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SUMMARY

This work is concerned with the corrosion fatigue
characteristics of full-scale reinforced concrete beams
partially submerged in 3.5% NaCl solution or in tapwater
of low dissolved salt content. The test beams were
subjected to constant amplitude fatigue 1loading in wuni-
directional or reverse bending at slow cycle rate of 0.17
Hz and various load levels. The test programme had two
stages, Stage I, carried out at relétively high 1load
levels, represented a study of the fatigue-failure
phenomenon but also provided guides for the more detailed
study undertaken in Stage II which was devoted to low load
conditions wunder which the main steel deterioration
process was corrosion. In the latter stage, attention was
focussed on the monitoring of a number of electrochemical
parameters including the corrosion rate. Late in the
programme, electrochemical noise technique was also
examined.

The phenomenon of concrete crack blocking, previously
reported in seawater environment, was observed in both
test environments in this work. This phenomenon was
closely examined and the mechanisms of the formation of
deposits and its effects were described. A hypothesis was
proposed for the structural behaviour of reinforced
concrete beams during cyclic loading in aqueous
environment. Failure normally occurred by the fracture of
one of the main ' tensile bars due to fatigue, often
followed immediately by yield of the remaining bar and
beams collapse. Fracture surfaces were examined under
SEM.

Corrosion rate measurements involved formidable
difficulties which had to be overcome to obtain accurate
measurements. For instance, the current interruption
technique for the estimation of the IR-drop was developed
and established as the most appropriate method for
concrete beams with complex reinforcement configuration.
Extensive polarisation measurements indicated clear effect
of the test condition on the technical variables involved
in various measuring techniques (viz potentiodynamic and
potentiostatic techniques). Based on these observations a
criterion has been proposed to determine the appropriate
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variables necessary for the accurate determination of the
polarisation resistance Rp.

The work has demonstrated that the corrosion
behaviour of reinforced concrete 'sustaining dynamic
loading is extremely complex, and short term indications
could not be used safely for long term predictions. Based
on corrosion rate measurements and the actual corrosion
pattern observed upon completion of the tests, a concept
of a change 1in corrosion mechanism from a microcell
process of relatively low corrosion rates to a macrocell
process at much accelerated high rates is introduced. The
prevailing mechanism depends on time of exposure, load
level and reinforcement details. Results from long running
fatigue tests in seawater from concurrent research were
incorporated which also support this concept.
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INTRODUCTION

1.1 The Problem and the Research,

Concrete has been excellently described! as the "most
noble material on earth"” - a miracle material”. 1In fact
not only is its use limited solely by our imagination but
also it can actually improve with time. Concrete is by far
the most utilised artificial material made by mankind. The
efficiency of use of this material has been greatly
improved following the introduction of reinforced concrete
during the second half of the nineteenth century, the
scope of its application grew rapidly as its composite
properties were appreciated.

2,3 reinforced

Since the turn of this century,
concrete has Dbeen in use in great variety of
constructions: from massive structures such as dams,
bridges, storage tanks down to small component such as
fencing posts and railway sleepers. It is also exposed to
many types of environment. In most of these applications,
reinforced concrete has been destined to withstand, during
its service 1life, both structural and non-structural
forces. However, despite the joint effect of these forces,
all literature3'4 on durability of concrete structures has
generally indicated fascinating examples of success in the
long history of concrete technology. Excellent service
performance spanning a number of decades has already been
achieved by many reinforced concrete structures under
various environmental conditions.

However, there are several degradative
processes which have affected a minority of reinforced

1,2,3,5
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concrete structures leading to loss of serviceability or

in extreme cases to structural collapse. Amongst these,
the most common cause of deterioration is corrosion of
reinforcing steel. Over the past two decades there has
been an increasing number of reports from many parts‘ of
the world of corrosion failure particularly associated
with de-icing salts, marine environment, calcium chloride
additives and contaminated aggregates and also sometimes
involving carbonation phenomena.

Recent Development.

Concrete structures6 have existed in corrosive media
for almost as long as we have considered concrete as a
building material. They are extensively wused in marine
environment for constructing harbour structures like
jetties and wharves and for protective structures like
embankments and sea walls. Perhaps the most striking
development in this field has been the evolution of
concrete platforms to produce hydrocarbons in the North
Sea during the early 1970’s. Since that time 209/ 748 other
concrete platforms have been constructed in the North sea,
the Raltic sea and offshore of Brazil and three more are
under construction for delivery in  1987-1989. All
indications seem to suggest that this trend 1is set to
continue as the pressure of6'9 the growing world
population and the corresponding demand for resources 1is
rapidly extending. Oceans make up 80 per cent of the
surface of the earth and already 22 per cent of the world
0oil and gas comes from reservoirs under the sea. Seabed
mining for mineral resources is a definite possibility in
the near future.

Further, according to metha,9 consideration is being
given to the idea of locating cities, airports, nuclear
power and waste disposal plants on offshore floating
platforms.

Recent and Future Challenge.

The recent applications have, in fact, enhanced our
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faith in the durability of portland cement concrete and
strongly suggest that most future structures in aggressive
environments can, indeed, be built from this material. New
demands will most probably give birth to new breed of
concrete structures not necessarily on offshore but also
on land. For each novel application, however, their
certainly exits some unknowns, uncertainties and in some
cases risks, this 1is particularly evident when the
non-structural forces assume more important role. While
accepting the challenge, there is obviously increasing
demand for additional knowledge on the behaviour of
reinforced concrete under several types of unconventional
forces to which it is "subjected. Such knowledge is
necessary not only to provide safe, efficient and
economical design but to serve as a rational basis for the
conception of improved and extended application for the
future.

Fatigue.

Another area of important development has been that

10,11,12,13'14,15 The

of fatiqgue. problem of fatigque

failure in engineering materials and structures is by no

.16'17'18 The introduction of high strength

means new
materials, dramatic changes in operating conditions and
the adoption of new design codes have prompted a need to
establish the fatigue performance'of reinforced concrete.
When the concrete structures are exposed to hostile media,
the risk of fatique 1is tremendously increased as the
design working stresses, although initially safe from the
stand point of pure fatigue, may considerably change to
less favourable situation due to the progressive 1loss of
the tensile capacity of the steel in proportion to the
loss of its cross-sectional area.

Of particular importance in this respect is the fact
that the design regulations do not allow for the reduction
in the ultimate tensile capacity due to corrosion as they
pre-assume the structural immunity to corrosion, vyet
corrosion attack is always a possibility. This assumption
is, most likely, linked to the present state of knowledge
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which lacks a reliable predictive basis for the occurrence
and extent of damage experienced due to corrosion.

Despite the fact that the effect of corrosive
environment on fatigue characteristics of reinforced
concrete has been of concern since the early twenties of
this century.lg'20 Research in this area, however, has
been intensified since the early 1970s, partly spurred on
by recent construction activities in the North and Baltic
seas. This research, in general, has illustrated the way
in which the behaviour of reinforced concrete under cyclic
loading can be critically affected by the prevailing
environmental conditions and, probably more importantly,
that the deterioration process is extremely complex.
Nevertheless, the understanding of this phenomenon and the
application of that understanding to real world design 1is
far from complete leaving many areas of wuncertainty and
even conflicting views.

The Research.

The detrimental influence of sea water on the fatigue
properties of reinforced concrete has been the main object
of most studies?9 and very little has been done to study
the effect of other aqueous environment. Accordingly the
research work reported in this thesis 1is an attempt to
provide some more fundamental information on the fatigue
behaviour of a full scale reinforced concrete beam in less
investigated corrosion-conductive media namely 3.5% sodium
chloride solution and low total- dissolved-solids (T.D.S)
tap water.

1.2 Hi rical Backgr

The problem of fatigue has been recognised by
engineers ever since failure occurred at design stresses
considerably 1less than the ultimate tensile strength of
the material concerned.]"7

Historically, interest was shown in fatigue of metal
as early as 182916'17'18 when W.A. Albert in Germany

subjected iron chains to repeated loading. He was then
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followed by a number of investigators associated with
railway companies who were motivated by then practical
problems. Notable among them are Hodgkinson (1849) and
Wohler (1852).

Poncelet,17 in 1839, appears to have been the first
to associate the word "Fatigue" with failure under
repeated loads but the first relevant paper in which this
word appeared in the title was read by Braithwaite before
the Institute of Civil Engineers, London in 1854. Since
then it has become well established in engineering
terminology.

In the nineteenth century, the limited amount of
research on the phenomenon of fatigue was carried out
almost exclusively on iron and steel, the commonly used
structural and constructional material of the time.
Concrete fatigue investigation§ have lagged until the end
of the last century when Considere and De Joly17'18 began
tests on mortar specimens under tension fatigue. The
earliest fatigue investigation on concrete in compression
was carried out by Van Ornum in 1907 whereas the first
fatigue tests on flexural concrete specimens was reported
by Feret in 1906. More extensive investigation on flexural
fatigue of concrete were carried out at Purdue university
(1922) and Illinois department of highways (1921). The aim
was to provide information vital for the optimum design of
airports runways and highways.

Although early studies did not lack strong incentives
they were confronted by difficulties in obtaining
financial support because of their fundamental character
and the length of time between inception of the tests and
economic returns.

Most of these tests, however, are of 1little value
today but they provided the engineers in the early part of
this century with information of vital importance.

The fatique investigation of reinforced concretel8
commenced almost concurrently with the research on
properties of plain concrete in fatigue. Van ornum,18 in
1907, was the first to extensively examine reinforced
concrete beams, he tested 59 beams of two age groups and
attempted to describe the mechanism of fatigue failure.
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Since then considerable amount of research has been
carried out. These activities are particularly intensified
during the last two decades.

The first investigation18 on the effect of corrosive
environment on the fatigue characteristics of reinforced
concrete was performed by Amose in 1924. It is interesting
to note that these early tests were carried out at low
cyclic frequency, a practice commonly regarded as more
simulative to many real 1loading conditions which 1is
increasingly adopted in recent investigations including
the present ore. However, unlike fatigue tests in air,
research on fatigue of reinforced concrete in corrosive
environment has been very limited, in fact no literature
could be traced in the period between 1924 and 1974. In
1975 several investigations including the wOorks of
Browne21 et al, Bannister22 and Lacroix23 were reported.
In 197624 the concrete in the Ocean programme was set up
in the U.K. as a result of a survey undertaken to identify
research needs for marine and off shore concrete structure
~and particularly for concrete gravity platforms. This
programme included a major experimental project on fatigue
of reinforced concrete in sea water.

Essentially provoked by the same incentives, interest
in this topic was also generateds'25 in five other Euro-
pean countries as well as the United States and Japan.
Since then systematic research activities were undertaken,
and are still underway, the results of which constitute
virtually all our knowledge of this phenomenon. As a .
result the term "corrosion fatigue of reinforced concrete"”
has become increasingly well known in the society of
engineering.

1.3 Significance of Fatique Research,

In practice there are many cases in which concrete
structures can be subjected to low, moderate and high
intensity of repeated proportional and non proportional
type. These type26 of loading require the structure to
resist certain strains at critical sections several times.
Only rarely are the structural elements subjected to
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constant or monotonically increasing 1loads throughout
their entire service history. Such cases may be
schematically represented by the line marked staticl? in
Figure 1.1. These conditions should, theoretically, result
in infinite lives. The real loading condition is typified
by the pattern marked fatigue in Figure 1.1.

Reinforced concrete structures such as bridge and
offshore installations are distinctive examples for
structures subjected to this type of loading in civil
engineering areas. In Britain,13 designs o¢of highway
bridges are assessed for lives of 120 years during which
time up to 7 x 108 cycles of traffic induced stress may be
applied. Offshore structures in the North sea®r13/26  4pg
Baltic sea will be subjected to more than 108 cycles of
loading by the wave action during a 25 to 30 years service
life. The magnitude of the numbers suggests that fatigue
should be one of the major design considerations. Natural
forces such as earthquakes and hurricanes may add
additional risk of failure in fatigue under low cycles -
high intensity conditions.

Until recently the fatigue problem has not been given
much attention in national codes and regulations. For
instance in Swedish regulations11 for concrete structures
of 1968, the only allowance for fatigue is the reduction
of permissible stresses in reinforcement by 10-25% in
certain type of structures. The lack of fatigue design
criteria is probably related to the fact that codes
reflect practical needs and practical experience and also
suggests that risks due to fatigue effects were considered
sufficiently small to be safely tolerated. There can,
however, be other reason for the slight interest in
fatigue of concrete structures. These are according to

Westerberg:11

1. The vast majority of concrete structures are
relatively heavy in which case the variable loads form
a minor part of the total load i.e. high dead load to
live load ratio.

2. Loads on structures are generally of rather steady



character.

3. Disastrous failures caused by fatigue have not
occurred. Failures known to be caused by fatigue have
been of rather innocent nature such as breaking of the

corner of concrete pavement due to frequent wheel
loads.

However, within the last decade, increasing attention
has been focused on the fatiguelo'lz'13 and corrosion
fatigue behaviour of reinforced concrete structures. This
interest was stimulated by some major developments in
design practice and engineering materials and

applications. More specifically, the motives include.10,11
12,27,28

1. Refinements in the method of structural analysis and
design, the increase 1in working stresses and the
increased use of more slender reinforced concrete

elements ,as a result of more efficient use of the
material.

2. Increased material strength makes it possible for more

variable load to be carried by a structural element of
a given dimensions.

3. Improved tensile strength of reinforcing bars not
being accompanied by a similarly improved fatigue
strength.

4. New recognition of the effect of repeated loads on the
serviceability of a concrete member, such as the
increase of crack widths and deflections, even if
repeated loading does not cause fatigue failure.

5. The growing use of reinforced concrete structures such
as bridge, chimneys, towers and the new breed of
offshore structures which in service are predominantly
subjected to loads of a repeated nature.
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6. Increased awareness of the Jjoint effect of the

environmental loads and metal loss due to corrosion in
reducing the margins of safety and accelerating
fatigue phenomenon for the ever-increasing use of

reinforced concrete in corrosive environment.

The effect of items 1,2 and 3 can be considerable,
according to Moncrieff29 who considered changes in British
Codes. The moment capacity of a rectangular reinforced
concrete section with a given dimensions and material
strength is about twice as large when computed according
to modern design regulation as according to older
regulations, Figure 1.2. This is mainly due to progressive
decline in materials {(reinforcement and concrete) margins
of safety, Figure 1.3a,b. Westerberg11 indicated that
when a general increase of about 50% in material strength
is added, the same structural element with given
dimensions will be able to carry three time more load to
day than before the change in regulation. Since the weight
of the element is unchanged, the whole increase can be
taken by variable loads. If the variable load was half the
total load, it could be 5/6 of the total load to day or
five times the absolute variable load at that time, Figure
1.4. '

On the other hand, the fatigue limit11 of deformed
bars can be as low as 200 N/mm2 regardless of the yield
strength. (In fact, some investigatorsl3’14 have indicated
that fatigue limit can not be assumed unless verified
experimentally). Thus when the yield strength exceeded 400
N/mm2 the maximum strength level under service conditions
might reach the fatigue l1imit if the minimum stresses are
low, Figure 1.5.

