in crack length.

Settlement : If settlement may have caused cracking, more
complex devices, ie. extensometers or inclinometers, may be
used to monitor the movement over time, to determine if it is
on-going, before an effective repair strategy can be planned.
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Recent Developments

There have been significant developments in this field,
particularly in the last two to three years. The increasing
power and portability of PC type computers has had a profound
effect on test methods, increasing speed, data accuracy and
reliability, and reducing costs. Data processing methods on
modern PC's have greatly increased the information available
in the field from techniques such as Sonic Logging, Ground
Penetrating Radar, and Mechanical Impedance tests. Data from
methods such as Half-cell Potential and Resistivity tests can
be presented as simple 'contour' maps of the structure, that
show areas of high and low activity with clarity.

Researchers at Cornell University, funded in part by the
Strategic Highway Research Program, have developed a simple
in-situ test to identify the presence of ASR without the need
for core-drilling. [5] The method can provide an important
'early warning' of ASR before visible damage occurs. A number
of researchers are also currently evaluating methods for the
determination of the chloride content of in-situ concrete.

There are ongoing research and development programs for
high-speed pavement condition measurement systems, some of
which have shown the capability of locating the cracks and
delamination caused by corrosion in bridge decks etc. The
methods under investigation include Infra-Red Radiation,
Radar, Stress Wave Analysis and Deflection. Several papers
were given on the subject at the Transportation Research
Board meeting in Washington DC, January 1991. [6]

One of the difficulties facing the engineer in trying to
carry out a preliminary inspection on a large structure is
that of access. Where parts of the structure are beyond the
reach of mobile platforms, and scaffolding is too costly,
such surveys are often carried out solely by observation
through binoculars. A number of agencies and universities in
the USA, England, and France are currently working on the
development of robotic devices that can not only carry a
video-camera to record surface detail, but also carry out a
number of other sampling procedures or non-destructive tests.

CONCIUSION - PLANNING AN INSPECTION PROGRAM

Though not a complete list of methods or capabilities,
this paper has presented a brief review of the techniques
currently available in the United States to predict and
evaluate corrosion damage to concrete, and the reasons for
their use. An informed choice of test and inspection methods
can make assessments more accurate and economical, and can
make maintenance more effective. An article in Hydro-review
Journal recently gave some case histories and typical test
program combinations for concrete structures.[7]

With an understanding of the causes of deterioration, and
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by knowing the capabilities and limitations of the technology
available, the engineer can plan an inspection program that
will yield a maximum of information. Quality of construction
and repairs can be monitored, and scheduling of maintenance
needs can be carried out more objectively with information
gathered by such programs.

Though the general deterioration of infrastructure is of
widespread concern, local circumstances can mean that some
structures face unique construction and operational problems,
such as composition of locally mined aggregates, impact from
marine vessels, or chemically contaminated atmosphere. Having
identified the cause and mechanism of deterioration on any
particular structure, the engineer is better able to design
the rehabilitation works or replacement project specifically
to counter the local influences of environmental conditions,
materials properties, or unusual operational requirements.
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ABSTRACT: Organlc coatlngs are increasingly be1ng used to
control corrosion of reinforcing bars but relatively 1little
importance has been given to their effect on the mechanical
properties of reinforced concrete elements. This study
evaluates the bond 1loss of coated rebars with respect to
uncoated rebars using pull-out tests on 0.15 m x 0.30 m.
cyllnders and in 0.66 m (length) x 0.15 m (width) x 0.20
m. (helght) beams. Three thicknesses of epoxy coatlngs were
tested in both, cylinders and beams. Six thicknesses of
alkyd coatings were tested only in cylinders. There were
also tests on cylinders and beams with uncoated rebars.
Average losses of bond strength for #3 and #4 bar sizes with
respect to the uncoated ones were, respectlvely, 13% and 15%
for beams, 25% and 27% for cylinders using epoxy coatings
and, 29% and 35% for cylinders using alkyd paints.

KEYWORDB: epoxy coatings, alkyd paints, bond loss, pullout
test, flexion test, bond stress, anchorage length.

Premature deterioration of concrete structures due to
corrosion is very common in bridge decks, parklng garages,
building structures and in general, where de-icing salts may
occur [1]. In coastal regions the problem is of particular
importance because the infrastructure is exposed to salt
spray or to sea water during practlcally all the year. 1In
tropical countrles the problem is very complicated, because
the corrosion damages are accelerated due to very h1gh
temperatures which may reach 40°C in the shade and very high
levels of relative humidity, which can range from 100% to
60% depending on the time of day and on the season of the
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C.P. 97310 Mérida, Yucatan, México.
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year.

Organic coated bars are bein used increasingly to
prov1de protectlon against corrosion. Epoxy coated
reinforcing bars are especially recommended for marine
environments. Although the performance to date in highway
bridge decks has been reported to be successful [2,3],
severe corrosion of epoxy-coated rebars has been descrlbed
in the substructure of four major bridges in the Florida
keys after six to ten year of service [(4].

The coating aplication is specified by the ASTM
Standard Specification for Epoxy-Coated Relnfor01ng Steel
Bars (A775/A775M). Section Al.2 of this spe01flcatlon
states that other organlc coatings may be used prov1ded they
meet the appropiate requirements. Because alkyd paints are
cheaper than epoxy, the former are prefered, partlcularly in
the Yucatan, for repairing small houses of private users
where no large buildings or companies are 1nvolved. In each
case, a strong bond between concrete and steel is essential.
The ASTM A775/A775M recommends that the mean critical bond
for coated bars shall not be 1less than 80% of the mean
strength for uncoated bars. Coating effects which decrease
the bond performance might be corrected by anchorage. In
Mexico arbitrary criteria are followed of palntlng rebars
and there are no regional studies to 1nvest1gate the
corrosion performance of the applied coating to inform the
englneers if there 1is an effective protection against
corrosion or, on the contrary, if the bond between concrete
and steel is affected in a critical manner. In any case,
the coatings are increasingly being applied by local
operators and the scope of this study is to evaluate the
loss of adherence when the reinforcing steel is painted.

Previously Treece and Jirsa [5] studied the bond
between concrete and coated reinforced steel. They tested
21 beams comparing the bond strength of coated bars with
respect to that of wuncoated bars. They used spliced bar
sizes #6 or #11. 1In our case #3 and #4 non-spliced bar
sizes were used (most common sizes used in dwelllngs here).
Thicknesses of epoxy coatings were the same in both cases.
We prepared 9 beams to be tested for each size of bar, three
with 0.100 mm coating, three with 0.182mm coating and three
without coating.

Mathey and Clifton (6] tested 28 #6 bars embedded in
large concrete prisms and subjected them to axial pull out
tests. In our case, 11 #3 and 11 #4 bars embedded 1in short
cylinders of concrete were subjected to similar pull out
tests. Three thicknesses of epoxy coatings (between 0.100mm
and 0.182 mm) were tested. 1In both, beams and cylinders we
used NAPKO 4326 epoxy with 25% thinner (NAPKO 4026).

Previous studies related to the application of alkyd
paints to protect the steel were not found in the
literature. 1In this work, 42 cyllnders were tested, 21 for
each bar size. We used 6 dlfferent thicknesses of coatings
(between 0.070 mm and 0.232mm) and they were selected on the
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basis of their most common use in our region.
EXPERIMENTAL
Material

Portland cement type I was used. Re1nforc1ng steel and
the aggregates for the concrete were provided by local
factories. The material characteristics were obtained from
the suppliers. .

Coating Preparation and Application
An alkyd paint from a local producer (REX) was used.

The epoxy paint is based on a vinyl-epoxy primer NAPKO
4161 and a finish layer-NAPKO 4326. The sample surface was
cleaned in accordance with the Specification SSPC-SP Near-
White Blas Cleaning and after that the samples were
suspended with a cord. With the nozzle of an air gun 30 cm
away from the samples, the application of the paint was
carried out. The application rate was always uniform
beginning at the top and ending at the botton of the bars.
In order to measure the coating thickness obtained after the
paint application, small cyllndrlcal samples (2 cm 1long)
were put on the bars 1mmed1at1y before they were coated,
F1g. . The coating thicknesses on the bars were measured
with help of these cylindrical samples using a microscope
with micrometer.

FIG. 1- Sample position durlng
the paint operation.

Preparation and Cure of Samples

Ccilinders--The sample preparatlon was performed using
iron molds for standard cylinders. A device was placed on
the top of the cylinder in order to maintain the bar on the
cylinder axis during the casting operation. The diameter of
the cylinder was 15 cm and its length was also 15 cm, e. dg.
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a length-diameter ratio equal to 1:1. Dimensions like these
are recommended by Basant [7], in order to assure adherence
failure for the specimens. The 1length of the bars (70 cm)
was selected due to the requirements for the placement of
the specimens during the pull out tests on the test machine.

A migture was designed to obtain a concrete strength of
200 Kg/cm The concrete mixture was prepared in a mixing
machine with capacity for 12.5 Kg of cement and the
necessary quantity of aggregates and water. A different
batch was prepared for each coating thickness. Six
spec1mens were prepared for pull out tests and two for
compresion tests. Previous to the casting of the specimens
a 5cm x 5 cm plate was put in the mold bottom, to be used
to fix a micrometer during the mechanical tests. After
casting the specimens, the concrete length was recorded.