The changes and improvements in design regulations,
however, resulted primarily from improvements in the
methods of analysis and 1in the understanding of the
factors dictating the behaviour of structures under static
29,30,31 they

obviously lack the necessary information on long-term

or monotonically increasing loading,

fatigue safety particularly for structures subjected to
loading conditions with high live load to dead load ratio
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and also to aggressive environment.

The construction of offshore reinforced concrete
platforms in recent years involves some performance
uncertainties evolved mainly from the severe environmental
and loading conditions. Information on the corrosion
fatigue behaviour under these conditions is of
considerable importance. This is because, firstly, a high
level of safetys'32 is required for these structures which
have rarely been applied before as the consequences of
failure during operation are potentially catastrophic.
Secondly, these structures should be free from
deterioration and excessive maintenance33 because there is
little possibility of applying remedial measures after
they have been built and put into service.

Research on corrosion fatigue behaviour of reinforced
concrete has also been motivated by increasingly reported
instance of structural distress due to corrosion in bridge
and highway structures, 34

Finally, it should be pointed out that research
activities in this area are further encouraged' by the
improvement in monitoring techniques, including the
electrochemical one, which allow quantitive information
about features relevant to service conditions to be more
accurately obtained.

1.4 neral nsideration

One of the major technical problems associated with
investigations on fatigue of reinforced concrete in
general and corrosion fatigue in particular is the
interpretation of information from relatively short-term
laboratory-based studies for use in predicting long-term
performance. A problem has always existed in compromising
between what happens on real construction sites whether it
is on land or offshore and research that is performed in
the laboratory. Generally, however, no satisfactory
method existed of relating the results from simplified
laboratory tests to the behaviour of structural members in
actual use.

As a result, laboratory-deduced data in this field
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were met, perhaps, rightfully, with a good deal of
scepticism which was reflected in stringent = design
regulations and a high degree of conservatism.

Deleterious processes of the kind in which corrosion
intervention assumes major contribution are substantially
time-dependent, thus, development of realistic test data
for these specific conditions requires unduly long test
duration. Nevertheless, laboratory based investigations
with very big acceleration factors in relation to service
have, historically, been employed for the purpose of
developing information from which design criteria are
developed.

Under such circumstances, in order to obtain
realistic information, the experimental variables should
be carefully considered. These include, specimen details
and size, test frequency, loading configuration, 1loading
order and magnitude and environmental exposure.

Enormous differences exist among research workers as
to the best combination of these variables and the problem
is further complicated due to the fact that research on
fatigue are often restricted by practical limitations and
the lack of full understanding of the nature, order and
magnitude of the environmental loadings actually imposed
on real structures.

However, despite the 1lack of consensus, it is
generally accepted that tests under conditions of low
stress magnitude and low cyclic frequencies are a more
accurate simulation of reality.

At this stage, it should be appreciated that there,
still, are considerable unknowns in this complex subject.
It may, thus, be rational to perform rather simple tests
with the use of efficient monitoring techniques to obtain
some fundamental understanding of the mechanism of the
phenomenon of corrosion fatigue before undertaking more
elaborate testing particularly in relation to 1loading
spectrum and configuration.

The strategy of the present research places more
emphasis on the serviceability aspects of cyclically
loaded reinforced concrete beams in corrosive environments

under conditions more relevant to service 1life. The
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factors dictating the choice of the experimental variables
are detailed in Chapter 5 of this thesis.

1.5 j iv {6)
Objectives.

In this investigation, wvarious aspects of the fatigue
behaviour of full scale reinforced concrete beams in
corrosive environments were studied. The aim was, in
general, to develop a better fundamental understanding of
the corrosion fatigue phenomenon with particular emphasis
on low-stress low-frequency 1loading conditions in an
attempt to provide a more realistic assessment of the
possible interaction between stress and corrosion which
prevails in real-life structures.

The research comprised two stages. In the first
stage a number of high amplitude 1loading tests were
performed as a basis for the second stage of appreciably
less severe conditions in terms of stress level.

Electrochemical measuring techniques were extensively
employed in the latter stage and the factors affecting its
accuracy in predicting the corrosion rates for large scale
reinforced concrete specimens and the interpretation of
the electrochemical results were thoroughly investigated.

Scope.

A total of 28 reinforced concrete beams were fatigue
tested under various combinations of load level,
environment and period of exposure in sodium chloride
solution and in water. In addition, 7 other static tests
were carried out and served as a controlling tests.

The research work is reported in this thesis through
13 chapters:

Chapter 2 presents some basic information on the
phenomenon of fatiqgue with a literature review of the
available data on this subject drawn from fatigue
investigations in air.

Chapter 3 considers the electrochemical aspects of
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corrosion of reinforced concrete and the theoretical and
practical basis of corrosion rate measurement.

Chapter 4 reviews the available information on the
corrosion fatigue of reinforced concrete and presents the
current national code recommendations.

Chapter 5 explains the strategy of the research
programme and the factor dictating the choice of the
experimental details and the instrumentations.

Chapters 6 to 11 present the experimental results in
logical order starting from endurance and structural
behaviour to the corrosion rate measurements. Each
chapter includes a discussion section which discusses the
direct implementation of each different set of results.

Chapter 12 presents the general discussion chapter
which links the whole results presented previously through
the result chapters.

The findings and the final recommendations are
presented 1in Chapter 13 which also includes proposals for
future work.
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CHAPTER TWQ

FUNDAMENTALS OF FATIGUE

2.1 Fatigque
2.1.1 Definition.

Fatigue is a processlz'36 of progressive irreversible
internal structural changes in a material subjected to
repetitive stresses. These changes may be damaging and
result in initiation and progressive growth of cracks and
complete fracture if the stress repetitions are
sufficiently large. Fatigue failure may be defined as the
phenomenon that occurs after more than 100 repeated
applications of variable stresses whose maximum values are
less than the short term ultimate static strength, failure
in less than 100 cycles of high level are referred to as
low-cycle fatigue.

Corrosion fatigue is a generic term that is wused to
describe a special case of fatigue damage in which the
fatigue process occurs in a corrosive environment. The
deterioration process involves the joint effect of cyclic
loads and environmental effects and can result in
considerable reduction in fatigue strength in comparison
with fatigue in an inert environment. The joint effect of
these two factors is greater than the sum of their
individual effects.

2.1.2 Fatigue Nomenclature.1l7s16,37

Stress cycle: The section of the stress-time function
which is repeated periodically. When identical, i.e. the
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case of constant-amplitude fatigue 1loading, the stress

cycle may be defined by the stress components, the shape
and the frequency i.e. the number of load repetitions per
minute or second. Variable or random fatigue 1loading may
be defined by blocks of stress or stress-time curves.

Constant amplitude fatigue 1loading: The fatigue
loading in which the loads fluctuate between a prescribed
constant minimum and maximum stress each cycle.

Variable or random fatigue 1loading: The fatigue
loading in which the load -fluctuate in a sequence of
variable minimum and maximum stresses.

Fatigue life or endurance (Ng): The number of stress
cycles at which fatigue failure occurs for a given 1oading
condition.

» Fatigue strength (Sy): The stress or the fraction of
the static strength, the material can support repeatedly
for a given number of cycles (N).

Fatigue 1limit (Sy): The stress level below which the
fatigue life will be infinite.

Run out (N,/): The number of cycles at which test is
discontinued.

Other nomenclature relating to the common
characteristics of the stress or load cycles such as
stress amplitude (Sa), stress range (S.), maximum stress
(Spax) minimum stress (Sp;,) and mean stress (Sp) are
self-evident and are illustrated in Figure 2.1.

2.1.3 Presentation of Fatigue Data.

The main purpose of most fatigue tests is the
experimental determination of the relation between
endurance and the magnitude of the applied stress range
for the specimens under consideration. However, a number
of other significant factors are always involved and
consideration of their effects 1s always necessary for
correct interpretation of the test results.

Endurance results are, commonly, given in the form of
table containing the various stress levels and observed
fatigue lives as well as the run outs. It is recommended
that all individual values be given in the tables. The use
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of relative instead of absolute values of applied stresses
is also recommended in tables, thus the ratio of the
applied stresses S, or the applied 1loads P, to the
ultimate or design static stresses S, or loads P, may be
substituted for S; or P, as it facilitates comparison
between specimens of different strength.

Graphical presentations in the form of curves and
diagrams have frequently been used in conjunction with the
tables so that the significance of the data could more
clearly be understood. Many graphical methods have been
proposed for various purposes, nevertheless, the most
common ways of presentation have been in terms of an S/N
diagram and more recently in terms of fracture mechanics
concepts and serviceability behaviour.

-N _Curv :

The S-N or Wohler curves are usually plotted for a
given constant minimum stress level S, ;, or a constant
ratio between the minimum and maximum stresses (Sp,y/
Smin) -+ In these curves the applied stress, either absolute
or relative, is plotted along the ordinate and the number
of cycles to failure (N) on the abscissa. In order to
present conveniently both long and short endurance on the
diagram, a logarithmic scale is commonly wused for N. A
linear stress scale is frequently used although
logarithmic scales are sometimes used for these
parameters. The reasons for not applying a linear plotting
is the danger that the general tendency of the curve will
lead the investigators to assume that a fatigue limit has
been reached at a comparatively low value of N and also
the difficulties in accommodating on the same diagram both
small and large values of N. A common convention 1is to
represent specimens unfailed at the completion of the test
by an arrow extending beyond the test point.

16,37 4in fatigue results is often

The scatter
considerable. This inherent statistical nature of fatigue
results can be accounted for, although not always
practically possible, by applying probablistic procedures.

For given loading conditions and numbers of cycles, the
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probability of failure can be obtained by repeating the
test several times. An example of the S-N curve for
various probabilities of failure is shown in Figure 2-2.
This type of curve is commonly referred to as S-N-P curve.

The influence38 of the minimum stress level and the
range of stress can be incorporated in a Goodman diagram
(first introduced to concrete fatigue by Graf and Brenner
in 1934)18 or Smith diagram as shown in Figureé 2.3 and
2.4 respectively.

These curves give the various stress combination for
failure at a given number of cycles and can be combined
with Wohler diagrams in one of the following ways:

1 - max
S --- Goodman
log g = x s
1 - min
Ss
1 - Smax
Sg --- Smith
loggN = X
1 - Smin
Ss
where x = a value for the gradient of the S-N curve

[92]
i

s static strength

r e Mechani n rviceabili

Presentation of fatigue data in terms of fracture
mechanics and serviceability behaviour including the
change during fatigue 1loadings of strain, stress,
deflection, crack growth rate etc. have been increasingly
employed in recent investigations. This approach was
absolutely necessary following the growing need for better
understanding of the underlying principles which explain
the macro and micro-structural changes responsible for
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failure in fatigue and also due to the need for - more
realistic data pertaining to low stress-low cyclic
frequency conditions 1in which case obtaining an S-N
relationship is practically difficult as fatigue failure
may not be attainable except after several millions of
load applications. Information on the serviceability
behaviour is particularly important in the field of plain
and reinforced concrete where fatigue 1loading may not
constitute an immediate hazard of failure but could cause
loss of serviceability at early stages, which necessitate
continuous monitoring of the operating conditions.

The rapid developments in the use and the
interpretation of fatigue data are related to the
development of the powers of observation, monitoring and
analysis techniques in recent years.

2.1.4 Testing Methods and Scatter.
Testing Methods.

Fatigue tests are generally performed to provide
specific information related to the performance of real
structural components under given 1loading conditions
expected to be encountered in actual service. In most
cases, however, it is required that the test be designed
in such a way that it does not only answer the  specific
questions that were put but will also allow generalisation
of the results and contribute to the available body of
knowledge. The development of fatigue testing from the
simple to the present more complex testing has been
associated with a number of basic problems and expanding
design requirements, as outlined in Chapter 1, for which
other mechanical tests, which are generally related to the
static nature of the components, are unable to provide
adequate information on the behaviour under repeated
loads.

Fatigue tests can provide a better assessment of the
fatigue behaviour at an accelerated rate, it also gives
more confident prediction of the service life, probability
of fatigue failure and information on the most prone
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region in the system to fatigue so that more realistic
precautionary measures can be undertaken before
introduction of the element into service.

To obtain meaningful fatigue data, it is necessary to

simulate as closely and as practically as possible the
service loading experienced by components and structures.
This implies the requirements of complicated sequences of
stress amplitude (also called the spectrum of 1loading).
Such tests are designated variable amplitude test and
consists mainly of two categories:-
(1), cumulative damage test which composed of two or three
stress levels only and, (2), the service simulating test
which is a more elaborate pattern for simulation purposes.
It should be appreciated, however, that realistic
simulation for the time being is very difficult
particularly in the field of reinforced concrete.

The more widely used amplitude sequence 1is the so-
called constant amplitude test, in this test different
specimens of the test series may be subjected to different
stress amplitude but for each individual speéimens the
amplitude will be kept constant. This type of test may be
classified into three categories.16

i. The routine test - where the applied stresses are
chosen such that the specimens are expected to fail
after a moderate number of cycles. The purpose of
this test is to estimate the relation between 1load
and life.

Short 1life test - where the stress levels are

-
-

situated above the yield stress and some of the
specimens are expected to fail statically wupon the
application of the load. This test provides
information on the fatigue behaviour under stresses
leading to fatigue failure after small numbers of
cycles.

iii. Long 1ife test - where the stress levels are situated
below or Jjust above the fatigue limit and a
proportion of the specimens do not fail after a pre-
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assigned number of cycles. This test is conducted to
determine the fatigue strength at a given number of
cycles.

In the planning stage of a fatigue test programme,
careful attention should be exercised in choosing the test
variables which include:

1. Details of the test specimens.

2. Lloading regime: broadly classified into bending, axial
loading, torsion and combined stresses.

3. Cycle stress (or 1load, bending moment, torque)
amplitude.

4., Cycles stress range.

5. The pattern of loading sequence.

6. Time of cycle i.e. frequency.

7. The test environment.

Nevertheless, expense and time are decisive factors
in this kind of test and, hence, should be considered at
an early stage. However, the relative importance of each
factor mentioned above is directly related to the actual
structural loading history and the type of information
required.

Scatter,

Scatter in the experimental results is common in most
physical test. However, the results of fatigue tests
usually exhibit substantially larger scatter than static
tests. This is mainly attributed to the fact that the
behaviour of material under repeated load is dependent
essentially on small-scale variables and thus the fatigue
performance is sensitive to quite minor variations in the
material structure, preparation and manufacturing process
and the environmental conditions. As a result, larger
number of specimens are required if the stress-endurance
(S-N) relation ships are to be accurately established.

Different numbers of specimens have been proposed for
the determination of this kind of relationship. Findley39
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(quoted by Weibu1116) suggested that at least ten
specimens be tested for an S-N diagram but that a 1larger
number would be desirable for more accurate conclusions.
For this purpose he proposed 20 (preferably 50) specimens
should be tested. However, it is common practice to test
"between fifteen and forty specimens with up to five or
more at each stress level. It was stated that the limiting
stresses of metal could be determined with a number of
specimens which cannot be safely reduced below four even
under the best circumstances. On the other hand, in the
area of reinforced concrete where fatigue tests are

exceptionally costly Taylor12

proposed a maximum of five
tests at any one stress 1level. Nevertheless, Weibull16
indicated that although the number of specimens has a
marked influence on the accuracy of the parameters
computed for the observations, other factors may be of
equal importance. In this respect the efficiency of a test
series depends also on the choice of the stress level, the
inherent scatter in the properties of the specimens used
and the testing machine and (perhaps larger than commonly
believed) the error in the applied nominal load.
Therefore, a small number of specimens can to some extent
be compensated by a more efficient design and control  of
the test conditions. Apparently, a similar conclusion has
been drawn from investigations4o'41 on the fatigue
properties of concrete which indicate the scatter in the
humber of cycles to failure can be fully explained from
the scatter in the static strength.

Experimentally, the phenomenon of scatter can best be
accounted for by applying probablistic procedures, also
for a set of endurance results at a given stress level the
median (the middle value) may be considered as a
representative result for any particular stress level.

2.1.5 Mechanism of Fatigue Failure.

Fatigue deterioration involves the slow growth of
cracks either pre-existing or initiated under the
influence of the oscillating 1loads. Consequently the
fatigue processes are often associated with points of
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stress concentration in the structure.

Stress raisers12

may be flaws inadvertently or
inevitably present in the material structure. Stress
concentration may occur at (1) Pre-existing flaws in metal
(2) discontinuities in the geometry of the structure ' (3)
sites of damage caused by the use of the structure (4)
notches or corrosion pits.

The fatigue fracture of the structural material
containing large flaws or crack is caused42 by the growth
of these defects during cyclic loading.

For unclad metals, two approaches have been

successfully used to predict, model and describe the

mechanism of fatigue. These are43 (1) accumulation of
cyclic strains for specimens with no flaws at the onset of
fatigue loading (i.e. to predict crack initiation) (2)

fracture mechanics concepts for predicting crack growth in
specimens with initial flaws, notches and points of stress
concentration.

The detailed mechanism of fatigue of unclad metal is
considered beyond the scope of this study although it may
be briefly referred to when considering the common aspects
of fatigue failure in the following sections. However, for
composite components such as reinforced or prestressed
concrete structures where the various material elements
involved may be susceptible to fatigue separately, the
detailed mechanism of fatigue is far more complex and
still incapable of physical modelling.

It is widely acceptedlz'38 that in reinforced or
prestressed concrete elements, fatigue in the concrete is
normally less critical than fatigue in the reinforcing
steel. However the fatigue mechanism of these elements is
not solely dictated by the mechanism of the embedded
reinforcing bars since the latter mechanism fails to take
into account the complex interaction between concrete and
the embedded reinforcement particularly:-

(1) Although the details and amount of reinforcement
control, for a given loading condition, the pattern and
the width of cracks in concrete these cracks
constitutell'13 effective stress raisers irrespective of
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the state of the microstructure and geometry of the
embedded reinforcement at these sites. 1In corrosive
environment this effect is even more pronounced. As a
result their is a very high statistical probability
(almost 100%) of fatigue failure occurring by steel
failure at locations of concrete cracks.

(2) As reinforcing bar lugs transmitd? a large part of the
bond stress to the concrete, only by testing concrete
covered bars can forces be applied to the bar in the same
way as these experienced by the steel in a reinforced
concrete structure.

Similarly, the mechanism of fatigue of plain concrete
can not be representative of the mechanism of the
composite material. In other words, whichever constituent
material properties (steel or concrete) controls the
eventual fatigue failure of the composite structure, the
resultant mechanism of fracture is unlikely to obey the
individual mechanism of either of them.

For the vast majority of structure where the steel is
the critical part from the standpoint of fatigue,
observation of the detailed mechanism is, obviously,
obscured by the concrete cover, consequently, important
fracture mechanics parameters including the initiation and
the rate of crack growth are usually immeasurable and can
only be speculated on or extrapolated from the study of
the fracture surfaces retrieved upon fatigue failure.
Meanwhile, cracks on the concrete surface may, at the best
of the cases, give a rough indication as to the expected
state of cracking of the embedded reinforcement.

The mechanism of fatigue of bare steel reinforcement
will be discussed in light of the available information in
the following section (Section 2.2). However, it is
generally accepted, regardless of the type of structure,
that the fatigue process involves two stages: an
initiation stage in which a small local point of failure
develops to a sufficient size to form the start of a
growing fatigue crack and a propagation stage during which
the cracks grow to such extent that failure occurs.
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Depending on the loading condition variable periods
of time are required for the complete process.

2.1.6 Cumulative Fatique Damage.

Concrete structures are often subjected to randomly
varying loads, but the accumulation of fatigue damage due
to random loading, is still wunknown and no cumulative
fatigue damage hypothesis for concrete has been
proposed.40 The design of concrete structures subjected to
a spectrum of repeated loads is frequently based on the
Miner hypothesis,45 which establishes a relation between
the amount of damage and the results of constant-amplitude
tests on the assumption that the contribution to the
fatigue damage of a single stress cycle ranging from a
minimum stress Spjp tO maximum stress Sp,x has a magnitude
of 1/N; where Nj is the number of cycles which will cause
fatigue failure in a constant amplitude test at the same
level of stress. That is the Miner’s hypothesis assumes
that there is a linear accumulation of damage due to
successive loading cycles. Accordingly the damage
contribution ’'M’ due to a number (c) stress cycles is the
sum of the damage contribution of the individual cycles
and given by the formula

=
0
e~ O

Failure occurs when the total damage M becomes equal
to unity. The application of Miner'’s hypothesis (sometimes
called Palmgren-Miner hypothesis) to concrete was first

examined by Hilsdorf and Keslerd®

in 1966 wusing two
different load levels applied in different sequences. In
their tests systematic deviation from this rule was
observed and resulted in both unsafe and conservative
prediction of the fatigue life. Further, this hypothesis

was unable to account for certain effects of a multistage
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loading history4°'46 such as the loading sequences effects
and the rest period. It was found that a high load early
in the loading history gives more damage (M>1) than a high
load later in the loading sequence (M<1).

Very little research has been done on the validity of
Miners hypothesis on the non-constant-amplitude 1loading
(réndom) on concrete elements. The limited data available
are conflicting although it is generally accepted that the
variable amplitude tests are more damaging than would be
expected from constant-amplitude tests.38'40'41

2.2 Fati f Reinforcing Bar
2.2.1 General.

Fatigue of reinforcing bars has not been the
dbminating requirement in their application as a
reinforcement in the concrete structures. The rib patterns
are designed to give good pull-out strength and the
acceptance of reinforcement deliveries is mainly based on
the minimum characteristic strength. However, following
increased concern about the problem of fatigue, the
fatigue properties of reinforcing bars have been
thoroughly researched and a considerable number  of
investigations have been reported. The current state-of-
the-art is excellently reviewed in References 11,13, 36.

In reviewing the available data, it 1is clear that
separate researches have been largely18 unco-ordinated and
have concentrated on several different factors which can
vary considerably between different types of
reinforcement. The size and variety of the available data
raises an obvious need for data manipulation and
compilation systems. Some successful attempts towards this
have been made and are still under development by the

British Steel corporation.47

2.2.2 Fatique Limit and S-N Curve.

The relationship between stress range and fatigue
life (N) are often determined by a series of fatigue tests
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on bars which were either embedded in concrete or unclad

in air.

Most of the S-N curves show, Figure 2.5, a transition
from steeper slope referred to as the finite 1life region
which is characterised by the fatigue life at a given
stress level and flatter slope in the vicinity11'13'36 of
one to ten million cycles and referred to as the long-life
region characterised by the fatigue limit. It is noted
that many of the S-N curves in the latter region are
conjectural, there is, however, a clear indication of a
fatigue limit which varies with stress ratio such that,
for a given stress range, for higher stress ratio
(Smin’/Smax) - the value of fatigue 1limit 1is reduced.
Consequently the transition point (from steep to flat)
extends to longer endurances. Snowdon48 indicated that
there may well exist a critical range of stress below
which the fatigue life is very high (over 107 cycles).
For hot rolled bar this range was about 190 N/mm? Other
references stated that no fatigue failures have occurred
for straight deformed bars at a stress range below 140
N/mm2 Current thinking,13'47'49 nevertheless,
suggests that although the S-N curves may have very low
slopes at endurances greater than 106 cycles, failure
can occur at lives in excess of 108 cycles so that a
fatigue limit can not be assumed unless verified
experimentally.

2.2.3 Type of Test.

There are two types of fatigue testing frequently
used to evaluate the fatigue properties of reinforcing
steel:

Axial tests: which are usually carried out on unclad bars.
This test permits the application of more a complex
loading spectrum and can be conducted at relatively hlgher
frequencies (3-10 Hz as recommended by RILEM-FIP-CEB).

It is, therefore, inexpensive in terms of machine
occupancy and less time consuming, further, the applied
loads can be calculated unambiguously. The major criticism
to this type of testing is that it is not representative
of the complex force transfer Dbetween concrete and
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- embedded reinforcement.

Bending tests on reinforced concrete beams: Fatigue tests
in flexure are usually made on concrete beams having a
single reinforcement bar, tests on beams with more complex
reinforcement configuration are wusually associated with
the general behaviour of the composite material rather
than the reinforcement alone. These kind of tests are
commonly conducted at 3-5 Hz although use of 6.7 Hz cyclic
frequency has been reported.

Bending tests usually exhibit wider band of scatter
in both directions than in axial tests.

2.2.4 Factors Affecting Fatigue of Reinforcement.

The fatigue strength of reinforcing bars depends upon
several factors including the chemical composition,

microstructure inclusions and others. However, the
variables related to the physical characteristics and the
testing conditions are of greater importance, these
include.

Embedment in Concrete,

There are contradictions in the literature as to
whether a bar has the same fatigue strength when tested in
air as when embedded in a concrete beam. Jhamb85 et al
observed that both finite and long life regions of the S-N
curve for beams are higher than those for tests in air,
Figure 2.6, with a reduction of 141 N/mm? in the fatigue
1imit. Increases in fatigue strength due to embedment in
concrete of 10%13 and 20%14'50 have also been reported.
The opposite conclusion, however, Wwas reached in other
investigations.36

The observed discrepancy in the test results may be
attributed to the statistical balance between positive and
negative effects of embedment on the probability of

failure. Bending tests36'13

would be expected to have
longer endurances because highest stresses are restricted

to the parts of the bar in the vicinities of cracks in the
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concrete, this gives a purely statistical effect in that
the likelihood of these locations coinciding with the
worst defects in the bar is low. Meanwhile due to the
transfer of forces between the concrete and the
reinforcement the ribs act as stress raisers and so add to
the probability of failure. 1In contrast, axial tests
subjected the bar to uniform stress so that fracture can
be initiated from the worst defects. D

For design purposes, however, it has been suggested
that the fatigue properties of reinforcement should be
assessed from axial tests as the beneficial effect of
embedment in concrete may vary in different structures.

Steel Stress level,

Minimum stress level influences the fatigue strength
to the extent approximately indicated by a modified
Goodman diagram with a straight 1line envelope. The
relationship between the mean and the range of stress has
been assumed to be straight line or parabola, the effect
of increasing the mean stress is to reduce the allowable
stress range for a given number of cycles to failure. It
has been found, however, that the stress range is the
dominating parameter which controls the fatigue strength
and thus it is more convenient to consider fatigue
strength in relation to it.

Type of Steel and Manufacturing Process,

Jhamb®® et al fatigue tested unclad American Grade 40
and 60 deformed steel bars and found that fatigue strength
is insensitive to the grade of steel. Contrary to this
conclusion, they observed that fatigue strength of
as-rolled plain bars increased with an increase in grade
of steel. Statistical analysis showed that the effect of
stress concentration is higher for higher grade bars,
thus, although the fatigue strength of the metal improved
with an increase in grade this was offset by greater
susceptibility to stress concentrations. Other
investigators indicated that above 420 N/mm2
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characteristic yield strength there 1is very little

improvement in fatigue strength.

On the other hand, cold working of reinforced Dbars,
although it improves the tensile strength of deformed hot-
rolled bars, was found to reduce the fatigue strength of
the embedded  bars. Hetherington44 attributed this
observation to three factors which act simultaneously to
reduce the crack initiation phase:-

1. Cold working concentrates dislocations at the metal
grain boundaries and, thus, increases the size and
density of stress raisers.

2. The process imparts residual stresses which are
generally tensile.

3. Twisting of the bars aligns diagonally those
inclusions from the bar rolling process that are
normally longitudinal and possess lower potential to
act as stress raisers.

Bar metr

Fatigue strength is considerably influenced by the
severity of the surface deformation of the bars. Although
they have good bond properties, deformed bars have fatigue
strengths which are lower than those of plain bars because
the deformation involves stress concentration at the base
of the ribs or at points of intersection with other
deformation, these serve as crack initiation site,

typically in the range of 1.5 to 2.011'13'52 for

normally
shaped ribs, and thus reduces the crack initiation phase.
Transerve ribs at right angles to the axis of the bar were
found to have the most serious effect.48 Fatigue strength
is also influenced by the height and the root radius of
the transverse ribs. _

The orientation11 of the longitudinal ribs of the
bars could also have a significant effect. It was found
that for ribs in the vertical plane, the fatigue strength

can be as much as 40% lower than when placed in a
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horizontal plane.

On the other hand, experimentsl3'53 confirmed that
reinforcement produced using worn rolls, has better
fatigue strength, since new rolls give sharper base radii
to the deformation and hence cause greater stress
concentration factors.

The effects of the type of deformation are difficult
to assess quantitively because other variables such as
chemical composition, method of manufacturing etc. also

influence the fatigue strength.
Bar Diameter,

It is commonly appreciated that fatigue strength
decreases with an increase in bar diameter. This effect is
relatively small for plain bars. Rotating bending on bars
of diameter 12.5 to 38 mm showed a maximum reduction in
fatigue life of 5%. For deformed bars this effect is more
pronounced, Tilly reported14 a reduction in 2 x 107 cycles
fatigue strength of 30% for beams with 40 mm Torbar as
compared with beams with 16 mm torbar, Figure 2.7.

The explanation11'13'51 given for size effect is that
it is partly due to the statistical size effect, as bigger
section implies greater probability of containing large
flaws, bars of smaller diameter can be more effectively
worked, and partly due to increase of grain size with
diameter which facilitates the grain boundary slip and
hence earlier crack initiation. '

Under this heading notches, decarburisation and
corrosion may be considered.

Bannister®® carried out fatigue tests on beams with
notched-ductile steel (hot-rolled) at 2 Hz cyclic
frequency and observed that previous damage has no effect
at stress ranges below a limited value, the limited value
was about two thirds of specified characteristic strength.
Jhamb et al®d pointed out that ordinary rust and mill
scale did not influence the fatigue strength of bars.
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Decarburisation11 has the same effect as notches, the
surface of lower carbons content is weaker than the rest
of the material and thus fatigue cracks can be initiated
at these positions at lower stresses. In one
investigation55 it was found that decarburisation <can
produce an average value of reduction factor of 1.41 in
fatigue strength.

The interaction of corrosion and fatigue loading can
have serious consequences, on the properties of
reinforcing steel. This aspect, however, will be
discussed in detail later in this thesis.

Welding.

The effect of welding is important in welded wire
fabric, bar mats and in tack welding of stirrups. Welding
may considerably reduce the fatigue performance as
compared with weld-free bars.