The samples were removed from the molds after 24 hours
and cured by immersion in a solution of water and 2% NacCl
for 27 days. Immediately after the curing period the
spec1mens were removal from the curing bath, theilr surfaces
were dried and they were prepared for the mechanical tests.

Beams--The preparation of the beams was carried out
using wooden molds and two sets of concrete castings. The
cure procedure for the beam specimens consisted of wetting
them continously for 27 days.

Mechanical Tests

The mechanical tests were performed using a Universal
%achlne from Forney Testing Machines with a capacity of 180
on.

FIG. 2~ Experimental arrangement
for pull out tests.
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Cylinders--For the pull out test the cylinder bases,
were leveled with sulphur powder [6]. A square plate with a
drilled hole in the center was put on the loaded-end of the
specimen in order to get a better distribution of the
applied load. Through the hole of the plate a device was
fixed to the bar, which was in contact with a micrometer
used to measure the bar slips. The specimens were
positioned on the test machine at the same time that a
micrometer was installed on the free-end of the specimen
Fig. 2.

The standard ASTM A775/A775M specifies that the
critical bond strength is the smaller of the stress
corresponding to a free-end slip of 0.05 mm or to a loaded-
end slip of 0.25 mm. Nevertheless, it is important to
remark that some authors [8 consider the wultimate bond
stress as important as the critical stress, because at least
in theory, this is the largest stress that the element can
resist.

Initially 100 Kg was applied through the test machine,
by this load the micrometers were calibrated to zero and a
constant load of 200 Kg per min [9] was then applied. This
procedure allowed to take readings from the micrometers for
each load increment of 100 Kg.

Beams-—-Flexure tests were performed only on beams. The
test was conducted applying the 1load to two-thirds of the
beam length. A device, shown in Fig. 3, which includes an
I-beam and load plates (supports), was used to assure that
the applied loads were vertical to the beams, e.g. without
eccentricities.

FIG. 3- Experimental arrangement
for flexure tests.
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After placing the specimen on the test machine a load
was applied which was 50% less than the calculated value of
the necessary load to produce a specimen failure, followed
by load increments of 100 Kg each min. The beam deflections
in the center of the beam length, the maximum applied load,
the failure type and the crack patterns were recorded.

RESULTS AND DISCUSSION

Cylinders

The cylinders failed by fracturing into 2 or 3 parts.
Cases of failure by slipping appeared with more frequency in
the cylinders with alkyd coating than in the epoxy coated
ones. To evaluate the bond 1loss during the test, the
critical load corresponding to slips of 0.05 mm in the free
end gf the specimens were used. Tables 1 and 2 show these
results.

The average length the cylinders was obtained for each
bar size and thickness of coating. This average corresponds
to the anchorage length (1d). With these data and the pull
out loads the bond stresses, u were obtained from {8],

14 Zo

where:
u4 = Bond stress, Kg/cmz,
T = Pull out critical load, Kqg,
ld = Anchorage length, cm, .
Yo = Summation of Perimeters of the cross-sections of

the embedded bars in the cylinder, cm.

The average of the critical bond stresses obtained from
three specimens with the same thickness of coating in the
steel were corrected by a normalizing factor for the
concrete strength, given as

fc = [;'c/f'c]z (2)
where:
fc = Normalizing factor,
;'c = Average compression strength of concrete, Kg/cmzr
f'c = IndiX%dual compression strength of concrete,

Kg/cm
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TABLE 1.- Specimen data and bond 1loss for alkyd coated
reinforcing bars (cylinders).

Bar coating load B.L.

Num. Thick., 1d, ({crit.), f'c, %, B.L., (Corr.),
um cm Kg Kg/cm2 Kg/cm? % %

0 15.6 3176 185 68 0 0

70 15.5 2517 226 54 20 13

103 15.6 2266 210 48 28 24

3 137 15.5 2333 193 50 26 26

168 15.6 2266 224 48 28 28

197 15.6 1467 216 31 54 54

233 15.8 1500 210 32 53 53

0 15.7 3500 185 51 0 0

70 15.6 2600 226 42 27 15

103 15.5 2133 210 34 40 25

4 137 15.5 2500 193 40 29 30

168 15.4 2033 224 33 42 42

197 15.6 2033 216 33 43 43

233 15.7 1633 210 27 54 54

Table 2.- Specimen data and bond 1loss for epoxy coated
reinforcing bars (cylinders).

Bar coating
Num. Thick., 1d, load f'c, u, B.L.
pm cm Kg Kg/cm2 Kg/cm2 %
0 15.3 3176 185 71 0
100 15.4 2700 193 60 15
3 132 15.2 2276 212 52 25
182 15.2 2250 226 47 34
0 15.7 3500 185 52 0
100 15.6 2466 193 42 19
4 132 15.6 2500 212 39 25
182 15.2 2250 226 35 33

This factor was used because the concrete strength has
a strong influence between the concrete and the steel. As
it can be seen in tables 1 and 2, values for f'c varied to
some extent.

After correcting for the concrete strength, rebars with
the critical bond strength for epoxy, alkyd coated and
uncoated samples were calculated and the relative bond loss
was evaluated according to
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EC
B.L., = 1 - — x 100 (3)
WEC

where:
B.L. = Relative percentage of bond loss, %, 5
E.C. = Bond stress in bars with epoxy coatings, Kg-cm<,
W.E.C.= BoBd stress 1in bars without epoxy coatings, Kg-

The relative bond loss due to alkyd paints are shown in
table 1. It seems in some cases that there is no influence
of the coating thicknesses. For example we have coatings of
103 pm and 137 um with bond loss of 28% and 26% respectively
for bars of 9.5 mm (3/8"). However, a careful analysis of
the tested speclmens made clear that there were two effects
not considered in the calculated relative bond stresses.
One of these effects is the angle 6 that can exist between
the cylinder axis and the embedded bar, Fig. 4.

FIG. 4- Eccentricity of bars in
concrete cylinders.

This causes the anchorage length (1d) to be increased
to a value given by 1'd = 1d/cos¢. In other cases it was
observed that a bar portion was smooth in the region where
the manufacturer placed the trade mark. In these cases the
anchorage length was diminished by a factor that could be
measured and that in some cases reached up to 25% of 1d.
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Using the corrected anchorage 1length in eq.1, in the
cases where the described effects were observed, the data in
table 1 were reevaluated. The bond loss versus alkyd
coating thickness for #3 and #4 bars are given in Flg. 5 and
6. The straigth lines fitted to the experimental points by
the least square method are:

B.L. = 0.21x - 1.24 for #3 bars (4)
B.L. = 0.23x - 0.61 for #4 bars (5)
where:
B.L. = Percentage of relative bond loss, %,
X = Coating thickness, um.

the relation 4 has a correlation coefficient of r=0.97,
while the correlation coefficient for the relation 5 is
r=0,95

It can be observed that the relative bond 1losses were
less than 20% for thicknesses up to 100 um and 85 um for
bars #3 and # 4, respectively. According to ASTM A 775/A
775M anchorage corrections are not necessary for these
coating thicknesses, while for large coating thicknesses,
they are necessary.

As can be seen in table 2, the relative bond losses for
epoxy coatings increase gradually as the thickness
increases. This tendency is repeated in both bar sizes.
Fig. 7 and 8 show a linear regress1on for the #3 and #4
bars respectively. The straight 1line obtained by the least
square method are:

B.L.
B.L.

0.19x - 0.99 for #3 bars (6)
0.18x + 0.33 for #4 bars (7)

The coeficient of correlation in both cases 1is 0.99.
These data suggest a linear dependence for the bond losses
as a function of coatlng thickness. However, the quantlty
of the studied specimens was relatlvely small and it will be
necessary to study more coating thicknesses to revalidate

equations 6 and 7. We believe that the bar becomes more

"smooth" as the thickness of the coating is increased and
the bond loss will tend to 100%. This tendency can not be
verified from the data in tables 1 and 2.

As can be seen, the relative bond 1losses are
practically independent of the bar sizes. This observation
agrees with the results of Treece and Jirsa [5]. Using this
fact a general average of 34% is obtained for the bond loss
for the bar sizes taken together. It is necessary for these
cases, to multiply the anchorage length by the factor fo

where

fo = (8)



MALDONADO ET AL. ON REINFORCEMENT REBARS AND CONCRETE 381

60
55 pre
50
45
40
35
30
25 =
20-
15-
10
5._.
0 T l T T T -1 T T T

0 25 50 75 100 125 150 175 200 225 250

Alkyd coating thickness, pm

7%

Bond loss,

FIG. 5 - Bond loss versus alkyd coating
thickness for # 3 bars.

60
55
50
45-
40-
35
30
25
20+
15
10
5_
0

%

Bond loss,

T T T T T T 1 T
0 25 50 75 100 125 150 175 200 225 250

Alkyd coating thickness, pm

FIG. 6 - Bond loss versus alkyd coating
thickness for # 4 bars.



382 CORROSION FORMS AND CONTROL FOR INFRASTRUCTURE

35

LA Ccylinders -+ Beanms l
30
N
25+
0)
n 20
O
p—d
154 +
E
Cg 10 +
5]
o .
0 20 40 60 80 100 120 140 160 180 200
Epoxy coating thickness, pm
FIG. 7 - Bond loss versus epoxy coating thickness
for # 3 bars. Fitting was done only for cylinders.
35
A cylind + Beams
30-l7 ylinders _l
NN
25+
0]
n 204
0
[am]
754
i
o 10
s} 5]
[v) T

T 1 1

1 ¥
& 20 40 60 80 100 120 140 160 180 200

Epoxy coating thickness, pm

FIG. 8 - Bond loss versus epoxy coating thickness
for # 4 bars. Fitting was done only for cylinders.



MALDONADO ET AL. ON REINFORCEMENT REBARS AND CONCRETE 383

Beams (Flexure test)

Eighteen flexure tests were made in beams and the epoxy
coating thicknesses were 100 um and 182 um for each bar
size. The theoretical stress u4 that the beams should
resist was calculated by [8,10]

Mu (9)

bg = —————
t 21dZo

In the equation (9) Z is the length of the torque that
forms the components of the tension and compression forces
acting on the beam.

and
Mu = Ultimate theoretical moment, Kg-cm,
B = Average beam width, cm,
d“ = Beam cross-section where reinforcing bars are
embedded, cm2,
W = Reinforcement index (Rebar cross-section to Beam

cross—-section ratio).

The bond stress u, for the tested beams was obtained
using equation (1). The average bond stress from the three
specimens studied with the same thickness of coating on the
rebars was corrected by a normalizing factor for the
concrete strength through equation (2). Then the bond
efficiency (B.E.) was calculated from

u (test)
B.E. = (10)
Bt (theorical

Finally, the relative percentage of bond loss (B.L.) of
the beams can be defined as

B.Ec.

) x 100 (11)

where

B.Ec.
B.Ew.

bond efficiency of beams with coated rebars.
bond efficiency of beams with uncoated rebars.
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The resulting relative bond 1losses for the beams are
given in table 3.

Figs. 7 and 8 show the experimental polnts for beams.
Because we have only 1nvest1gated two coatlng thicknesses,
it was not possible to verify if there is any correlation
between the coating thicknesses and the relative bond
losses. It can be seen that, in both cases, the relative
bond loss is less than 20%.

Table 3.- Spe01men data and relative bond loss for epoxy-
coated reinforcing bars (beams).

Bar coating load load 4 B.L.
Num. (Thick.) 1d f'c _(Theo.) (Exp.) (Theo é (Exp.% %
um cm Kg/cm2 Kg Kg Kg/cm Kg/cm
0 22 167 4125 5000 43 53 -
3 100 22 167 4220 4333 43 47 10
182 22 167 4304 3966 44 45 15
0 22 167 7328 5866 56 45 -
4 100 22 167 7439 4850 56 40 10
182 22 167 7338 4200 56 36 21
CONCLUSIONS

Average bond losses for #3 and #4 bar sizes with
respect to the uncoated ones were, respectlvely, 13% and 16%
for beams, 25% and 26% for cylinders using epoxy coatings
and 33% and 35% for cylinders using alkyd paints.

The relative bond losses for alkyd and epoxy coated
rebars in cylinders are a linear function of the coating
thicknesses.

REFERENCES
[1] Locke, C.E. and Slman, A., "Electrochemlstry of
Relnfor01ng Steel in sSsalt- Contamlnated Concrete", in

Corrosion of Reinforcing Steel in Concrete, ASTM STP 713
D.E. Tonini and J.M. Gaidis, Eds., American Society for
Testing and Materials, 1980, pp. 3-16.

[2] Gustafson, D., "Epoxy Update", (Civil Engineering 58,
October 1988, pp. 38.

[3] Malasheskie, G., Maver, D., Mellot, D., Arellano J.
"Bridge Deck Protective Systems" Report FHWA-PA-88-
001+85-17, Pennsylvania Dept. of Transportation,
National Tech Info. Center, Springfield, VA, July,
1988.



[4]

(5]

(6]

(71

(8]

(9]

MALDONADO ET AL. ON REINFORCEMENT REBARS AND CONCRETE 385

Sagiiéz, A.A., Pérez-Durén, H.M. and Powers, R.G.
"Corrosion Performance of Epoxy-Coated Reinforcing Steel
in Marine Substructure Service', Corrosion, Nov. 1991,
PpP. 884-893.

Treece, R.A. and Jirsa, J.0. "Bond Strength of EpoXy-
Coated Reinforcing Bars". ACI Material Journal, 1989,
pp. 162-167.

Mathey, G.R. and Clifton, R.J. "Bond Strength of Epoxy-
Coated Reinforcing Bars" in Concrete, Journal of the
Structural Division. Proceedings, ASCE, Vol. 102 STI,
Jan. 1976, pp. 215-229.

Bazant, P.Z. and Siddik Sener. "Size Effect in Pull out
Tests", ACI Materials Journal, Sep/Oct, 1988, pp. 347-
351.

Johnston, W., and 2ia, P., "Bond Characteristics of
Epoxy Coated Reinforcing Bars", Report No. FHWA-NC-82-
002, Federal Highway Administration, Washington, D.C.,
1982, pp. 163.

Park, R. and Paulay T. Reinforced Concrete Structures,
first Ed. 1978 (in Spanish).

[10] Bresler, B. Reinforced Concrete in Engineering, Vol. I,

LIMUSA, México, 1981 (in Spanish).



Gareth John, Bill Leppard & Brian Wyatt.

REPAIR AND CATHODIC PROTECTION OF CORROSION DAMAGED REINFORCED CONCRETE
WHARVES IN THE MIDDLE EAST

REFERENCE: John, D.G. Leppard, N.W. & Wyatt, B.S., "REPAIR
OF CORROSION DAMAGED REINFORCED CONCRETE WHARVES USING
CATHODIC PROTECTION IN THE MIDDLE EAST", Corrosion Forms and
Control for Infrastructure, ASTM STP 1137, Victor Chaker, Ed.
American Society for Testing and Materials, Philadelphia,
1992.

ABSTRACT: The deep water port of Mina Zayed, Abu Dhabi, was
constructed between 1970 and 1978 and consists of pre-cast
reinforced concrete beams and slabs with in situ concrete
topping, supported by tubular steel piles. The first signs
of deterioration were recorded in 1977, evidenced by cracking
of the lower corners of the pre-cast beams. A number of
detailed inspections were carried out during 1979, 1983, 1985
and 1987, allowing a study of the progressive deterioration
to be recorded.

This paper summarises the construction of the port, the
deterioration that occurred and the repair/rehabilitation
procedure used. An impressed current cathodic protection
system incorporating metal oxide coated titanium mesh in a
sprayed concrete overlay was used to prevent further
deterioration. The system incorporated 83 individual units
providing protection to over 11,000 m2 (121,000 ft2z) of
concrete,

A particular problem associated with interference in the
polarisation/de-polarisation of the reinforcing steel due to
large repaired areas was noted during the repair work and is
summarised in this paper.

KEYWORDS: Repair of reinforced concrete, cathodic protection,
sprayed concrete, performance criteria.
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HISTORICAL BACKGROUND

The deep water port of Mina Zayed, Abu Dhabj in the Arabian Gulf coast
was designed in 1968 and was planned to be built in phases, with the
first phase utilising a dredged channel, serving an existing Jetty,
whilst the deep water channel was dredged on a new alignment. It was
planned that the port would eventually comprise 29 wharves with a

berthing face of approximately 6 kilometres. The present layout is shown
in Figure 1.

Wharf sub—structure

~athodic protection

Flour
Miil
East Breakwater
Main Future
Breakwate Development

NW )
Breakwat

Figure 1. General Layout of Mina Zayed
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Construction started in 1971 and continued in phases until 1979, In
order to minimise the construction period, it was decided to construct
the wharves of pre-cast units supported on tubular steel piles with in
situ concrete pile caps. This basic concept was used on all wharves with
the exception of 10, 11, 12 and part of 13 which form the shallower small
craft basin.

Having driven the tubular steel piles pile caps {which incorporate a
pre-cast annular pile muff) were cast onto the piles. The pre-cast beams
were then placed on the caps and the slabs on the beams. Additional top
steel was then placed in the in situ upper part of the beams. The
concrete infill above the pile cap and between the slabs was then placed
allowing the slabs to be cast integral with the beams and the beams to
become continuous over the pile caps. The space between the annular
muffs and the piles was filled with grout. The space between the wharf
surfacing and the structural slab was filled with dredged fil11. A
typical wharf section is shown in Figure 2.