There have been several investigations on the effect

of welding. Burton®?

et al indicated the substantial
effect of tack welding of stirrups on fatigue 1life
compared to bars having tied stirrups, a reduction of 75%
for both intermediate grade and high strength steel has
been observed.

Snowdon48 reported results of stepped fatigue tests
on reinforced concrete beams which showed reduction in
fatigue life of 25-60% when using stirrups 1lightly tack-
welded to main bars and failure always occurred at welds.

Tilly14 also observed that butt welded bars exhibited
substantially weaker fatigue performance than continuous
bars. It 1is generally recognised that the effect of
welding dominates only when it causes greater stress
concentrations than the bar deformation.11 It is also
affected by the statistical probability of weld points
coinciding with concrete cracks. Consequently, welded
joints can have better fatigue strength13'50 when tested
in concrete beams than in air although the strength is
usually lower than for continuous bars.
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2.2.5 Mechanism of Fatigue of Reinforcing Bars.

The process of fatigue can be divided into two
stages, namely a stage of crack initiation and a stage of
crack propagation. The delineation between these two
stages, however, 1is not always clear in terms of
specifying a crack size. It can often be quite arbitrary
depending on " the opinion of the investigator.
Unfortunately few studies on the fatigue mechanism of
reinforcing steel in general and those embedded in
concrete in particular are known as compared to numerous
experimental studies on the fatigue process of metal. The
following summarises the current physical understanding of
this phenomenon.

Crack Initiation,

Some models,12

especially directed to pure and flaw-
free metals, have described this stage as being associated
with slip planes from the tension and compression halves
of the stress cycles producing an irregular surface
profile on the metal 1leading to the formation of
microcracking. In this stage small points of failure

develop to sufficient size to form the start of growing

fatigue cracks. In commercial metals, cracks wusually
develop from initial flaws, including non-metallic
inclusions, which causes stress raisers. These cracks

begin at the surface when they have an observed length
greater than 25um. The growth of such embryo cracks will
not continue if the cyclic stress level is not
sufficiently large. Fractographic examination indicates
that fatigue under axial loading tends to initiate at the
worst surface flaw whereas the range of initiation :éites
in bending tests is restricted to the vicinity of cracks
in concrete.

28 5n concrete-clad 32 mm reinforcing

Fatigue tests
Torbar have shown different expectancies of the initiation
of a fatigue <crack in the bars at the 1locations of
concrete cracks. For high stress it was found that 8 out

of 10 concrete cracks may be expected to produce fatigue
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cracks in the bar, while at lower stress range the ratio

decreased to only 5 out of 10.

Manfred et a1°8 fatigue tested structural welded
steel beams and noted that 80 per cent of the cracks had
originated from porosity caused by entrapment of gas,
these cavities were completely inside the weld.

Local corrosion damage (e.g. pitting) arising through
the ingress of corrosive substances and oxygen to the
steel reinforcement is also likely to <create initiation
sitesl2/13:33 ¢4 fatigue cracks, thus, superseding other
mechanical factors, e.g. rib intersections.

Propagation Stage.

In this stage the surface nucleated microcracks grow
at an increasing rate until the cross sectional area of
the component is so reduced that it can not support the
applied load and structural failure eventually occurs.
The propagation phase always shows an initial period of
growth, as shown in Figure 2.8, <continuing exponentiaily
to fracture. Therefore for most of the 1life of the
component the crack length 1is small. Phase I of the
propagation 1is ‘often considered an extension of the
initial stage because of its microscopic nature. Crack
growth in this stage often occurs by the progressive
development and linking up of flaws along the slip band or
grain boundaries at about 45 degrees to the tensile stress
axis.®0 The second propagation stage of crack growth has a
different surfaée characteristic of regular distinctive
striations Figure 2.9. It is usual to assume in fatigue .
tests that there is one-to-one relationship between
striations and number of fatigue cycles which allows an
estimate to be made of the rate of growth although this
can be inaccurate for high levels of mean stress. _

In 1963°! paris developed a law that describes the
growth of stage II fatigué cracks by relating the crack
growth rates da/dN to the stress intensity factor range AK
in the form:
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da c (aK)™

dN
where a = is the crack length, N = the number of stress
cycles, ¢ = a factor that depends on the average stress
level, K = the stress concentration factor, m = the
material factor.

On the assumption that the crack initiation phase
occupies a small part of the fatigue 1life, it has been
suggested that the slope of the logarithmic S-N curve must
be the same as the exponent in the Paris 1low. However,
researches indicate that there can be a substantial crack
initiation phase being dependent on the stress range and
environmental conditions. That is, as the applied stress
range decreases the initiation time increases, whereas the
effect of a corrosive environment is to reduce the
initiation phase. Further, a longer propagation stage
produces a higher statistical probability that several
fatigue cracks will develop before any individual crack
leads to rupture.

It is generally recognised that embedment in concrete
brings further new complications due to the fact that
concrete is in macro-scale a heterogeneous material.
Little work using the fracture mechanics approach has been
undertaken on reinforcing steel and the technique becomes
even more difficult in practice to apply to concrete-
coated steel bar.

Salah eldin et a128 fatigue tested 5 samples cut from
32 mm Torbars with stress ratio R between 0.125 and 0.5
and found that fatigue cracks growth in Tor bar steel may
be estimate by the following equations.

da/dN 3.83 x 10°22 (aK)20-86  for AK < 9 MNm~3/2

da/dN 3.16 x 10712 (ak)3-14  for AK > 9 MNm~3/2
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Rupture,

Rupture occurs when the fatigue crack grows to such a
stage that the remaining cross-sectional area can no
longer support the applied 1load. Examination49 of the
fracture surfaces reveals that straight fronted fractures
are always associated with short lives and high ranges of
stress, partially curved fractures with medium 1lives and
stress ranges and circular fronted fractures with long
lives and low ranges of stresses.

Salah Eldin et al?8 compared the tensile strength and
the ductility of reinforcing bars of different size
cracked by fatigue loading with identical wunloaded bars.
They found that the transition from elastic to plastic
bulk behaviour appeared to be a little pronounced in the
case of fatigue cracked bars but no change was observed in
the value of 0.2% proof strength. On the other hand the
tensile strength was reduced by an amount which was
dependent on crack size. However, the most pronounced
effect of fatigue damage was that observed on ductility.
The ductility of bars containing fatigue cracks with a
ratio of crack depth to bar diameter a/D = 0.05 was found
to be equal to 70% of the ductility of the fresh un-loaded
bar. The ductility was negligible at a/D = 0.3.

2.3 Fati Pr i f Reinforced ncr

2.3.1 General.

The fatigue properties of reinforced concrete
structures are directly related to the fatigue properties
of their constituents; namely, steel and concret:e.ll'62
Structurallcollapse will occur when the weakest one fails,
thus, for under-reinforced members failure almost
certainly occurs in bending due to failure in the
reinforcing bars. In the case of over-reinforced members
the stress conditions are more complicated and failure may
occur in compression, shear or bond. It 1is generally
recognised, however, that fatigue in-concrete is normally
less critical than in reinforcing steel.
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Fatigue fracture of reinforced concrete is

characterised36'63 by considerably larger strain and a
greater degree of microcracking as compared to fracture
under static. A large number of studies have been carried
out to determine the fatigue strength of reinforced
concrete beams. Recently, however, more emphasis has been
placed on the serviceability aspects i.e. the structural
change before the point of failure. Mostly restricted to
tests in air, the common features of these tests have been
the observation of variable degrees of change sometimes
considerable, in concrete and steel strains, deflection
and crack width and the reduction in stiffness. These
effects will be discussed in the following section. .

2.3.2 The Behaviour of Reinforced Concrete Under Fatigue
Loading.

Experimental investigations on the serviceability
behaviour of reinforced concrete sustaining cyclic loading
have generally indicated an increase in the total
deformation, the precise nature,64 however, of such
increase is not known and the methods to predict these
deformations accurately are not available.

Jagdish6_5 reported an increase of 6-7% in the stress
of the tension steel at crack locations in the maximum
bending moment zone. In the same zone, the maximum bond
stress between cracks dropped about the same percentage.

Hetherington44 noted an increase in crack width of
approx. 100% for beams containing cold-worked bar and 50%
for beams with hot rolled bars after approx. 1 million
cycles.

The same observations were also reported by Bishara66
and Bennett.67 Variable degrees of increase in deflection

and crack width due to cyclic 1loading were reported by
14,56,68

a1%9

different authors.

Lovegrove et observed an increase in the
deflection, the curvature and the maximum crack width of
rectangular reinforced concrete beams of different cross
sections and steel area subjected to cyclic loading at a
frequency of 1 Hz. The long term cyclic deflection and

average curvature were higher than their initial values by
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a maximum of 35%, 57% and 80% at 105, 107 ana 108 1load
cycles respectively, the corresponding increase in max
crack width were 47.5%, 56% and 60.3%. They also observed
that the increase in the deflection is slightly higher at
the maximum load than at the minimum load which indicates
a slight decrease in the rigidity of the bean with a
number of load repetitions.

Similarly, in step-loading tests at the Building
Research Station, Snowdon48 found that deflection and
crack width increased by 20 to 25 percent in the early
stages on tests. The effect was not cumulative under
continuing fatigue loading and was proportional to the
stress on the steel.

These observations, of increased deformation due to
cyclic 1loading, are not particularly confined to
reinforced concrete beams, Ass Jakobsen et a170
investigated the behaviour of reinforced concrete columns
subjected to fatigue loading and observed an increase of
deflection after 1 million load cycles between 40-60% of
the deflection in the first load cycles. More over Bertero

et al71

examined the behaviour of rectangular portal
reinforced concrete frames with fixed-based columns
subjected to repeated reversible overloads. They found
considerable reduction in bond strength around the
critical sections of the frame and that the rate of
reduction was rapid for the first 10 cycles and then
decreased as the number of cycles increased. After 100
cycles practically all bond resistance had disappeared.
Reduction in stiffness was also noted.

In other investigations, fatigue loading was found to
produce an increase in the strains of the concrete in the
compression zone with a subsequent decrease in the secant
modulus of elasticity. ‘

Finally, it can be noted that, regardless of the type
of the structural element, the total damage due to fatigue
loading usually involves two stages: the initial stage
which is characterized by a rapid deterioration process
and the semi-stable stage where the rate of change is
relatively small. The life proportion occupied14 by each
stage is dependent on the loading level and the testing
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condition. In most reported results, however, the dramatic
changes occur during the first 1/4 of the fatigue life.

2.3.3 Mechanism of Deformation of Reinforced Concrete
Under Fatigque Loading.

Ruiz et a123 suggested that the deformations observed
in reinforced concrete elements subjected to repeated
loading can be attributed to the interaction between
destruction of bond and progressive cracking in the
tension zone. The fact that tensile strains are always
greater, two or three times, than those measured in the
compression zone 1is a strong indication that these
deformations are actually originated in the tension zone.
Thus if the applied repeated load is sufficiently large to
form cracks, cracks will form at points of stress
concentration in the maximum bending moment =zone. The
stress distribution in a segment of a bar located between
two tension cracks may be considered as shown in Figure
2.10a, stressvin the bar is a maximum at the faces of the
crack reducing to a minimum about half way Dbetween the
cracks. The non-uniform distribution along the bar |is
caused by the gradual transfer of 1load from steel to
concrete by bond, the bond stress, being proportional to
the steel stresses, is a maximum at the face of the crack
decreasing to zero near the centre of the segment. With
the development of cracks during the consecutive cycles
the bond transfer near the faces of the crack and along
the crack width will be destroyed, as a result steel
stresses at these regions will be increased as shown in
Figure 2.10b. During the initial stage of 1loading, in
particular, the deterioration of bond strength can be
facilitated65 by the residual stresses in the tension
reinforcement upon un-loading which create bond stresses
of opposite sign to those existing under load. This effect
decreases with increased repetition of load. Further it is
likely that secondary internal cracks develop between the
principal cracks which produce a new local peak in steel
stresses, Figure 2.10c.

The end result of the progressive deterioration of
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bond is to produce high and gradually more uniform steel
stresses between the cracks without necessarily being
accompanied by changes at the principal cracks?® or
proportional increases in the deflection of the elementss.

As the incremental deformations with repeated 1loads
appear to be caused by destruction of bond, it can be
expected that these deformations will increase as the
available bond strength decreases. It seems rational thus
to envisage the importance of bar type in terms of
deformation (with due concern to other effect of
deformations stated earlier) as well as the severity of
loading conditions since, for example, 1long regions of
high constant moment will 1lead to more destruction of
bond.

There are, however, other interactive deterioration
processes takihg place which add to the total observed
deformation.

Cyclic loading may result in an increase in crack
height particularly in the zone of high bending moment.
This in turn eliminates®® the possible existing
contribution of concrete below the neutral axis to the
tensile resistance of the section. Accordingly, it was
observed that the increase in the ratio between the cyclic
deflection at a given number of cycles and the initial
(static) deflection is higher for beams in which the steel
stress is low as the contribution of tension zone-concrete
becomes substantial for beams carrying relatively less
load.

In addition, cyclic 1loading was found to produce
additional compressive strains in the compression zone of
the beam similar to creep62'68'72'73 under sustained 1load
but greater in magnitude this means that, similar to
static creep, cyclic creep of the concrete compression
zone can produce an increase 1in the crack width and
deflection as well as tensile stresses in the tension
steel. This effect, however, is not always clear
particularly in the case of high applied 1load and some
investigators25 have in fact expressed the opinion that
Ccreep effects have little influence on the incremental
deformation particularly under conditions of short-term
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application and indicated that the major damage due to

fatigue loading is directly related to the behaviour of
the tension zone.

On the other hand, the effect of reinforcement in the
compression zone is to reduce the neutral axis depth and
hence increase the height of the internal resisting couple
which may result in a slightly lower tensile steel stress
and consequently smaller crack width. Higher compression
to tension steel results in smaller increase in crack
height during cyclic loading.

2.3.4 Prediction of Deflection and Crack Width Under
Cyclic Loading.

Analytical and empirical methods have been proposed
to predict the increase in deflection and crack width of
reinforced concrete beams under fatigue loading.

Based on fatigue tests of beams with sustained 1load
at 1 Hz cyclic frequency, Spark et al®8 nave indicated
that long term deflection of reinforced concrete elements
can be predicted with acceptable accuracy using available
methods of creep analysis provided it is assumed that any
fluctuating component of the loading acts as if it were a
sustained load at the maximum level of the fluctuations.
They also indicated that the asStmption that only the
sustained component of the load contributes to the creep
of a beam leads to a considerable under-estimation of the
true long-term deflections.

Lovegrove et a169 proposed empirical expressions for
prediction of cyclic deflection, curvature and crack
width, these are:

Deflection A, = 0.225 Ay logn

Curvature K, = 0.225 K, logn

Crack width W, = W, (0.382-0.0227 logn)logn

where A,, K, W, are the initial values of

t
deflection, curvature, crack width which may be calculated
using one of the existing methods for deformations wunder
short term application of load.
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Comparison between the predicted values of deflection
and the maximum crack widths using these equations and the
experimentally measured values of other earlier
investigations generally shows reasonable agreement.