The front of all wharves have a pre-cast vertical coping unit from the
deck surface at elevation of +3.66m with respect to Abu Dhabi Chart Datum
(ACD) down to +0.5m ACD and this unit supports the tubular rubber fender.
To the rear, beneath the wharf structure, there is a sloping rubble bank
on wharves 1, 2, 4, 13 to 17, 20 and 21. On wharves 3, 18 and 19, there
is a sheet pile retaining wall. On wharves 5 to 9 the natural dredged
slope is protected by a sheet pile wall driven behind the cope beam. The
North East 26 m of wharf 19 is constructed slightly differently in that
the supporting beams (equivalent to beams B2, B4 and B5 in Figure 2), the
lower level slabs and the pile caps are all cast in situ.

The soffits of all the supporting beams {except for the North East end
of wharf 19) are at an elevation of +2.13m ACD. A study of the tide
tables shows that high water level is above the beam soffit for several
days during eight months of each year, that is the beam soffits are
submerged for short periods regularly. The base of the pile muffs and
front coping are below mean low water level and remain immersed on all
but a few tides per year. Mean high water level is above the base of all
the pile caps and is also above the soffits of the low level beams under
Wharf 19, hence these sections of the structure are wetted on the
majority of tides.

In summary, the coping units, pile caps and muffs and the low level
beams of wharf 19 are all regularly immersed and, given the high relative
humidity in the enclosed substructure and the tidal intervals, do not dry
out. The beams are cycled through the immersion and draining process
regularly while the slabs are only wetted in exceptional circumstances.

During the construction of Mina Zayed, stringent quality control
standards were maintained. Particular care was taken with respect to the
prevention of chloride contamination 1in the cement, sand, coarse
aggregate and water. Chloride tests were carried out on all aggregates
used from early 1974. Typical values for chloride content of fine and
coarse aggregates used during the period 1974-78 were between less than
0.01% and 0.02% (expressed as NaCl) by weight of aggregate. In addition,
water:cement ratio requirements were maintained to rigorous standard
(especially low for the years the wharves were constructed) and were
generally kept below 0.45. Finally, a minimum of 60 mm of concrete cover
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was provided for on all substructure members. This was increased to 80
mm for wharves 1, 2, 3, 20 and 21. However, from the mid 1970's onwards
it was apparent that these measures would not necessarily prevent the
intrusion of chloride ions into the concrete and to the steel
reinforcement surfaces with time.

Unfortunately, the environmental conditions surrounding the port are
probably as severe as can be expected anywhere in the world. During the
summer months the day time temperature approaches 45°C (114°F) with an
atmospheric humidity approaching 100%. Temperatures under the wharf
structure appear to remain at a constant 40°C to 43°C (105°F to 110°F)
and due to the cope beam preventing effective ventilation the relative
humidity remains high all year.

DETERIORATION

The first indication of distress to the pre-cast beams was noticed in
1977. This was evident by cracking of the lower corner of a number of
beams under wharf 4. A typical example of such damage is shown in Figure
3.

Detailed inspections were carried out in 1979, 1983, 1985 and 1987.
These allowed a clear picture of the progressive rates of the
deterioration, since the wharves are of different ages, but all
constructed to similar standards. Full details of the result of the
inspection have been presented elsewhere [1]. The general results and
conclusions from the 1987 survey are summarised below for the different
components forming the wharves.

Figure 3. Example of typical damage to Tlower corner of reinforced
concrete beams. Note cracking.
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Pre-cast Beams

The main deterioration was to the pre-cast support beams located in
the higher tidal range, as shown in Figure 3. The soffit of these beams
is located at +2.13m ACD and the lower reinforcing steel all show active
corrosion due to chloride ingress. The older the beam, the most severe
the corrosion damage. For the newer wharves (1, 2, 3, 20 and 21) only
limited cracking and delamination of the beams has occurred. However,
for the older wharves (14 to 19 and 4 to 9) the extent of cracking and
delamination is severe, with concrete spalling off some beams from the
oldest wharves (4 to 3).

The reinforcing steel in the top of the bheam is in an essentially
chloride free environment (being above the highest high water) and
consequently is not corroding. This was confirmed by examination of
beams removed from wharf 4 for other works, which show clean, passivated
steel at the top of the beam (see Figure 4.)

Figure 4 Pre-cast beam removed after 15 years exposure showing
clean, passivated rebar in top portion of beam (left hand
side of photograph).

Pile Caps and Pile Muffs

The pile caps and pile muffs are located in the lower tidal range.
That is they are almost entirely located below mean water level, as shown
by the barnacle 1ine in Figure 5. The high humidity condition under the
deck means that the pile caps and pile muffs never dry out. Therefore
whilst the reinforcing steel is situated in a very high chloride
environment, it is oxygen starved. The result 1s no corrosion taking
place. This was confirmed by visual examination of pile caps and pile
muffs removed from wharf 4 as part of other works.
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These conditions also relate to the cast in situ beams located at the
north east end of wharf 19. These beam soffits are at an elevation of
+1.25m ACD and also exhibit no signs of deterioration. Additional
inspection carried out during the cathodic protection contract (see
below) confirmed these conclusions.

Figure 5. General Condition under wharves (Note barnacle 1ine on pile
caps).

Exterior Face of Coping Unit

The concrete forming the coping units, ladders and fender supports of
a number of wharves exhibited cracking particularly around the ladder
recesses (Figure 6) but also near the slab Jjoints (Figure 7). The
cracking did not extend below the level of extensive barnacle growth,
i.e. concrete is only distressed in the regions where it is regularly
dried by the sun and wind. It was also observed that cracking generally
originated from metal inserts, e.g. the cast in sockets for the fender
supports, although some of the damage was apparently due to impact on the
rubber fenders. The concrete on the facia of newer wharves did not show
signs of distress.,

In 1989 it was decided to replace the cope facing on wharf 5 in order
to re-fender with Tlarger fender units. During this exercise it was
discovered that the reinforcement below an elevation of +2.0m ACD showed
no signs of deterioration. The concrete and reinforcement was therefore
only replaced from +1.7m ACD to +3.66m ACD elevation.

Pre-cast Stab Soffits

Because the slabs generally are located well above the highest high
water level, there is no corrosion related damage to any slabs under any
of the wharves. However, as part of the detailed inspection carried out
during the repair cathodic protection contract under the end of wharf 19,
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Figure 6.

Cracks formed at

Ladder reccess.

Figure 7.

Cracks formed at
edge of Pre—cast

cope face.
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it was noted that the pre-cast slab soffits in the end bays exhibited
significant delaminations. Consequently, a further investigation into
the condition of the present slabs under Wharf 19 was carried out during
1989/90.

The results from the 1989/90 investigation gave very high chloride
levels were obtained for the slabs at the rear of wharf 19 in bays 1 to 8
and in the front in bays 6 to 15 (bays 1 to 5 have low level in situ
slabs between the front pile rows). Potential surveys carried out on the
pre-cast slabs gave results in the range -213 mV to -752 mV silver/silver
chloride for all slabs tested.

The above results are consistent with wave conditions observed under
wharf 19, where the waves at right angles to the berthing face are
restrained by the cut off at the end of the wharf. These waves are
generated by the wash from pilot and tug boats leaving and entering the
port.

RECOMMENDATIONS FOR REPAIR AND PROTECTION

Based on the various investigations it was decided in 1987 to proceed
with a contract to repair and cathodically protect the under deck beams
on wharves 14, 19, 3 and 21. A further phase to undertake similar works
on wharves 1, 2 and 20 is currently under consideration.

The repairs recommended were as follows:

Pre-cast beams with soffits at elevation +2.13m ACD: Repair of all
cracked and delaminated concrete by removal of concrete, cleaning of
reinforcement and replacement if necessary and replacement of concrete
cover with sprayed concrete, and installation of an impressed current
cathodic protection system utilising either a conductive polymeric wire
or metal oxide coated titanium mesh encased in sprayed concrete.

In situ beams and slabs under Wharf 19: Additional testing to confirm no
repair work or cathodic protection required.

Pre-cast Pile Caps, Pile Muffs and Interior Faces of Coping Units: No
repair work, impressed current Cathodic protection or concrete surface
sealant to be applied.

Exterior Face of Coping Units: Undertake conventional repairs to ladder
recesses by breaking out concrete and replacing reinforcement with epoxy
coated rebar. The replacement concrete to be coated with a monomeric
alkoxy silane. It was considered, at the time, that sprayed concrete
repairs would not be durable enough on the cope face.

Pre-cast Slabs: No protection/rehabilitation was regquired for the
majority of pre-cast slabs, with the exception of the slabs at the north
eastern ends of Wharves 19 and 21. This is because the slabs of the
ends of Wharves 19 and 21 exhibit different exposure conditions. In these
cases further testing was required to 1identify which slabs need
application of protective surface sealant (to prevent further ingress of
chlorides) and which need repair/rehabilitation.
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The repair works for Wharves 14, 19, 3 and 21 were carried out during
1989/91 and are detailed below:

DESCRIPTION OF REPAIR & CATHODIC PROTECTION SYSTEM ADOPTED

General

The rehabilitation system selected for the pre-cast beams under
wharves 3, 14, 19 and 21 was designed to incorporate sprayed concrete
(gunite) repair to the beams together with metal oxide coated titanium
mesh anodes placed on the repaired concrete surface and embedded in a
sprayed concrete overlay. The pre-cast slabs above the beams, together
with the pile caps & pile muffs below the beams were not included in the
system since they were not deteriorating (see above).