Balagurn et a17? adopted an apparently more promising
approach which is based on the fatigue properties of the
constituent materials. They proposed a step by step
analytical method to predict the increase in deflection
and crack width in which they introduced the concept of
cyclic parameters such as the cyclic modules of
elasticity (Ey)» the cyclic modules of rupture (FN) s the
cyclic creep and the corresponding applied <cyclic moment
(Mcr,N) and the cyclic moment of inertia Icr,N' The effect
of concrete creep was accounted for by the term Ey and
Icr,N whereas the effect of the progressive reduction in
the tensile contribution of concrete was included in the
term Mcr,N'

The aforementioned methods, however, are of limited
applicability as they are generally based on one set of
data for particular testing conditions and may not be
capable of describing other conditions with substantially
different variables.

2.3.5 Effect of Cyclic Frequency.

The effect of test frequency on the fatigue strength
is a matter of conflicting views and is, apparently, one
of the less investigated subjects. In relative terms,
however, this effect is more clearly defined for plain
concrete than for reinforced concrete. For plain
concrete, there is a substantial agreement that this,
effect is usually considered to have little influence on
fatigue strength, at least up to 20 Hz.11,76,77

For fatigue tests on reinforced concrete, Tilly13
suggested that cyclic frequencies are limited by the high
range of deflection and the necessity to avoid 1local
heating due to friction at cracks in the concrete. It has
been pointed out (Section 2.2.3) that these tests are
usually carried out at 3-5 Hz. Recent trends,
nevertheless, place more emphasis on substantially lower
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frequencies (0.1 - 0.2 Hz) particularly when information
on the environment effects are required, for which the
test frequency 1s of greater importance since for a given
number of cycles the exposure of the reinforcement to the
aggressive environment is longer for slower frequencies.
This will be discussed later in Chapter 4.

Hockenhull78. (quoted by Patterson)59 reported a
number of sources indicating a reduction in fatique
strength at lower frequencies, whereas research at Glasgow

University79

indicated that frequency in the range from
0.17 to 5 Hz has no noticeable effect on the endurance in
air. The same conclusion was also reported by Hawkins31
who observed that the behaviour and the fatigue life of a
reinforced concrete beam loaded in air at 8 Hz were almost
identical with those of the duplicate specimens loaded at
4 Hz. |

On the other hand, Balagurn et a1’? did not show much
consideration of the effect of frequency in their
analytical approach to structural changes during fatigue
loading. By relating frequency to time, they suggested the
applicability of expressions based on fatigue tests at 10
Hz to a wider range of frequencies. Lovegrove69 et al also
ignored this effect in their empirical formula for the
prediction of deflection and crack width under cyclic
loading.

In the absence of investigations devoted specifically
td the effect of frequency, particularly those relating
this effect to the stress range, the general trend seems
to favour the opinion which assumes little or no influence
on fatigue strength.

This assumption permits the conduct of fatigue tests
in air at conveniently higher frequencies.

2.3.6 Fatique Failure.

The fatigue strength of reinforced concrete elements
.is a complicated subject which 1is influenced by many
factors.

Variables’4:/79,76,77 gych as concrete strength,
percentage of compression and tensile reinforcement, span/
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depth ratio, aggregate size and shape, moisture condition,
maximum value of repeated loading, the range of 1loading
(stress), rate of loading and others may have significant
effects on the final results.

The commonest form of failure is by tensile fracture
of the reinforcement. Compression failure of the concrete
is restricted to members with a large percentage of
tension reinforcement.

However, other less predictable types of failure such
as bond and shear failure may also occur wunder fatigue
loading even though duplicate beams fail by other
mechanism (e.g. tensile fracture) under static load.ll

In the following the principal modes of fatigue
failure are outlined.

Fati Fr r £ lLongi in T il Reinforce-
ment ,

This type of failure usually occurs at the maximum
bending moment zone either with or without diagonal
tension cracking, Figure 2.11a,b and often associated with
points of stress concentration in the bar. Beams
critical?? in longitudinal reinforcement seems to have a
fatigue strength of 54-70% of static ultimate strength for

106 cycles.

In this, the compression 2zone of the beam is
destroyed by crushing, Figure 2.1l1ic. Failure’4 occurs due
to the development of tensile diagonal cracking to such
extent that the concrete at the top end of the crack
becomes too small to resist the applied load. Special case
of this failure 1is the so-called "Diagonal Cracking
Failure" in which the concrete failed by compression as
soon as the diagonal cracks form, Figure 2.11d, 1i.e. the
number of cycles to failure is the same as that for
cracking. In this type of failure8? the stress in the
tensile reinforcement can be lower, equal to or higher

than the yield stress. The process, however,' does not
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involve fracture of either the main bars or the shear
stirrups.

For beams critical in compression, Le camus8! (quoted
by Nordbyle) obtained a fatigue strength for 109 cycles of
about 60% of the static ultimate strength. While
Lambotte8? (quoted by Westerbergll) found that
over-reinforced beams failing due to fatigue of the
compression zone could sustain 70% of their static
ultimate load for 10’ cycles.

Failure in Bond,

Bond failure implies that the adhesion between the
reinforcement and the surrounding concrete is reduced over
a certain length which results in progressive reduction in
force transmission and relative slip between steel and
concrete., Nordby18 indicated that results on bond fatigue
are extremely erratic and failures at as little as 50% of
the flexural capacity are possible after several million
cycles.

Verna et a183 fatigue tested reinforced concrete
beams with a single 19 mm bar at 7 Hz and stated that bond
failure under fatigue loading is not predictable. Their
results indicated that for 56,000 cycles the bond fatigue
strength dropped to 55% of the static strength.

Barnoff84 (quoted by Hawkins)31 estimated bond
fatigue strength for 106 cycles as 65% of the static
strength. He concluded, however, that fatigue failure in
bond is not likely to be critical in practice.

Hawkins31

observed that bond failures were triggered
by inclined cracks that caused splitting along the line of
the longitudinal reinforcement and concluded that this
type of failure is probably strongly dependent on shear
effects. He also noted that bond failure is not
significantly influenced by either the embedment 1length,
the height of the deformation on the bar or the rate of
loading (between 4-8 Hz). Hawkins investigation indicated
that bond fatigue strengths, being partially dependent on
bar diameter are likely at 10° cycles to be of the order

of 40-60 percent of the static bond strength.
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ilure in Sh

Fatigue failure in shear starts with diagonal cracks
in the shear span. Cracking then proceeds towards the
region of the maximum moment as additional load cycles are
applied,74'75 and destruction of the compression zone
normally occurs at the top of major diagonal crack Figure
2.11e accompanied by fracture of one or more stirrups. It
was found, however, that stirrups fractures were not
always associated with external warning of such fracture.

The probability of fétigue failure in shear increases
as the ratio of the shear span to effective depth (a/d)
increases, simultaneous fatigue failure with inclined
cracking was reported31 for a beam with a/d ratio of 6.36.

The fatigue strength in shear varies a great deal
between different investigators.31'74'75'85'86 Beams with
adequate shear capacities for static loading were reported
to have failed in shear under fatigue loading in the range
of 21-65% of the theoretical static shear strength.
Accordingly, Hawkins suggested that the checking of the
stress range in longitudinal reinforcement bars may not be
sufficient to ensure protection against fatigue failure
even if member is designed to fail in flexural. He also
indicated that for beams developing inclined cracks under
service loads or unexpected overloads, the stress range in
the stirrups should be limited to ~ 103 N/mm2 regardless
of their yield strength. Furthermore, the shear capacity
of a beam containing compression reinforcement may be
calculated wusing truss analogy and assuming zero
contribution of the concrete to the shear capacity.
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HAPTER

CORROSTON OF STEEL_IN CONCRETE

3.1 Basic Corrosion_and Oxidation,

3.1.1 Definition.

Corrosion may be defined as the electrochemical
reaction of a metal with a non-metal (or non-metals) in
the surrounding environment in which the metal itself is a
reactant and is oxidised (loss of electrons) to a higher
valency state, whilst the other reactant, an electron
acceptor, in solution is reduced (gain of electrons) to a
lower valency state. This reaction results in the
formation of compounds which are referred to as corrosion
products and if allowed to proceed will result in the
deterioration of the metallic construction or component.

Virtually all metals are basically unstable and have
a tendency in most environments to revert to their more
stable state and lower their free energies by combining
with other elements. The corrosion characteristics of a
metal component are not an intrinsic property and the rate
and the nature of the corrosion will depend wupon the
environment to which it is exposed.

3.1.2 Types of Corrosion.

Corrosion may take a variety of forms that range from
fairly wuniform wastage resulting in general 1loss of
thickness to highly localised attack resulting in pitting
and perforation or in cracking and fracture. Components
can also deteriorate in an aqueous environment by the
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joint action of stress and corrosion.

General corrosion is perhaps the most common form of
corrosion, it is characterised by progressive and uniform
thinning of the metallic component over a large area of
the surface.

Galvanic Corrosion,

This occurs when two different metals are in
electrical contact and exposed to an aqueous electrolyte.
Galvanic attack, sometimes called bimetallic corrosion, is
characterised by accelerated dissolution of the more
reactive metal and less corrosion of the more noble metal
component than if they were placed unconnected in the same
environment. This kind of corrosion is particularly
sensitive to the relative area of the two metals. A high
ratio of the cathode to the anode area will result in
accelerated attack on the anodic component and vice versa.

Pitting corrosion is, usually, extremely localised
(Figure 3.1) and is often initiated at sites of 1localised
damage to a protective oxide film in situations preventing
its reformation. These pits are sometimes so close
together as to merge into a general rough surface.
Corrosion rate in the pit may be accelerated by the
development of a macrocell in which the pit acts as a
small anode and the external surface as a large cathode.

Crevice corrosion 1is another form of 1localised
corrosion which occurs at points of geometrical
discontinuity, holes, joints, bolts, rivets etc; Crevice
corrosion occurs at these locations due to the build-up of
a detrimental ion species, depletion of oxygen or change
in pH value.



In this type of corrosion the grain boundaries in the
metal are attacked preferentially to the interior of the
grain. It 1is usually related to the segregation of
specific elements or the formation of a compound in the
boundary, 1in severe cases this kind of attack can cause
the whole grain to fall out.

r rrosion Crackin Figqur

This wusually refers to failure of the compound in a
certain environment after sustaining stresses, tensile in
particular, for a period of time. Sometimes specific
metalurgical requirements in terms of composition and
structure are necessary for SCC. Cracks can initiate at
pits after a slow corrosion attack then propagate to
sufficient size to cause failure. It worth mentioning that
SCC tends to occur in relatively passive materials and is
generally accelerated in progressively more innocuous

environment as the material’s strength increased.
Erosion rrosion

Erosion corrosion occurs under turbulent conditions
where the corrosion rate is facilitated by:

a. easy and rapid transport of species to and from the
metal surface,

b. continuous removal of the corrosion products and
breaking of the surface film by mechanical stress.

The process is sometimes accentuated by entrained
particles in the flowing corrodent or slurry.

An alternative mechanism for damaging the surface
film is cavitation, which can lead to localised mechanical
damage or combined <cavitation/corrosion attack in a
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corrosive environment. The cavitation process usually
takes place extremely rapidly and 1is caused by the
collapse of low-pressure bubbles which produces a strong
shock wave.

The process in which a metal fractures prematurely
under conditions of simultaneous corrosion and repeated
cyclic loading at lower stress levels or fewer cycles than
would be required in the absence of the corrosive

environment.
3.1.3 Mechanism of Aqueous Corrosion.

Corrosion that occurs in an aqueous solution is
electrochemical in nature and is similar to that occurring
in an electrochemical cell. The corrosion cell must
consist of two types of electrode reactions: anodic
reactions involving oxidation as the predominant reaction
and the cathodic reactions in which reduction 1is the
predominant reaction. The two half cell reactions
constitute the overall reaction and are interdependent so
that their rate and extent will be equal; in other words
oxidation of one species can not occur with out the
simultaneous reduction of the other.

For a simple corrosion cell such as, for example, a
single isolated piece of steel in neutral or alkaline
water, the half cell reactions are likely to be:

Anode 2Fe ---> 2Fe?t (aq) + 4e” ...3.1

Cathode 0, + HyO + 4e” ---> 40H~ ...3.2a
2H+ + 2e' = H2

...3.2b

The total anodic current I, (Equation 1) must be
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exactly balanced by the total cathodic current I
(Equation 2).

Now 1if a metal is placed into a éolution of its <cations
such as a system Cu+2(aq)[Cu then there is a tendency for
an exchange process in order to attain the electrochemical
equilibrium. This is achieved either by metal/dissolution
*2 4 2e --> cuy,
the prevailing process is dependent on the free energies

cu -->cu*? + Ze or by metal deposition Cu

of the metal ions in the solution and that of the metal
which can also be related to the electrochemical electrode
potential (E) of the metal and the equilibrium electrode
potential (E,). Thus

if E > E,, an electrochemical reaction may occur only
as an oxidation.

if E < E,, an electrochemical reaction may occur only
as a reduction.

In a corrosion cell with two different electrodes
immersed in a solution and connected externally, the
direction of the reaction will depend on the electrode
potentials such that the electrode with more negative
potential will act as an anode i.e. dissolution takes
place which results in a change in the potential to a more
positive value. Whereas the electrode with less negative
potential will sustain cathodic reactions with the
corresponding change in potential towards more negative
value. The e.m.f. of the cell (E.,;;) is the difference
between the two values at which a corrosion current I
will flow.

corr
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3.1.4 Corrosion Rates and Extents.

Corrosion 1is quantified by specifying the corrosion
rate under the environmental conditions prevailing. The
current I is the rate of charge transfer and the rate of 1
Ampere = 1 Coulomb/sec. The charge of an electron is
1.602 x 10719 C and 1 mol of an element contains 6.0235 x
1023 atoms (Avagadro’s number). Thus the cathodic
reduction or anodic oxidation of a mole of a metal M of a
given valency z will require z x 6.0235 x 1023 x 1.602 X
10719 = 296500C.

This statement is essentially Faraday’s law and 1
Faraday = 96,500C, it follows that the rate of charge

transfer of an electrochemical reaction is given by:

I _1 0003-3
R = -— mole sec
zF
or IM _1 0003.4
R = — kg sec
zF

where M 1is the molar mass (kg/mole). The rate per unit
area is the current density i and:

i = 1I/A where A is the area cee3.5

In the case of general corrosion or localised
corrosion of known anodic area, Equation 3.4 can be
expressed in terms of rate per unit area:

iM -2 -
R = — kg/m . sec
zF

1 ...3.6
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The extent of an electrochemical reaction can be .
expressed as a total charge Q in coulombs for a given
period of time t:

Q [ i) ..3.7

since 1 mole of charge transfer requires zF coulombs then
the total metal loss W equals:

t
Q 1
w = — = — [I(t) mole ...3.8
z2F zF
0
or .
t
M
w = — [ I(t) kg ...3.9
z2F

The average penetration of corrosion attack § can be
estimated, assuming uniform depth of attack, from the
total metal loss w by the expression:

...3.10
A XD

where D density

3.1.5 Equilibrium and Electrode Potentials.

The term potential is widely used when considering
corrosion reactions. The electrochemical potential E is a
measure of the ease of electron charge transfer from or to
the corroding electrode, it is a property of the metal/
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environment interface not the metal itself, and thus
changes with changes in environment. It is not possible
to determine the absolute value of the potential and
therefore the potential difference between the electrode
surface and a suitable electrode such as the standard
hydrogen electrode SHE, or standard calomel electrode SCE
is taken as a measure of the actual potential and is
usually quoted in volts relative to the electrode used.