For convenience of control, the four wharves were sub-divided into
essentially similar units, each unit consisting of the beam forming two
bays, see Figure 8. The number of beams forming each unit varied from
wharf to wharf. Wharf 3 had three pile rows (hence typically 16 beams),
wharf 21 had four pile rows (hence typically 18 beams), whilst wharves 14
& 19 had five pile rows (hence typically 20 beams per unit). The number
of units in each wharf were 20 for wharf 3, 19 for wharf 14, 18 for wharf
9 and 26 for wharf 21. The total concrete surface area being protected
was over 11,000 m2 (121,000 ft2).
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Figure 8. Typical 'unit' for wharf 21. Each unit comprises 2 bays,
shaded areas are in-situ concrete over pile caps. Anode
mesh was applied to accessible side and soffit surfaces of
the beams.

Each unit is powered by independent transformer-recifiers, each rated
at 3 amps and 12 volts. Twelve transformer-rectifier units are located
in each housing, two each for wharves 3, 14 and 19 and three for wharf
21.
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The system is based on a design protection current density of 20 mA/m2
for embedded steel to be protected. This included steel in the main
beam, plus the additional steel located above the pile caps. It did not
include the back, inaccessible steel in beams B3 and B5 (see Figure 2).
The maximum current density for the anode was set at 110 mA/m2? anode
surface.

Up to six test electrodes {graphite} and one reference electrode
(double junction silver/silver chloride/potassium chloride) are installed
in each unit to allow measurement of polarisation and depolarisation.
Independent negative test cables are used to minimise any ohmic effect in
measurement. The design called for a 100 mV depolarisation test over 5
to 25 hours., However, problems associated with extensive repairs (see
later) led to the performance criteria being modified to allow
"instantaneous off" (IR) polarised potentials as an alternative.

To prevent possible problems with current dumping from the soffit
anode at high tides a current cut-off "float switch" was incorporated for
all wharves. The repair and installation process has been detailed
eisewhere [2] and is summarised below.

Preparation of Concrete

Prior to the application of the impressed current cathodic protection
system ‘the ‘support. -beams .of the structure were surveyed to locate
delaminations in the concrete. Delaminations were removed by mechanical
breaking. Electrical continuity provisions for the reinforcing steel
were made as described below. All surfaces were then abrasive blast
cleaned to expose aggregate and present a suitably roughened surface for
subsequent sprayed concrete adhesion, see Figure 9. A1l loose material
was pressure washed from the surface and the beams were pre-wetted in
preparation for a sprayed concrete repair or overlay.

Figure 9. Damaged Tower corner of beam removed and blast cleaned.
Bonding straps installed between beams
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Electrical Continuity and Negative Connections

Electrical continuity of bar to bar was found to be inadequate in
wharves 14, 19 and partially so in wharf 21. Continuity bars were welded
in place to ensure beam to beam continuity, bottom bar to bar continuity
and top to bottom bar continuity on all beams of wharves 14 and 19 and
part of wharf 21. For the remaining parts of wharf 21 and all of wharf 3
exposed bars were tested for continuity and the small number of these
showing bar to bar resistances in excess of 1 ohm had their continuity
restored by welded connections.

For each unit four negative power connections were made to the main
Tower longitudinal steel. The four connections were linked by cable to
form a "negative ring main". The two ends of the ring main cable were
then terminated at a dc junction box installed above the deck in suitable
pits.

For each unit, two further cables were attached to the steel
reinforcement in the same manner as the negative power cables, for use as
a non-current carrying cable for steel/concrete potential monitoring.
These two cables were then terminated at another junction box termed the
"reference electrode junction box", also installed above the deck in
suitable pits.

Concrete Repairs

The previously delaminated areas were repaired using sprayed concrete
(gunite). The surface preparation (as described above) ensured a clean,
non-friable, fully saturated surface prior to sprayed concrete repairs.
A1l sprayed concrete "nozzlemen" (the skilled operators with control of
water content and direction of placement of the sprayed concrete) were
previously subjected to individual approval for work on both soffits and
sides of beams to a high standard, as defined by the specification. The
repaired areas were cured for 7 days by covering with hessian (jute sack
cloth) and repeated wetting, with potable water. Over-spray and laitance
were removed by grit blasting and washing the surfaces with potable water
to remove any contamination left on the surface of the beams.

Installation of Monitoring Equipment

As noted above, graphite test electrodes and silver/silver
chloride/potassium chloride (Ag/AgC1/KC1) electrodes, were installed in
the substrate concrete. The reference electrodes were placed in pre-
drilled holes, 25 mm dia. x 100 mm deep into the existing concrete and
fixed a nominal 10 mm from the reinforcement steel with shrinkage
compensated mortar containing 3% chloride by weight of cement added as
sodium chloride.

Wherever possible reference electrodes were located at least 0.5 m
remote from areas of concrete repair. However, in many beams the amount
of corrosion damage and delamination was extensive and made this optimum
spacing impossible. The consequences of this are discussed later.
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Installation of Anode

The anode material used was the Eltech Systems Corporation Elgard mesh
Types 150 and 210. The anode material is expanded titanium coated with a
proprietary mixed metal oxide coating. Type 150 provides up to 16.3
mA/m2 current per concrete surface and Type 210 up to 23.1 mA/m2 at
maximum anode current densities of 110 mA/m2,

The anode mesh was secured to the beams by means of non-conductive
push pins fitted into pre-drilled holes in the concrete thus holding the
mesh firmly in place. Type 150 mesh was applied to the sides of beams,
wherever possible in a continuous length. Type 210 mesh was applied to
all soffits and corners of beams. At some locations of corners and
Joints more than one layer of Type 210 mesh was applied over the Type 150
mesh already installed on the beam sides, in order to provide adequate
cathodic protection current to the greater density of reinforcing steel
in these areas.

A positive ring main cable was established within each Unit with 4-6
(dependent on Unit size) separate anode/cable positive connections made
using a proprietary design of cable termination which utilised solid
round titanjum rod spot welded to the conductor strip {see Figure 10).

Figure 10. Anode mesh installed with power feed.

Cable Installation

A1l cables were fixed to the sides of the beams over the anode mesh
using the non-metallic push pins as fixings. A1l cables were spaced at
least 25 mm from each other to enable good sprayed concrete
application. Ten core instrument cable was run in ducts above the wharf
from each Reference Electrode Junction Box on each Unit and connected to
the appropriate Test Box located in suitable test pits.
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Final Inspection/Approval Before Overlay

After installation of all monitoring eguipment, anodes and cables, a
detailed inspection of each completed unit was undertaken. This
comprised a visual inspection of all installed items, measurements of
"natural" steel/concrete potentials using all reference electrodes and
continuity/insulation measurements for all power and test cables.

Sprayed Concrete Overlay Material

Upon approval of the installed cathodic protection for each unit from
the Resident Engineer, all the beams were coated with a sprayed concrete
overlay, incorporating the monitoring equipment, anode and cables, to a
nominal overlay thickness of 30 mm, minimum 25 mm. Prior to application
of the overlay all surfaces to receive it were saturated with fresh
water. The overlay was allowed to cure for 14 days prior to energising
the cathodic protection system. The curing period included 7 days under
wet hessian. The final system is shown in Figure 11.

Figure 11. Condition of beam after repair and installation of anode in
sprayed concrete overlay.

Transformer-Rectifier

Each unit on each wharf is powered from an individually controlled 3
ampere 12 volt transformer-rectifier. These transformer-rectifiers are
housed 1in Tlarge transformer-rectifier cabinets, each containing 12
individual units. In order to ensure that reverse current between anode
and steel could not occur a proprietary circuit was incorporated into
each unit which would detect the fault and disable the output if
incorrectly connected.
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Data Logging Equipment

A Global Surveyor™ portable data logger was provided for data logging
interrogation of transformer-rectifier dc voltage and current outputs and
steel/concrete potentials. The data Tlogger drives remote ON/OFF
switching circuits of the transformer-rectifier using a trailing cable.

The unit can collect 4 channels of data at the same time and is
provided with a manually switchable interface unit to allow interrogation
of the maximum 9 channels of data available at the cathodic protection
test boxes. The data logger is switchable between 10 and 1000 ohm input
impedance and has a data capacity of 256 Kb, sufficient for some 28,000
four channel data sets.

An IBM personal computer-based data management system was provided in
order to assist in the compilation and presentation of the commissioning
and operating data for the Mina Zayed Protection Systems.

Special Provisions

As a result of the early commissioning work on some units with greater
than anticipated concrete repairs, it was considered advisable that
additional electrodes and some corrosion coupons should be installed in
selected units. This was to enable additional data required for the
confirmation of satisfactory performance in the light of the difficulties
caused by the extensive concrete repairs as discussed before. The
additional electrodes and coupons were placed in selected beams within
the various units at locations selected to be; remote from concrete
repairs, close to concrete repairs, within concrete repairs.