The value of the potential existing in a freely
corroding system, i.e. when no current flows externally to
or from it, is known variously as the corrosion potential,
rest potential or mixed potential and often given the
symbol E. pr-

The potential difference across the electrode 1is
dependent upon the thermodynamic driving force, AG, for
the electrode reaction which in turn is dependent upon the
activities (a) of the species taking part in the reaction
and on the temperature.

87 provides the basis for the

The Nernst Equation
thermodynamic approach to corrosion in an aqueous
solution, and according to this equation the relationship
or and the

activities of the reactants and products for any

between the equilibrium electrode potential E

electrothermal equilibrium of the type:
ah + bB + ne” --> cC + dD _ ...3.11
is given by:

RT acc pre adD , ...3.12a

where R is the gas constant (8.3143 Jmol'lK'l),
T the temperature in K,
F the Faraday’s constant (96,500 coulomb per
equivalent),
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a represents the activity of the ion,
E,° is the "standard electrode potential" at
259C (298.16 K).

Equation 3.12 becomes:

( a% x adD ) ...3.12a

The standard electrode potential or Redox potentiai
EC, is the potential of a metal electrode in an
electrolyte containing its ions present at "unit activity”
against a standard reference electrode. The standard
electrode, to which an arbitrary value of equilibrium
potential of zero at all temperatures is assigned, is the
standard hydrogen electrode which is used to obtain the
electrochemical series (EMF series) for a wide range of
electrode reaction. This EMF series lists the elements
according to their standard electrode potential with noble
metals such as gold being positive and active metals such
as zinc being negative, Table 3.1.

3.1.6 Electrode Polarization.

The equilibrium of a half-cell electrode in which the
net transfer of charge or rate of reaction approximates z
is characterized by its reversible potential. However,
when a reversible electrode becomes a part of a system in
which current is produced at an appreciable rate, the
electrode potential becomes displaced from its equilibrium
value as indicated in Figure 3.4 which shows a spontaneous
change in equilibrium potential wupon operation of a
Daniell cell (an electrochemical cell which consist of 2Zn
and Cu electrodes). This departure of an electrode from
its potential is due to electrode polarization and 1is
termed the overpotential. Polarization occurs as a result
of charge transfer at or near an electrode being unable to
keep up with charge transfer elsewhere in the cell
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circuit. There are various types of polarization, Figure
3.5, these are:

Activation Polarization (na).

Charge transfer at a finite rate will involve an
activation over potential which provides the activation
energy required for the charged species to surmount the
energy barrier that exists between the energy states of
the reactant and product. The activation over potential
varies exponentially with the rate of charge transfer
(Figure 3.5a) as defined by the Tafel Equation:

_ ...3.13a
corr

_ iy ...3.13b
Npe = bc log 10I____
corr

where TnNp,, Npc the anodic and cathodic overpotential

relative to Ecorr

ba, bc the anodic and cathodic Tafel constants
in mv/decade

icorr the corrosion current at corrosion

potential E_

i i, the anodic and cathodic current at some

component potential displaced from E.,pp

Concentration Polarization (nc).

Concentration polarization (Figure 3.5b) occurs when
the reaction rate or the applied external current is so
large that the species being oxidized or reduced can not
reach or be removed from the surface at a sufficiently
rapid rate. The solution adjacent to the electrode
surface becomes depleted of the reacting species or
concentrated in products and the rate then is controlled
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by the maximum rate at which the reacting species or
products can diffuse to or from the surface. The
electrode potential change caused by this process may be
obtained by the equation:

RT _, i 0.059 i
e =-—1in (1 -—) = ———1log(l -—) at 25°

zF iL z i
..'3.14

where i; is the limiting diffusion current.

From Equation 3.14 it is evident that the smaller ip
is the greater the magnitude of the overpotential due to
transport. Experimentally, when the current 1 approaches
O.IiL, concentration polarization starts to become
significant.

Resi] n i ion (NR).

Resistance polarization Figure 3.5-c 1is the third
term of the total over potential and is a function of the
electrical resistance of the solution Rg,; and the
resistance produced by films or coatings formed on or
applied to the surface Rg. Thus it is defined as:

nR ' = I(RSO]. + Rf) «ee3.15

3.1.7 Potential—-Current (E-I) Diagrams.

The graphical method of showing the dependency of the
corrosion rate I , ., on the polarization of the electrodes
of the corrosion cell was originated by U.R. Evans®’ and
such plots are often called Evans diagrams. A corroding
electrode is characterized by a corrosion potential E,g,p
which can be readily determined by means of an appropriate

corr which
is not directly measurable and needs to be evaluated

reference electrode, and by the corrosion rate I
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indirectly. The experimental determination of E-I diagrams

involves shifting the electrode potential cathodically and
then anodicalliy by means of an external source of e.m.f.
and measuring the corresponding current flowing through a
suitable counter electrode. I , ., is the intersection of
the anodic and the cathodic curves projected on the
current scale. This method is presented in detail in
Chapter 10 of this thesis. Figure 3.6 represents the
extrapolated extension of the anodic and cathodic curves
and shows various types of corrosion control. Figures 3.6a
to d illustrate how the reaction rate can be controlled by
either the polarisation of one or both of the partial
reactions, or by the resistivity of the electrolyte.
Figures 3.6e and f 1illustrate how E. g rr provides no

information on the corrosion rate.
3.1.8 Potential - pH Diagrams.

Potential - pH diagrams which are also known as
Pourbaix diagrams summarise the electrode potential/
solution pH dependence of all different equilibria between
metal, metal cations and anions and solid oxides. These
diagrams are constructed for specific concentrations of
metal ions in solution from calculations based on the
Nernst equation and solubility data and consist,
generally, of zones of corrosion, immunity and
passivation. Pourbaix diagrams can not be used to
determine or predict quantitatively the rate of corrosion
but they serve a useful purpose as a means of qualitative
prediction of corrosion processes.

3.1.9 Passivation.

In some situations, the formation of sparingly
soluble corrosion products results in a compact barrier
isolating the metal from the environment, the conditions
necessary for passivation to occur are.

1. The corrosion product must be thermodynamically stable

in the environment.



-'70_

2. The corrosion product must form on the surface of the
metal as a coherent and adherent film.

3. The film must be mechanically stable so that during
formation it is not disrupted by cracking, flaking and
blistering.

3.2 Corrosion Rate Measurement,

Whilst the possibility of a corrosion reaction
occurring can be predicted theoretically, the kinetics of
the reaction i.e. the rate at which it proceeds is, by its
nature, less predictable and can only be determined
empirically.

Various monitoring techniques have been developed to
assist 1in the assessment or prediction of the corrosion
process in the plant or on a structure. The use of these
techniques is a particularly common procedure in the study
of corrosion of metals in an aqueous environment but they
have not been widely used for other systems such as steel
in concrete. The latter case will be discussed in the
following section. In this section, however, special
emphasis will be placed on the theoretical background, the
.application and the limitation of the widely used "Linear
Polarisation Method" (L.P.M.) as it constitutes the main
electrochemical measuring technique adopted in this study.

3.2.1 Absolute vs Relative Data.

Regardless of the measurement method, the accuracy
and reliability of corrosion rate data are always open to
question. Particularly in the absence of direct visual
access to the corroding electrode in "hidden situations"”
and of other independent non-electrochemical measurements
e.g. weight 1loss data. This, however, has little
importance for practical application where the selection
of material?0 is based on differences in the corrosion
rate of some order of magnitude. Bandy91 indicated that in
most industrial processes only semi-quantitative measures
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of corrosion rate is necessary and an error of 60% or soO
is entirely acceptable.

It seems, therefore, that of greater significance is
detecting changes in the corrosion process and perhaps the
relative magnitude of these changes. Recent developments
in the field of monitoring techniques, nevertheless, are
directed to widening their application and improving their
accuracy.

3.2.2 Corrosion Rate Measuring Technique.

Measuring techniques can be divided into four broad
groups which are: '

i. Use of coupons of specific material.
ii. Analytical measurements.

iii. Electrical Resistance Method.

iv.

Electrochemical Techniques.
i. Use_of Coupons,

The method involves placing coupons of known weight,
made of the material whose corrosion rate is to be
measured, in the corrosive environment for a period of
time, the coupons are then removed, cleaned of the
corrosion product and re-weighed. The weight difference
is calculated and converted into suitable wunits of
penetration. The coupons may also be inspected for pits,
stress corrosion cracking etc.

The method gives the average rather than the
instantanéous corrosion rate over the exposure time. 1If
the variations?? in rate are desired, it is

necessary to
use several coupons and remove them at regular intervals.
Using one sample intermittently removed for weight

measurement often affects the subsequent corrosion

upon re-exposure to the environment . 23 The method

change
rate

is
comparatively cheap and simple but generally requires
considerable time to obtain data. This is particularly so
when dealing with extremely low rates?! in which case long
exposure times or large sample sizes must be employed to
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obtain reasonable accuracy.

[
-
L]

M men

The method is based on the chemical analysis of the
surrounding solution and the determination of the
concentration of metal ion produced by the corroding
metal. Other variables which can influence the corrosion
process such as pH, oxygen concentration and temperature
can also be monitored as a part of the overall monitoring
process. This method also presents difficulties8®
particularly when the rate changes markedly with time or
when corrosion products are insoluble.?3 Generally the
method 1is not sufficiently sensitive and is only
applicable to certain conditions also it is unlikely to be
fully quantitative.

iii. El rical Resi n Meth

The electrical resistance?? method of measuring
corrosion rate is based on the fact that the electrical
resistance change of a metal is directly proportional to
the change in its cross-sectional area. In this method the
resistance of the probe, which consists of wire or a strip
of the metal being monitored, is measured by a suitable
bridge circuit and then converted into penetration units.
Temperature compensation for resistance change is
incorporated into the probe by a reference electrode
protected from the environment. The method can in
principle be used in any environment and is able to make
88 ysed in
oil-refineries and multi-stage flash distillatidn plants.

continuous measurements. It has been widely

The main shortcoming93 in the application of this method,
however is that it is only quantitative if the corrosion
process produces very uniform attack.
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Sometimes called "full polarization method", it
involves polarising the electrode whose corrosion rate is
measured both cathodically and anodically for relatively
high over-potentials and simultaneously determining the
current. The extrapolation of the linear region of the
separate anodic and cathodic plots to the corrosion
potential should give a common value of the corrosion
current which can be converted to corrosion rate using
Faraday’s law. Further, the slope of the linear region of
the plots gives the values of the cathodic and anodic
tafel constants b,, b,.

The measurements may be accomplished either potentio-
dynamically with a suitable sweep rate, which is wusually
used for moderate to high corrosion rate systems or
potentio-statically where the potential is applied in
steps and the system allowed to come to equilibrium at
each step before the current is measured. This technique
is more convenient for systems corroding at low rate such
as passivated steel in reinforced concrete.

The major limitations of this method are, firstly:
the applied current is normally several times the
corrosion current and thus the nature of the surface may
change significantly, especially during anodic
polarization with subsequent change in the corrosion rate,
secondly: in certain systems the 1linear tafel behaviour
may not be obtained because of the effects of resistance

and concentration polarizationgl.

b. hem 1 Noi M m

The method 1is based on the observed relationship
between the standard deviation of the potential signals
and the corrosion rate. The method has recently Dbeen
examined for use. in reinforced concrete structures and
will be discussed further in Chapter 11.



c. linear Polarisation Method (L.P.M,)

This method, alternatively termed polarization
resistance method, or Stern-Geary method, is widely used
for the evaluation of the instantaneous corrosion rate in
the laboratory and in the field.

For its importance, the method is presented in detail

in the following sub-section.
3.2.3 Linear Polarization Method.
Background:

Wagner and Traud?? showed theoretically in 1938 that
the polarization curves for the corroding electrode
obtained by plotting the applied current I against the
potential change AE are 1linear for AE->0. Later the
occurrence of linear corrosion kinetics was well
established and confirmed experimentally. Following this
observation, several attempts have been made to relate the
slope of E-I plot to the corrosion rate. simmons?® in a
study on evaluation of inhibitors indicated that there may
be a quantitative relationship between the AE/AI slope and
the weight loss tests. He also observed that the slope of
the line, AE/AI, was higher for specimens having 1low
corrosion rates than those having a high corrosion rate.
Skold et al®® found in their studies of steel and cast
iron in natural waters that a 1linear relation existed
between potential and applied cathodic and anodic current
at low applied current density. A plot of a corrosion rate
versus AE/AI on a logarithmic scale gave a straight line

89 and

with a negative slope. In 1957 stern and Geary
stern?’ discussed the shape of polarization curves and
showed that a linear relationship is expected in the
region where the polarized potential 1is <close to the
corrosion potential. For these conditions the following

equation was derived:

AE b, be .. 3.16
AT 2.3 1 +b

corr (ba C)
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where AE/AI is the slope of the E-I polarisation
curve close to E.oyr Wwhich was then called the
polarisation resistance Rp.

b,, b, are the slopes of the 1logarithmic 1local
cathodic and anodic curves
and Icorr is the corrosion current.
Thus:
I _ b, b, 1 _ B ees 3.17
corr - -
2.3 (b, + by) Rp Ry
b. b
Where B = a ¢

2.3 (b, + by

Stern and Geary concluded that the polarisation
resistances measured anodically or cathodically are
identical and that the extent of the linear region depends
on the Tafel slopes of the E-log I anodic and cathodic
curves.

97 considered the <case in which the

Later Stern
corrosion rate 1is equal to the diffusional 1limiting
current density for the cathodic reaction. For this case

the corrosion current equals:

ba LA B 2 3.18
I = 2
corr 2.3 Ry

The derivation of Equations 3.17 and 3.18 was based

corr 1is
remote from the reversible potentials of both partial

reactions Eol and Eoz i.e. the corrosion current I

on the assumption that the corrosion potential E

corr 1S

very large compared with the exchange currents iyq or igs.
The wuse of polarisation resistance for measuring
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corrosion rates has one particularly important advantage,
that 1is, the potential range investigated is close to the
corrosion potential. Thus the nature of the surface is not
changed significantly because the currents measured during
polarisation are relatively low.

Extensive literature has developed which discusses
the potential sources of error in the technique and their
influence on the accuracy of measurements. These include:

i. The case where the corrosion potential is close to
reversible potentials:

Mansfeld and Oldham98 show that the range of Ecorr
values for which Equations 3.17 and 3.18 are valid is:

... 3.19
zl(E corr)

RT
corr ~ Eol) >> n << Z2,(Eyp — E

Where 2,,Z, are the number of electrons involved 1in
reversible metal dissolution and the cathodic reduction
process respectively.

Egy1r Egp are the reversible potential of metal
dissolution process and cathodic reduction respectively.