The additional electrodes in these locations facilitated the easy
collection of additional ON, Instant OFF and Potential Decay data from
within these three categories within the beams.

Installation Programme

The working conditions under the wharf were very difficult. Access
was limited to designated entry points cut through the wharf deck at
nominal 30 metre intervals, all access being via temporary access
platforms that were submerged for some 10-18 hours/day, and by small
boats at low tide. Tidal working dictated as many as three separate
working periods in each 24 hour day.

Delamination Surveys

Delamination surveys were undertaken at 1 month, 3 months and in some
cases 12 months after completion of the sprayed concrete operations with
a final survey some 16 months after commissioning the cathodic protection
systems. These surveys detected very limited and isolated delaminations,
generally between the primary (repair) and secondary (overlay) sprayed
concrete.

The delaminations were corrected with resin injection following
surface potential measurements which proved that even at the largest
delamination full cathodic protection would be provided to the
reinforcement steel behind the resin injected area, due to the current
from adjacent areas of anode.
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The total extent of all delaminations was under 10 m2, with the
largest individual delamination measuring some 0.5-0.8 m2 in size.
Hence, the delaminations were less than 0.1% of the total area of sprayed
concrete.

There was no instance of either new delamination or growth of
previously detected delamination at the final delamination survey some 16
months after initial commissioning.

COMMISSIONING & PERFORMANCE OF CATHODIC PROTECTION SYSTEM

Commissioning Procedure

The commissioning procedure essentially followed that advised by the
Concrete Society/Institute of Corrosion 'Model Specification' [3] with
the as found potentials from the embedded test and reference electrodes
being recorded and system energised to produce a potential shift of
typically 300mV (measured with current ON, i.e. without IR correction).
The extent of polarisation was checked at 7, 10, 21 days before the
contract required test of 28 days.

After 28 days energisation the ON and instantaneous OFF (IR corrected)
potentials were recorded from all embedded electrodes. The system was
powered off and the resulting depolarisation was then determined after 4-
5 and 24-25 hours.

The original specification called for either a minimum 100 mV
depolarisation after 5 hours or 120 mV depolarisation after 25 hours.
For the majority of the test electrodes in the units this was achieved.
However, there were a number of test electrodes and units which, in the
early period following energisation were not meeting this requirement.
Detailed analysis of the results dindicated that the extent of
depolarisation achieved could be related to the extent of repairs carried
out.

Effect of Repairs on Polarisation

In order to determine the cause of the variations in depolarisation
from unit to unit, a detailed survey was carried out on a number of beams
using surface mounted (portable} reference electrodes (silver/ silver
chloride/potassium chloride).

Measurements when carried out on both sides and soffits of selected
beams at the location of the embedded test electrode and at other points
at beams. Beams were selected based on records of extent of repairs.
Also, as mentioned above, in some of the Tlater units additional test
electrodes, including macro cell (pick-up) probes were also installed.

The results of the detailed survey clearly confirmed the relationship
between extent of repair and polarisation/ depolarisation. Areas which
had only limited repair showed good levels of depolarisation (typically
100 mv to 200 mV) of the 5 to 25 hours, whilst areas with large repaired
sections often show little depolarisation (typically less than 30 mV)
after 5 to 25 hours, but did indicate highly negative instantaneous off
potential (typically more negative than -800 mV Ag/AgC1/KC1).
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Of specific interest were areas adjacent to large repaired sections.
In these cases the potential shift was sometimes negative (i.e.
increasing cathodic) on de-energising the system.

The "pick-up" probe results confirmed that repaired areas and areas
adjacent to repair were receiving cathodic protection current.

It was conciuded that the extent polarisation was influenced by the
nature of the repairs, since these often left large areas of reinforcing
steel which had had chloride contaminated corrosion product removed and
were now located in chloride free concrete. This compared to reinforcing
steel in unrepaired, originat concrete containing high chloride
concentrations.

This resulted in a large macro cell between the reinforcing steel in
the repaired area acting as a cathode (oxygen reduction reaction
predominating) and the reinforcing steel 1in the unrepaired/original
concrete acting as the anode (iron dissolution reaction predominating)
[4]. On application of cathodic protection the macro cell is suppressed
and corrosion of the rebar, in the original (unrepaired) concrete,
halted. On turning the cathodic protection current off (to obtain
depolarisation results) the macro cell switches back on. This had the
effect of either the measured depolarisation being very ‘'sluggish' or, in
some cases, being reversed (i.e. potential became more negative).

Revision of Performance Criteria

Based on the detailed results, a revised performance criteria was
devised. This stated that satisfactory protection was being afforded to
the embedded steel provided that one or more of the following criteria
are achieved for each unit.

a) depolarisation of at least 100 mV was achieved after 5 hours, or
b) depolarisation of at least 120 mV is achieved after 25 hours, or

c) an instantaneous off potential of more negative than -750 mv as
measured against a Ag/AgC1/KC1 surface mounted reference electrode,
or

d) an "instantaneous off" potential of more negative than -600 mV as
measured against an embedded Ag/AgC1/KC1 reference electrode.

CONCLUSIONS

The vrepair and cathodic protection system installed to the support
beams at Mina Zayed have been completely successful. A1l 83 units
throughout wharves 3, 14, 19 and 21 of Mina Zayed are operating
consistently and satisfactorily.

The effect of large areas of repairs on the subsequent
polarisation/depolarisation can significantly affect the results obtained
for both the repaired and non-repaired and interface regions and should
be considered in any performance criteria.
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The Mina Zayed (€49 Cathodic Protection System Contract can be
considered one of the most successful large cathodic protection system
integrated into a contract for the repair of corrosion damaged reinforced
concrete structures, especially when the difficulties of access and
working conditions are taken into account. The major key to this success
was the extraordinary extent of co-operation that existed between all
parties during the work.
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SUMMARY

Eugene J. Fasullo, Deputy Director of Engineering and Deputy
Chief Engineer of The Port Authority Of New York And New
Jersey gave the keynote address entitled "Infrastructure: The
Battlefield Of Corrosion." His presentation offered the
attendees examples of successful projects using new technology
coupled with reasonable risks and support of management. His
paper covers the cost of corrosion of infrastructure to the
U.S.A. and the reasons for this serious problem. He covered
the role of corrosion in the infrastructure arena, the causes
of corrosion, prevention methods, and the main causes of rebar
corrosion. In his paper he focuses on the major problems in
transportation and offers some advanced technology for each
segment. While many innovative technologies are available to
help infrastructure managers, their acceptance requires a
sharing of the financial and technical risks among designers,
manufacturers, builders, and government agencies. In his
conclusion he <challenged the engineering societies,
universities, scientists, and constructors to come up with
innovative solutions that can benefit future generations.

Robert Baboian, Principal Fellow and Head of the
Electrochemical and Corrosion Laboratory at Texas Instruments,
Inc. presented a paper entitled "Synergistic Effects Of Acid
Deposition And Road Salts On Corrosion". Mr Baboian stated
that "the importance of corrosion in our modern, high-tech
society can be measured by the magnitude of the direct and
indirect problems that result from this degradation process."
His paper covers the effect of acid deposition and road salts
individually and synergistically. He tabulates in his paper
the atmospheric corrosion rates of zinc and iron at various
sites. He also compares the corrosion rate of auto bodies when
bare steel is used versus galvanized steel. In his conclusion
he advises to consider the "real world" environment in solving
the most serious infrastructure problems to reach the most
economic and safe solutions.

Thomas R. Menzies, Research Associate at the Transportation
Research Board, National Research Council presented a paper
entitled *"National Cost Of Damage To Infrastructure From
Highway Deicing." His paper addresses the impact of deicing
salt on bridge decks, bridge components, highway components,
and parking structures. In the summary of bridge deck costs,
he stated that "during the next 10 years, the total cost of
protecting newly-constructed decks and restoring currently
sound decks that become damaged by salting will be roughly
$125 million to $325 million per year." In the summary of
other bridge components costs, he mentioned that their repair
can be very difficult and expensive. The cost is estimated to
be as high as deck costs so the range is between $125 million
to $325 million per year. In the summary of impacts on other
highway components, the cost is about $100 million per year.
As for the parking structures the cost is estimated to be in
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the range of $75 million to $175 million per year for the next
10 years.

With the increased use of atmospheric resistant steels, known
as weathering steels, for infrastructure, the need for
estimating the rate of corrosion penetration at the end of the
service life arose. To address this topic Richard H. McCuen et
al, Professor, Department of Civil Engineering, University of
Maryland, College Park, Maryland presented a paper on "A New
Approach To Power Model Regression." Two mathematical formula
were given: The upper bound and the log-log fitting of power
model. Indices for assessing models are also given. The
proposed formula are backed up with data from an atmospheric
exposure test. The paper concluded that Goodness-of-fit
statistics obtained from the linear model based on logarithms
do not reflect the prediction accuracy of the nonlinear model,
which is the model used for design. Also, the correlation
coefficient as traditionally calculated should only be applied
to linear unbiased models, not the power model.

Computer simulation in corrosion control engineering is one of
the new tools emerging. Directions for proper use and
application is discussed in a paper entitled "A Review Of
Computational Simulation Techniques" presented by V.
Gensheimer De Giorgi et al, Research Engineer, Mechanics of
Material Branch, Naval Research Laboratory, Washington, D.C.
The paper outlines the necessary steps for the design of
accurate computational simulation. An example is given for the
simulation of an impressed current cathodic protection system
for the surface of a ship. The paper concluded by emphasizing
the need for complete detailed understanding of the corrosion
process by the analyst as well as the computational simulation
procedure used.

The next paper was by Fred H. Haynie, Consultant, formerly
with Atmospheric Research and Exposure Assessment Laboratory,
U.S. Environmental Protection Agency, Research Triangle Park,
N.C."Evaluation Of An Atmospheric Corrosion Rate Monitor"
introduces a tool to measure the rate of corrosion in the
atmosphere based on the polarization resistance technique. An
atmospheric corrosion rate monitor (ACRM) that could be
attached to a point on a structure to measure corrosion rate
as a function of time would be a valuable tool for the
corrosion engineer to use. The results and responses of the
new sensor sere compared with other methods of measuring
corrosion such as the mass loss and the time of wetness.

The new sensor can measure the time of wetness in a few hours
rather than days. In the conclusion, Mr Haynie mentioned that
the experimental work can be turned into a valuable tool by
changing some of the hardware and software to measure
polarization resistance.

Pedro Albrecht, Professor, Department of Civil Engineering,
University of Maryland, College Park, Maryland presented a
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paper entitled "Corrosion Control Of Weathering Steel
Bridges." The forms of corrosion of bare weathering steel
bridges were enumerated, and their effects on bridge
performance were discussed. Numerous examples are cited in the
paper to drive the point home.

This paper is a detailed description of the types of
weathering steels and includes a historical data of their
applications and experience results. Mr Albrecht included a
method for site analysis to determine the suitability of using
weathering steel. Also included in the paper are design
details for the enhancement of the material performance.
Recommendations for construction, inspection, maintenance, and
rehabilitation are added.

Jean-Jacques Hechler, Senior Research Officer and Program
Manager at the Industrial Materials Research
Institute,National Research Council of Canada, boucherville,
Province of Quebec, Canada presented a paper entitled "Wetness
Monitoring on the Exterior of Infrastructures." This paper
describes the results of a comprehensive study on the effects
of the design and orientation on the corrosion of metals on
buildings using an existing ASTM time of wetness sensor. In
the conclusion Mr Hechler stated that the ASTM sensor for
measuring the time of wetness can provide more information
besides its original intent. The nature of wetness, the speed
of deposition, and drying are some of the important
information provided. Thus, it is valuable in studies related
to degradation, restoration & design of building material to
withstand atmospheric deterioration, corrosion, and
weathering.

Corrosion of steel reinforced concrete is the topic of the
following paper:"Performance of Rehabilitated\Protected
Concrete Bridge Decks" the title of the paper by Khossrow
Babaei et al., which compares the results of three protective
systems to determine their effectiveness. Latex modified
concrete overlay, (LMC), low-Slump dense concrete overlay
(LSDC), and a Cathodic protection (CP) were the three systems
studied. The results showed that after an average of seven
years of service, the ILMC and LSDC showed various levels of
post-overlay corrosion-induced deterioration. On the other
hand, after about five years of service, the CP system showed
satisfactory reinforcment of steel.

Electrochemical Impedance is an important technique to
determine the rate of corrosion of metals. Advancement in
computer science allowed the use of that technigue in the
field. The next paper, entitled "Utilization of
Electrochemical Impedance Techniques to Estimate cCorrosion
Damage of Steel Infrastructures" was presented by Koji Hamma
et al of Nippon Steel Corporation, Japan.

The paper introduces three new sensors: all are using AC
impedance method for field application. The first sensor can
be used for measuring the corrosion rate of marine steel
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structures. The second sensor enables the estimate of
corrosion damage of reinforcing bars in concrete. The third
sensor can be used for detecting the deterioration of painted
steel.

The impact of stray current corrosion can be serious if
ignored. The next paper "Improved Rail Fastener Insulation For
Stray Current Control" presented by Peter L. Todd of the Bay
Area Rapid Transit, oOakland, California, describes the
laboratory tests conducted on a prototype rail fastener and
the actual field conditions. Effective electrical insulation
limits current flow through as well as across the surface of
the insulator. A contaminated environment can reduce the
resistance of the current path leading to significant stray
current corrosion.The conclusion reported that successful
simulation of field conditions by the laboratory apparatus can
be used as a practical tool for predicting the performance of
nevw rail fasteners. One of the new rail fasteners can reduce
the leakage current by a factor of 100,000 , which is very
effective.

The integrity of gas and oil pipelines are very important.
Corrosion of these pipelines can cause loss of life as well as
loss of precious material. They are controlled by empirical
and conservative regulations. However, they proved deficient
in some cases. The next paper "A Theoretical Analysis For The
Residual Strength Of Corroded Gas And 0©0il Transmission
Pipelines" was prepared by Melvin F. Kanninen et al, Program
Director, Engineering Mechanics at the Southwest Research
Institute, San Antonio, Texas, and Carl H. Poplar, Professor,
Department Of Engineering Mechanics, Ohio State University,
Columbus, Ohio. This paper used a maximum hoop stress
criterion in an axisymmetric approximation of the metal loss
to provide a relation for the failure pressure for a pipe with
axial direction metal loss. The paper suggests that if the
shell bending theory approach is extended to the plane strain
case, then it may be the circumferential dimension of the
damage that actually governs the failures of corroded pipes.
Similar models can be developed and used in addressing
corrosion-related problems associated with other
infrastructure components.

Underground pipelines constitute a significant segment of the
infrastructure. Replacement of such pipes is costly and
produces a lot of inconveniences when streets have to be
closed for construction. New technology was developed to
reconstruct small diameter pipes without excavation. The next
paper "The NUPIPE Reconstruction Technology" presented by
James B. Hinte of NUPIPE, Inc, Memphis, TN. describes the
procedure and necessary equipment to insert a PVC pipe inside
existing, deteriorated underground pipes without excavation.
The new PVC pipe provides structural support and isolates the
effluent from the corroded pipe. The new technology can also
be used for lining non-metallic pipes such as concrete. In
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conclusion it was stated that the new technology reestablishes
the structural integrity of deteriorated systems with a
continuous, corrosion resistant pipe that will extend the
useful life of the system.

Tools to predict accurately the life expectancy of structures
are very valuable. One of the major problems in reinforced
concrete infrastructure is the corrosion of steel rebar due to
chloride penetration into the concrete. The next paper
“"Estimating The Life Cycle Of Reinforced Concrete Decks And
Marine Piles Using Laboratory Diffusion And Corrosion Data"
prepared by Neal S. Berke et al of W.R.Grace & Co, Cambridge,
MA. presents the results of a laboratory study showing that
chloride ingress into concrete follows Fick's Diffusion
equation for properly cured concrete. Several models were
presented. One model showed reducing water-to-cement ratio and
increasing concrete cover over the steel to reduce the
chloride ingress. Another model demonstrated the use of
microsilica in the concrete mixture, resulting in drastic
reduction of chloride penetration. A third model showed that
calcium nitrite initially reduces resistivity and increases
rapid chloride permeability values in concrete with silica
fume. However, it has no adverse affect on actual concrete
permeapility and improves the durability of concrete in
corrosive environments.

Cyclic conditions are known to cause high corrosion rates. One
of these is the tidal zone in marine structures. Thus, it is
important to identify the mechanism of corrosion in this zone.
The next paper "Investigation Of Rebar Corrosion In Partially
Submerged Concrete" was prepared by Miki Funahashi, et al, of
Corrpro Companies,Inc.

The paper discusses the results of potentials, total corrosion
current, and macro cell corrosion current of steel in concrete
in three zones, namely submerged, tidal, and atmospheric. The
paper concluded that in chloride contaminated concrete, the
rebar was found to be anodic in the submerged zone and
cathodic in the atmospheric zone. Moisture content influenced
the corrosion rate of a drier concrete and visa versa.

Reinforced concrete and prestressed structures are used widely
in infrastructure. Thus, inspection techniques are very
important to determine accurately their conditions. The next
paper "Recent Developments In Inspection Techniques For
Corrosion Damaged Concrete Structures prepared by Gareth John,
et al, of CAPCIS Ltd, Manchester, UK and P.A. Gaydecki of
UMIST, Manchester, UK. Introduces prototype ultrasonic
procedures to determine the condition of prestressed,
pretentioned tendons in concrete. The paper also describes the
application of electrochemical impedance for estimating the
rate of corrosion of reinforcing steel using surface-mounted
sensors. The system features iso-potential contour maps of the
surveyed surface and corresponding iso-corrosion rate contour
maps of the same area. The results of the corrosion rate
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survey were in general agreement with the corresponding half-
cell survey. As for the ultrasonic procedure, the paper
describes a computerized system capable of determining the
necessary level of signal and frequency. The paper points out
that this technigque must be used in addition to other
inspection procedures and not as a sole criterion for
structural integrity.