Equation 3.19 is satisfied for the majority of
corroding systems.99 However, the case where the corrosion
potential is close to one of the partial reactions
reversible potential wunder activation polarization has
been analysed in detail by Mansfeld and Oldham. 28 They
demonstrated that when E. .,
potential of the metal i.e. Z3(E gry ~ Egq) << RT/F then
following relationship applies -

lies close to the reversible

- 1 1 1 Z,F
Rp b= icorr ! + + - =1
ba;  Pe2 (Ecorr = Eo1! 2RT
eeo 3.20
and when E is close to the reversible potential of the

corr
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cathodic process i.e. Z;(Egy = Egopp) << RT/F then:

-1 . ' 1 1 1 Z25F
Rp = lcorr { b + b + E - -
al c2 ( ol Ecorr) 2RT
0..3.21

where 1i.,,., in both equations is the corrosion current
density. Clearly the use of Equations 3.20 and 3.21 is
not easy as they require the knowledge of the reversible
potentials as well as the activation of any species
involved in the equilibrium and its change with time.
Mansfeld and Oldham98 suggested that where E ., pr = Epey >
26 mv the errors produced are < 20% and even when the
potentials are as close as 13 mv, the error 1is only a
factor of 2. For these situations,100 however, the use of
Stern-Geary relationship results in over-estimation of the
corrosion current.

ii. Non linearity of the E-I polarisation curve in the
vicinity of E . .,.%

Barnarttl9l indicated that the extent of the linear
E/I region varies widely with the ratio of anodic and
cathodic Tafel slopes, 1in some systems the linear
relationship is obeyed within 5% over 60 mv or more
whereas in others linearity is valid for 3 mv or less. He
observed little difference in the anodic and cathodic
ranges of linearity except in the case when E_ ., is close
to the reversible potential.

Oldham and Mansfeld102 indicated that ‘linearity in
the vicinity of the corrosion potential is only expected
when b, and b, are equal. Thus only exceptionally will
polarisation curve of the corroding metal be linear at
Ecorr: Mansfeld103 suggested that 1in some cases the
linearity <close to Eq qopr might merely reflect the
domination of the polarisation response by the IR-drop
across the solution. Oldham and Mansfeld,102 however,
indicated that whether or not the polarisation curve 1is
linear at the corrosion potential, its gradient there may
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be employed to determine the corrosion current.

iii. IR-Dr in th lution

The voltage drop across the electrolyte and or any
existing surface film can constitute an appreciable part
of the polarising voltage. Mansfeldl03 indicated that it
is not the absolute value of the solution plus the film
resistance (R2) but the ratio RR/Rp which determines the
magnitude of the error occurring in the polarisation
resistance. Fallure to allow for IR-drop results in a
calculated corrosion rate 1lower than the true value.
Section 3.4 deals with this problem in more detail.

iv. 1 r Pertur ion

In some systems, such as passivated steel in
concrete, the corrosion potential is irreversibly altered
with the passage of time under polarisation, despite the
small polarising potential or current. In this case, the
real applied potential is lower than the initially applied
amount and thus introduces error into the calculated
corrosion rate. The case104 may be presented as follows:

E A
AEreal nitial)

Eapplied - (Ecorrfinal - Ecorri

and E = E + AE eees 3.23
COrrfinal COrrinitial pert

Under such circumstances it 1is advantageous to
perform a.c. measurements at frequencies sufficiently high
to preclude this possibility as will be shown later.

v. Time-Dependent Tafel Slopes,

One of the major limitations of L.P.M. is that a fore
knowledge of the values of the Tafel constants is
necessary for accurate determination of the corrosion
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rate. Their values need to be assumed or measured in a
separate experiment. This fact makes the use of Stern-
Geary methed very difficult especially in cases where the
corrosion rate is to be determined as a function of time
as the constancy of Tafel slopes is at least suspect105
particularly for systems in which a corrosion product
layer is formed.

Stern et a193 examined the error due to
inaccuracies in the determination of Tafel slopes and
concluded that the worst possible error, obtained when one
of the values (b, or bg) is infinite, is 200%. A
number of methods have beengl'loe'lo7 proposed for
manipulating polarisation data <close to the «corrosion
potential which allow calculation of corrosion current
without a knowledge of the proportionality constant B.
These techniques are generally tediousl®® and their use
" probably confined to the 1laboratory environment. An
alternative method108 for the determination of B is based
on the dependence of corrosion potential on pH and uses
the relation

5 = corr : ee. 3.24
2.3 dpH

B values can also be determined empirically from
weight loss data in conjunction with Rp measurements.

Measurement of Polarisation Resistance,

The majority of polarisation resistance measurements
both in the laboratory and on the plant are made wusing
D.C. techniques. Recently, however, more attention has
been paid to the use of an A.C. impedance technique which
is particularly attractive for systems whose corrosion
potential 1is likely to change during D.C. measurement. In
both cases, the proportionality constant B should be
obtained separately and the IR-drop should be allowed for.
The latter may either be compensated for electronically or
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determined experimentally by other available means.

(Section 3.4).
i. D.C. Techniqgue,

A typical experimental set up of the corrosion cell
for polarisation measurements is shown in Figure 3.7. The
circuit consists of a device known as a "potentiostat"”
which provides carefully controlled out-put voltage or
current, a working electrode whose corrosion rate is being
measured, a reference electrode and an inert counter
electrode.

Rp is estimated by applying a step of appropriately
small potential (potentiostatic) or intensity
(galvanostatic) and measuring the other variables in the
steady state. It may also be estimated by applying a ramp
of voltage (potentiodynamic) or intensity (galvanodynamic)
at a given sweep rate. Rp is then the slope of E-I plot.

Gonzalez et a19°'104

examined the c¢ell response for
different kinds of D.C. measurement using the modified

Randel circuit (Figure 3.8). They found:-
a) For vol ntensity;-

For systems corroding at relatively high rate, the
steady-state conditions are achieved relatively quickly
after polarisation. Conversely, systems whose corrosion
rates are low require a relatively long time to achieve
the steady state. The correct Rp can be obtained when the
transitory component of current or voltage response of the
circuit becomes negligible. The attenuation rate has a
time constant:

Tg = C Rg potentiostatic measurement eee 3.25

1Ty =~ C Rp galvanostatic measurement ces 3.26

where Rg the electrolyte resistance
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R, the polarisation resistance
C the capacitance of the electrolyte
double layer.

Therefore the use of galvanostatic polarisation in
passivated systems with high Rp values involves much
longer time constants (T propor%ional to Rp) than the
potentiostatic or potentiodynamic ones (T proportional to
Ro) .

b) For Ramp of Voltage or Intensity.

The time constant is a function of sweep rate. It
has been suggested that the sweep rate must be slower the
higher the R,. In practice, Gonzalez et a130,104,
suggested that the relation between Rp values and the
sweep rate must be established initially and then the
sweep rate must be chosen within the range where Rp
achieves a constant value. Usually for potentiodynamic
operation, the sweep rate must be such that the sweep time
to apply AE = + 10mV is longer than 5-6 T.

ii. A.C, Technique.

In this method the impedance of the system is
considered over a range of frequencies of interest,
normally 100 Hz to 1 mHz, 110,111 ap alternating signal of
small amplitude is used to minimise changes in the surface
activity of the reacting species. When the sinusoidal
voltage is applied112 to a corroding system, a sinusoidal
current with a given phase shift relative to the input
signal is obtained. The wvalue of the polarization
impedance ’z’ is another sinusoidal function which can be
decomposed in a resistive term and a capacitive term with
phase shift of 90°, thus:

R + Rct LI 3 . 27
e ST aamt
e i+ JLUCRCt
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where w is the angular frequency (=271f)
j the imaginary unitv -1

The response of a corrosion cell as a function of
frequency is usually presented as a plot of the real vs.
the imaginary part of the measured impedance, Figure 3.9,
and it may be modelled by an equivalent electrical circuit
(Randles) as shown in Figure 3.10. The technique is able
to measure electrochemical parameters such as the double
layer capacitance Cgy, charge transfer resistance Rg and
Warburg diffusion w as each of these responds to the
applied voltage or current within a specific frequency
range.

The a.c. impedance method can be used in low
conductivity systems and because it is essentially
transient it can provide information with out the
requirement that the system reach a steady state
condition.113

Finally, the following conclusions can be drawn for
the evaluation of polarization resistance measurements.

1. The method is applicable for systems where the redox
partial reactions can be neglected

2. At the time of measurement, knowledge of the
proportionality constant B and the IR-drop is
necessary for accurate determination of corrosion
rate,

3. Corroding metals in the active state in electrolytes
of sufficient conductivity and in the absence of
surface 'barriers’ may be evaluated using D.C.
technique. 1In the case of systems with high apparent
capacitances, polarization impedances ‘2z’ and not
polarization resistances 'Rp' are required which need
special methods and equipment for their determination.
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3.3 Corrosion of Steel in Concrete,

3.3.1 The Corrosion Problems.

Reinforcing steel is usually very effectively pro-
tected from corrosion when embedded in portland cement
concrete. Good quality concrete often provides excellent
protection for steel due to both its physical and, per-
haps more importantly, chemical protective capacity. The
most significant feature of cement hydration is that the
aqueous phase rapidly acquires a high pH value. pH values
in the range 12.5-13.1 are frequently reported for
portland cement concrete of the w/c ratios commonly used

in practice.114'115'116 The high

alkaline environment
results in the formation of a tightly adhering film which
passivates the steel over a wide range of

potentials.2'117'118'119 In

addition concrete can be
proportioned120 to have low permeability which minimizes
the penetration of corrosion-inducing species and
increases the electrical resistivity so impeding the flow
of corrosion current. Concrete, however, due to its porous
structure is a far from perfect physical barrier.?%:,120
Observations have indicated that a detrimental amount of
chloride ions are capable of penetrating into high quality
concrete beyond what would be a practical 1limit for the
thickness of a concrete cover. Dense concrete 1is also
normally fairly permeable to oxygen. Consequently the
corrosion protection mechanism hinges mainly on the
maintenance at the steel-concrete interface of the
alkaline condition developed during the hydration process.

Nevertheless, despite the high protective ability of
concrete, corrosion of steel reinforcement is becoming the
most common cause of deterioration of concrete structures.
Salted bridge decks,34'122 coastal and offshore

123,124,125 126,127

structures, sewers and structures in

aggressive soils are some examples where severe corrosion
attack occurs. Many such structures undergo costly

repairs while many others are torn down prematurely. Apart
128

from the architectural problem, where rust spots appear

on the concrete surface destroying the aesthetics of the
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structure, corrosion has two detrimental effects from the

structural point of view.117'129 It

reduces the cross
section of the steel reinforcement and thereby its 1load
carrying capacity and because corrosion products occupy a
substantially greater volume than the steel from which
they have been produced, it can also cause cracking and
spalling of the concrete cover. Thus is 1likely to occur
well before the strength capacity of the structure has

been ‘significantly reduced.
3.3.2 Loss of Protection.

Regardless of the exposure conditions, steel in
concrete will only corrode when it becomes depassivated.
Erlin et a1130 pointed out that reduction of pH to < 11.5
destroys the passivity of the protective film.
Depassivation can occur either of two major ways, by
carbonation and by the attack of aggressive ions. the two
factors, however, can act synegistically.

Carbonation,

Carbonation is the reaction between concrete and
acidic gas (usually CO, but possibly also 3SOj) in the
atmosphere which results in conversion of Ca(OH), to CaCOj
and the subsequent reduction in pH to around 92,126,131
Accelerated carbonation of the concrete in CO, =~ rich
atmosphere generates bicarbonaté132 in the pore solution
and results in even lower pHs in the range 6-7.

Generally there is a widespread tendency to discount
atmospheric carbonation as a serious cause of steel
corrosion. This is because well-hydrated portland cement
pastes contain up to 20% weight Ca(OH), and therefore
possess considerably CO, neutralization capacity.
Provided that the depth of cover to reinforcement is
adequate. Carbonation should not penetrate to an extent
which endangers the passivity of steel during the design
life of the st:ruct:ure.z"131 In practice133 carbonation
rates average some 20 mm in 12 years with a maximum of 32

mm,
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Carbonation, nevertheless, appears to be a
potentially dangerous possibility in particular climatic
conditions of high temperature - humidity regions such as
those prevailing in the Arabian Gulf seaboard.121'123'134

It has been generally observed that the relationship
between carbonation layer depth (d) and the exposure time
(t) is approximately parabolic in the form:

d = A/t ...3.28

The magnitude of the constant (A) depend5126 on
several variables such as the permeability of the
concrete, the relative humidity and the concentration of
gas in the service environment. Carbonation 1is also
sensitive to the proper curing of the external surfaces
and the alkali content of the cement. Research has
indicatedl34 that the application of different types of
coatings has improved considerably the concrete resistance
to CO, diffusion.

When the carbonation front reaches the steel quite
general corrosion will commence at a rate determined by
the availability of oxygen and water.

Carbonation of concrete can be detected using the
standard phenolphthalein spray method on the outer
concrete surface and cross-sections. The carbonated area
remains colourless in the spray test on account of the
indicator’s property of being colourless in neutral and
acidic conditions but turning purple coloured under
alkaline conditions above a pH of ~ 8 to 9.

hlori Attack

It is well documented2'135'136'137 that the intrusion
of chloride ions 1in reinforced concrete can cause
corrosion if oxygen and moisture are present. Chloride
ions may be introduced into concrete in a variety of ways,
such as during manufacturing as intentional or accidental
intrusion or by penetration from an external source. 1In
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concrete, chloride ions may be present in various forms
such as:

- Free chloride ions in the pore solution.

- Chloride loosely bonded to hydrates of calcium
silicate.

- Chloride strongly bonded to hydrates of calcium
aluminates.

It is principally only the free chloride ions that
influence the <corrosion process. There is, however, a
general lack of information about the level of chloride
likely to remain un combined for a long period 1in the
solution phase.

The concept of a critical chloride level or corrosion
threshold for steel in concrete has been suggested by a
number of investigators using a variety of experimental
techniques. There is some evidence that the hydroxyl ion
concentration of concrete has an influence on the critical
chloride level and Hausman16 has suggested a critical
chloride/hydroxyl ion activity of R = 0.6. The Building
Research Establishment 139 categories the chloride ion
content of concrete in terms of corrosion risk as follows:
< 0.4% low risk, 0.4 - 1% medium risk and > 1% high risk.

It is widely recognized that chloride has negligible
influence on the pH of concrete. The enhancement of the
C3A content reduces the chloride content within the cement
Figure 3.11 but the optimum level has not been
established.lzG'135’140’143 The chloro-complex with CjA,
however, becomes unstable when carbonation occurs which
tends to liberate chloride ions. On the other hand, the
diffusion kinetics of chloride ions in hardened concrete
is a decisive factor in relation to corrosion risk.
Investigationsl40'141'142 have confirmed that diffusion is
strongly influenced by cement type, Figure 3.12, and
fineness, the ion exchange capacity of the system, and the
curing of the concrete surface. The effect of the w/c
ratio is only limited to a surface layer of the concrete
and to short duration of chloride exposure (Figure 3.13).

The precise mechanism by which depassivation occurs
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is still a subject of contention.120,131,138 pither the
chloride ions convert the insoluble iron-oxides to soluble
ion-chlorides which diffuse away and destroy the passive
film or ions are absorbed on the metal surface and promote
the hydration and dissolution of metal ions.