Internal corrosion of piping systems in buildings and
factories 1is a major concern. Equipment to indicate the
condition of the internal surfaces without dismantling the
pipe would be very valuable. The next paper "An Automatic Pipe
Corrosion Inspection System" prepared by Mitsuru Shimizu, et
al of Obayashi Corporation, Tokyo, Japan, and Masahiro Hamada,
et al of Osaka Gas Company, Osaka, Japan describes in detail
a new robotics computerized system to perform accurate
inspection of the internal surface of the pipe. It utilizes
ultrasonic waves and the state-of-the-art in electronics
technology to complete the inspection automatically. The
robot, which carries the ultrasonic device, moves on the
outside of the pipe and transfers the data collected to a
computer. The computer analyzes the data and calculates the
pipe thickness distribution, the minimum thickness, the
percent of metal loss, and the rate of corrosion of the metal.
From this information the remaining life expectancy of the
pipe is estimated based on proper theory. This new inspection
technique is conducted while the pipe is operational, which is
a real advantage in minimizing the down time for any operation
without compromising the safety of a building in case of
sprinkler pipes. The data collected gives a clear cross-
section of the pipe on a 360 degree basis, not a one-spot
measurement. The results of the new system were verified and
deemed successful.

Sewer pipes are an important segment of the infrastructure.
Reinforced concrete pipe is used frequently for this
application. The next paper "Prediction And Control Of Sulfide
Induced Corrosion In Concrete Sewer Infrastructure And
Rehabilitation Techniques" presented by Jey K. Jeyapalan,
Engineer Consultant, Redmond, Wa.describes the chemical
behavior of sulfides and the conditions necessary for hydrogen
sulfide corrosion to occur. It also gives a formula to
calculate the corrosion rate based on the amount of generated
sulfuric acid and the alkalinity of concrete.The paper
recommends steps to control corrosion and rehabilitation
methods for existing pipes with this problem. In the summary,
recommendations are made for more research on the various
physico-chemical phenomena involved in concrete corrosion due
to sulfide buildup. Advice is also offered to the design
engineers to consider the impact of that problem during the
design phase.

0il refineries use frequently reinforced concrete structures.
The environment of these refineries is very corrosive. The
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next paper "“Corrosion Related Deterioration Of Reinforced
Concrete Structures At 0il Refineries In The Persian Gulf
Region" prepared by Vladimir Novokshchenov, Consultant,
Gibsonia, Pennsylvania includes several case histories of
corrosion failures of reinforced concrete structures in an
aggressive environment. The single most important cause of
rebar corrosion was found to be the presence of chloride ions
at the level of the reinforcement. Contaminated aggregates and
sea water were used during the mixing of concrete. The
conditions were aggravated by the flow of sea water in the
concrete system and the moisture condensate contaminated with
salt-laden dust. The paper reported the recommended methods
for rehabilitation in each situation, which could be used as
a guide in similar cases.

One of the most important problems in infrastructure is the
corrosion of steel in concrete. Chlorides were identified as
the major cause of this problem. Chemical inhibitors are one
of the methods generally used for corrosion control. The next
paper "Impregnation Of Concrete With Corrosion Inhibitors" was
prepared by Neal S. Berke et al of W.R. Grace & Co, Cambridge,
Massachusetts, and Richard E. Weyers et al of Virginia
Polytechnic and State University, Blacksburg, Virginia reports
the results of impregnating chloride contaminated concrete
with liquid calcium nitrite an effective corrosion inhibitor.
Two different procedures were used: One involved heating a
bridge deck to above-boiling point of water, then slowly
cooling it to ambient temperature, and impregnating liquid
calcium nitrite. The second involved placing calcium nitrite
rich latex modified grout in predrilled holes and calcium
nitrite rich latex modified concrete to replace removed
delaminated concrete. Polarization resistance was used to
determined the rate of corrosion of steel. Potential
measurements were also collected before and after the process.
The preliminary results of the two procedures indicate the
successful arrest of corrosion. However, more time is needed
to determine the effectiveness over a long period as well as
a feasibility study to determine the cost for 1large
structures.

Bridges are a vital element of the infrastructure. Bridge
management strategies are based on life cycle cost analyses of
viable alternatives. The next paper "Predicting Service Life
Of Concrete Bridge Decks Subject To Reinforcement Corrosion"
was prepared by Philip D. cCady Professor at Penn State
University, University park, Pennsylvania, and Richard E.
Weyers, Professor at Virginia Polytechnic Institute and State
University, Blacksburg, Virginia and presents a mathematical
model to predict the service life of a bridge deck. Two main
factors control the model. The first is the time for the
concrete ion concentration to reach the corrosion threshold
level at the reinforcement locations. The second is the time
necessary for the corrosion reaction to produce loss of
serviceability. The two factors are controlled by the chloride
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diffusion through concrete and the rate of corrosion of the
reinforcement steel. The paper concluded that the model proved
that the actual bridge deck life is influenced by specific
site elements such as climate, traffic, and policies.

Steel Piles are used in the support of many infrastructures.
The steel piles are usually driven in a variety of soils.
Thus, it is important to have a method to measure the rate of
corrosion of piles in situ. The next paper "Measuring The
Underground Corrosion of Steel Piling At Turcot Yard,
Montreal, Canada - A 14 Year Study" was prepared by Edward
Escalante, Metallurgist, National Institute of Standards &
Technology, Gaithersburg, Maryland.

This paper gives the results of using electrochemical
polarization to measure the rate of corrosion of H steel piles
in both disturbed and non disturbed soils. These results were
compared with the actual physical measurements of metal loss.
The paper concluded that the electrochemical polarization
technique is useful even though it overestimates the rate of
corrosion. The same technique showed that the corrosion
current decreased over the-14-year-period of the test.

Steel reinforced concrete is an important component in
infrastructure. Thus, it is essential to understand the
causes, the forms, and identify the available techniques to
assess the deterioration of concrete. The next paper
"Assessing The Role Of Steel Corrosion In The Deterioration Of
Concrete In The National Infrastructure: A Review Of The
Causes Of Corrosion And cCurrent Diagnostic Techniques" was
prepared by Bernard H. Hertlein, Project Scientist, STS
Consultants, Ashville, North Carolina explained the different
elements of concrete and their sources. It also mentioned that
the corrosion products of steel occupy 8 to 10 times its
original volume. Thus causing the concrete to crack and expose
the steel to air, water, and contaminants leading to increase
of the corrosion rate. The paper described the forms of
concrete deterioration and its impact on corrosion of imbedded
steel. The test methods were subdivided into destructive such
as coring, sampling, and drilling and non-destructive such as
rebound hammer, ultrasonic pulse velocity, ground-penetrating
radar, and half-cell potential. The monitoring systems
mentioned included strain gages, acoustic emission, and tell-
tale plates.

Epoxy-coated rebars are used to control their corrosion.
However, coatings could compromise the bond between concrete
and the reinforcement. The next paper "Bond Loss Between EpoXxy
And Alkyd Coated Reinforcement Rebars And Concrete" prepared
by L. Maldonado et al, Research Scientist, Centro de
Investigacion Y de Estudios Avanzados, Yucatan, Mexico
describes the tests performed to determine the bond strength
between epoxy coated rebars and concrete. The study showed
that there is considerable loss of bond strength. The bond
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losses varied with the different type of coating. On the other
hand, they increased linearly with thickness in all cases. In
the case of epoxy coating, it was found that the bond losses
were independent of the bar size.

Cathodic protection has been used successfully to protect the
steel rebar in concrete from corrosion. The next paper "Repair
Of Corrosion Damaged Reinforced Concrete Wharves Using
Cathodic Protection In The Middle East" was prepared by Gareth
John, Technical Development Manager of CAPCIS Ltd, Manchester,
UK, and Bill Leppard, Technical Director of Sir Alexander Gibb
& Partners, Reading, UK, and Brian Wyatt, Cathodic Protection
Manager of Tarmack Global, Tarmack Structural Repairs,
Wolverhamptor, UK.

This paper describes the steps taken to investigate the cause
of corrosion of the reinforced concrete. Regardless of the
tightness of specifications and construction, the high
chloride induced environment was the main reason determined.
Impressed current cathodic protection system was carefully
designed using a mixed metal oxide coated titanium mesh as an
anode. Gunite (sprayed concrete) was used as an overlay since
the protected structure was made of beams and the site
conditions were difficult to select another method. Graphite
and silver/silver chloride reference electrodes were embedded
in concrete below the anode mesh for potential measurement.
The final criteria used to control the system include
achieving at least 100 mv depolarization after 5 hours, or at

least 120 mv depolarization after 25 hours, or an
instantaneous off potential of more hegative than 750 mv
measured against surface mounted Ag/Agcl/Kcl, or an

instantaneous off potential of more negative than 600 mv
measured against embedded Ag/Agcl/Kcl.

Victor Chaker,P.E.

Editor & Symposium Chairman
Corrosion Control Engineering
The Port Authority Of NY & NJ
One World Trade Center,

New York, New York.
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