3.3.3 Mechanism of Corrosion of Steel in Concrete.

The corrosion of steel in concrete is an
electrochemical process in which the moist concrete forms
the electrolyte. the possible electrochemical reactions
taking place on embedded steel can be . thermodynamically
represented by a simplified Pourbouix diagram, Figure
3.14.

The primary anodic reactions of interest are:

3Fe + 4H,0 ---> Fe30, + 8H' + 8e~ ...3.29
2Fe + 3H,0 ---> Fe,05 + 6H' + 6e” ...3.30
Fe + 2H,0 ---> HFeO,” + 3H' + 2e~ ...3.31

Fe ---> Fe*t + 2¢~ ...3.32

The possible cathodic reactions are:

28 + 2¢7 ---> H, ...3.34

However, in alkaline environment such as that of
concrete, oxygen reduction is recognized as the cathodic
reaction in most cases of significant corrosion.

117 144

Wilkins et al,118 Hansson described

and Arup
the sequence of events generally encountered in practice

and defined four states of protection and corrosion. These
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basically include passive state, pitting condition,

general corrosion and active low potential corrosion.

In good quality concrete and in the absence of pH
lowering agencies, Equations 3.29 and 3.30 are the primary
anodic reactions the oxides Fe30,4 and Fe,03 will form a
very thin protective layer. A small passive current |is
required to maintain the protective film, but, the
mechanisms involved in the cathodic reduction of oxygen on
the passive surface of steel are not at all clear.118,144
In this state, the corrosion rate is significantly 1low
(0.1 - lum/year) and in the absence of chlorides the
passive potential range is very wide, from +0.2 to =-0.7
V(SCE) at pH 13. This range reduces to +0.1 to -0.2 V(SCE)
in aerated concrete. The passive state in a
chloride-bearing environment is normally characterised by
a very negative potential in the range =-0.8 to -1.1
v(scg) .118

Corrosion initiates when the passive film is
destroyed either generally over the metal or locally in
which case a corrosion cell is formed with an adjacent
area of passive steel acting as a cathode where oxygen is
reduced and the dissolution of iron takes place only at
small areas. Thus, depassivation can lead to pits in the
steel (Figure 3.195).

In order for corrosion to proceed, there must be a
complete electrical «circuit between anodic and cathodic
areas of the steel. The reaction kinetics, thus, are
controlled by the electrical resistance of the concrete.

Pitting 1is most likely to develop144 in concrete
with good conductivity, high alkalinity (non-carbonated)
if a sufficient amount of chloride reaches an isolated
area of the reinforcement. It is generally recognized that
pit growth is accompanied by the development of solution
conditions within the pit of locally elevated chloride ion
concentration and depressed pH, a pH gradient146 from
approximately 2 to 12 is reported to have existed between
local regions wi;hin the concrete. Under these conditions,
the corrosion products formed are soluble near the anodic
area and thus spalling of concrete is wunlikely and also
other evidence of corrosion by solid corrosion products on
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outer surface of the concrete may not be seen. Arup144
indicated that the process involves a drop of the average
corrosion potential due to the polarization of the cathode
and this probably is the strongest factor in preventing
formation of new pits in the neighbourhood until much
higher chloride concentrations are established elsewhere.

Factors which limit the diffusion of chloride ions or
enhance the diffusion of hydroxyl ions in the vicinity of
pits will tend to promote repassivation of the pits.
Repassivation, however, depends on a complex interaction
between the vhysical and chemical characteristics of the
cement paste and 1is therefore a field of continuing
research. Typically, steel undergoing pitting corrosion
exhibits a potential between -0.2 to -0.5 V(SCE).

General corrosion is a resultl44 of a general loss of -
passivity brought about by either carbonation or the
presence of excessive amount of chloride and both cathodic
and anodic reactions take place every-where on the
surface. Thus metal dissolution takes place in neutral or
alkaline environments which, where oxygen has access,
produces solid rust and likely to cause spalling at early
stage.

Carbonation-induced corrosion rates can be restricted
in high resistivity/low water condition. Corrosion?r 144
due to chloride is more often found in concrete where
water is abundant in which case the diffusion of oxygen
through the pore solution is to be the rate-determining
factor. The averag=2 potential lies typically between -0.45
to-0.6 V(SCE).

The state of active low potential corrosion occurs
when the access of oxygen is very limited to support the
cathodic reaction necessary to maintain the passive
current density. The free corrosion potential is
therefore very low, say -1.2 V(SCE), and consequently even
if the steel is active (ie. 1is not covered by passive
film) the actual corrosion rates are 1likely to be very
low. Wilkins et alll® indicated that in extreme cases, the
steel embedded in concrete would be anodic to bare steel
in fully immersed condition and would tend to cathodically
protect it to the limit of the repassivation current.
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3.3.4 Concrete Cracking and Corrosion.

The problem of concrete cracking-rebar corrosion
interaction represents a classical case where separation
of cause and effect is not easy.

There seems little disagreement that corrosion can,
in circumstances of insoluble corrosion products, cause
cracking in concrete. Cracking due to corrosion is a
result of large amount of expansive insoluble corrosion
products which exert tensile stresses greater than the
tensile strernath of concrete. The process depends on

146 (1) corrosion rate of the

several factors including
embedded steel, (2) diffusion rate of metal away from the
steel-concrete interface, (3) solubility and specific
volume of the corrosion products and, (4) chemistry of the
pore solution.

Conversely, there are two different126 theories about
the effect of cracks on the corrosion of steel in
concrete. Theory No. 1 states that cracks significantly
reduce the service life of structures and accelerate the
onset of corrosion by permitting access of aggressive
species, moisture and oxygen to the reinforcement. This
consideration is the most important single factor wupon
which the crack width limitations in the national codes
have been based.

Theory No. 2 indicates that although c¢racks can be
instrumental in accelerating the onset of corrosion, they
do not play any direct role 1in increasing the cathodic
area. Such corrosion is localised and confined to the re-
inforcing bars intersecting the concrete cracks and after
a few years of service there is little difference Dbetween
the amount of corrosion in cracked and uncracked concrete.
Considerable experimental evidencel28,131,147,148,149 p,¢
been presented which support this theory in atmospheric
conditions. Tuuttil4? indicated that the cracks in
concrete cover do not change the basic corrosion mechanism
but only influence the local flow and at a later stage the
total flow reaches the same value as 1in homogeneous
concrete. |
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pointed out that the corrosion
process under water might 1lead to quite different

However Beeby145'149

conclusions from those drawn from atmospheric situations.
Metha et all3! proposed a cracking-corrosion interaction
model for concrete exposed to marine environment as
illustrated in Figure 3.16 which shows a clear relation
through a continuing chain of reactions. More recently
Wilkins et alll® have substantiated this view, they
observed that longitudinal static cracks or wide (>2 mm)
transfer cracks did not show passive behaviour in totally
submerged specimens.

The role of <cracks 1in corrosion propagation and
extent seems to be particularly critical in concrete
structures exposed to fatigue 1loading in sea water.
Considerable loss of bar cross section at sites of cracks
in the concrete have been reported by several research

workers.sg'150

In direct contrast with atmospheric
corrosion, these studies suggest that the severity of
attack was found to be dependent on crack widths and time

of exposure.

3.3.5 Resistivity of Concrete and Corrosion of Steel
Bars.

It 1is generally agreed that the resistance of
concrete does not determine whether corrosion of
reinforcing steel is occurring, thus passive steel does
not sustain corrosion even though the resistivity is 1low.
Once the steel is depassivated,loo'llo'151 conditions
which lead to low resistivity such as high pore water
content and the presence of electrolyte salts wusually
favour active corrosion as they allow significant current
flow in the concrete part of the electric cell.
Conversely, high resistivity of the concrete becomes one
of the important factors which controls the rate of
corrosion.

Gonzalez et al152

presented data showing that in the
presence of factors stimulating corrosion, the current
density is inversely proportional to the resistivity of

the mortar.
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Hope et al1l5l found that the half cell potential
dropped from about -0.45 V SCE to about one-third of this
value as the resistivity of concrete increased from 6500
to 85002 cm. Cornet et a1l%8 observed a decrease in
resistance after the test beam reached the time to exhibit
visible signs of corrosion. This was considered to be a
result of the shortening of the electrical current path at
and after this point.

Attempts to relate corrosion and resistance in
quantitive terms have given as many different results as
the number of the attempts themselves. It seems, however,
that resistivity can give better predictions of the
probability of corrosion than of its rate. Brownel>3
investigated off shore concrete structures and stated that
the resistance must fall below the range 5000 - 1000C £ cm
in order to support corrosion. Clear154 found, however,
that there were significant corrosion currents at
resistivities in excess of 20,0002 cm whereas Temper et
a1l48 suggested a value of 60,000Qcm to inhibit or prevent
accelerated corrosion. Cavalier and Vassie122 investigated
corrosion damage in highway bridges and provided
information which relates the probability of corrosion to
concrete resistivity as follows:

Concrete Resistivity Corrosion
Qcm
>12,000 Usually not Significant
5,000 - 12,000 Probable
<5,000 Almost Certain

The observed large differences in the results
obtained by different investigators are not readily
explainable in terms of different experimental conditions

and measuring techniques and will be discussed further in
Chapter 9.
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3.3.6 Design Against Corrosion.

Theoretical modelsl47,155,156,157 for the process of
initiation and propagation of corrosion including the
introduction of a finite-element technique have been
proposed by several researchers. In studying these it
readily became clear that the process is very complex, and
that none of these models can be predictive at present.
Assessment of the safe life of the structure in relation

to corrosion149

is still 1lacking acceptable criteria
defining the tolerable corrosion and the degree of
environmental aggressiveness.

The present approach145'158'159'160 considers the
service life (tg) of a concrete structure as the sum of a
corrosion initiation stage (t,) in which the steel is
passive and the subsequent propagation stage (t1) when
corrosion damage is sustained, Figure 3.17. This may be

expressed as follows:

ts = to + tl ‘ 0003035
where Qp., is the maximum tolerable corrosion per
unit area.
i.orr is the average corrosion rate.

The design problems is to ensure that the service
life (tg) is greater than or equal to the design life (tp)
of the structure, ie.

tp < to * tg 0ee3.37

Browne159 indicated that it is reasonable to base the
design method on the assumption that the initiation time
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should not exceed the design life, that is tp < t,. He

also presented a design nomogram for 1life prediction in
relation to chloride diffusion and cover thickness.

Except when concrete is madel38/159  from materials
containing deleterious levels of chloride salt ‘t ’ is the
time taken for carbonation to reach the outermost steel
bars or for chloride to penetrate the concrete until a
threshold concentration is reached at that level. Time for
significant damage to occur is 1less predictable due to
many parameters including the rate of oxygen diffusion,
concrete quality, cover thickness and others. The values

of 't,’ observed in practice,161

however, appear to be
significantly lower than those of "t,’.

It should be pointed out that the prediction model
assumes sound un-cracked concrete. In cracked concrete,
however, the mechanism of deterioration may be
substantially different as cracks provide short-circuit
paths and hence reduce t,.

Another increasingly important approach 1is that
concerned with appraisal of existing structures and
repair of damage due to corrosion as will be discussed
later.

3.3.7 Corrosion Rate Measurements of Steel in Concrete.

Electrochemical measurements on steel embedded in
concrete are essentially laboratory-based techniques.
Field investigations are mainly restricted to corrosion
potential measurements and their change with time. Wilkins
et al,118 however, indicated that the change in potentials
is not, necessarily, an indication of corrosion activities
since change to a more negative potential could be due to
increased corrosion or a limiting cathodic reaction
(Figure 3.18). Nevertheless it is usually accepted110 that
potentials more negative than certain critical values are
an indication of active corrosion and this is the basis of
an increasingly employed potential mapping technique for
the assessment of corrosion risk in the field. Other
electrochemical measurements are generally troublesome
and, as yet, less applicable outside laboratories. 1In the
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laboratory the correct determination of the corrosion rate
is limited by one or more of the factors given earlier in
subsection 3.2. However, in reinforced concrete the
accuracy of the electrochemical measurement is
particularly sensitive to the degree of accuracy in the
allowance made for the very high resistivity of the
concrete and for the very restricted diffusion process
through concrete.lll Electrochemical measurements on steel
embedded in concrete can be made by two basic methods.

i. Anodic and Cathodic Polarization Curves,

These measurements investigate the active/passive

behaviour of steel 1in concrete117'118'162

and may be
conducted potentiodynamically or potentiostatically at
relatively high over potentials. The shape of the
polarisation curve for passivated steel 1in concrete 1is
shown in Figure 3.19. In the passive region the measured
currents are low and the change in potential with current
is quite steep (AE/AI ~ a). At very positive potential the
slope of the curve is essentially zero, that is very large
current for very small change 1in voltage, and oxygen
evolution takes place and significant <corrosion of the
steel may be re-initiated. This portion of the curve |is
referred to as the transpassive region which initiates at
transpassive potential (Erp) . Under actual field
conditions such high potentials are not encountered unless
large stray voltages are applied.

The cathode polarization curve approximates to Tafel
behaviour when oxygen 1is plentiful but at much more
negative potentials (not usually encountered in practice)
hydrogen reaction becomes the predominating cathodic
reaction.

The presence of chloride ions causes the passivity to
break down at potentials at which the steel would remain
passive in their absence resulting 1in possibly répid
localized or pitting corrosion. Figure 3.20 compares
different anodic polarization curves for steel in
different states.
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ii. lLinear Polarization method (L.P.M,),

A large number of researchesgo'104'l32'163 have
indicated the reliability of this technique in assessing
the corrosion rate of steel embedded 1in concrete. There
are, however, some major technical difficulties in
obtaining as well as interpreting these measurements. At
small overpotentials usually *+ -20 mV, the net current for
steel that is not actively corroding is extremely small
giving rise to measuring difficulties. Hansson,117
suggested that the technique is appropriate for actively
corroding steel but less so for passivated steel. The
second difficulty is that a B value has not been
determined accurately for steel in concrete. _

Gonzalez et a1°% indicated that good agreement
relative to gravimetric weight losses, is achieved with a
constant B value of 26 mV for steel in the active state
(Icorr 2 0.1 - 0.2u A/cm?) and 52 for the passive state
(Icorr < 0.1u A/cmz). The validity of these values has
also been confirmed by other research workers.163'206
al104 showed that a
sweep rate between 2.5 and 10 mV/min and a waiting time of

In another study, Gonzalez et

15 - 60 sec for + 10 mV step give almost coincident values
(Figure 3.21). For a fast sweep rate the Rp value may be
underestimated and overestimated for very slow sweep rate
(Figure 3.22). On the other hand a longer waiting time
will increase the possible diffusion processes and this
may transform the system into a different one. The
recovery of potential upon the latter kind of measurement
is dependent on the state of steel as shown in Figure
3.23, which indicated that, contrary to passive steel,
active steel exhibits early recovery of potential. It
should be appreciated, however, that most of the
aforementioned limitations and recommended values were
mainly drawn from investigations on small specimens with
very simple steel arrangements. Galvanostatic and
galvanodynamic measurement5104 are not recommended for
reinforced concrete since they require considerably longer
time to achieve the steady state condition necessary for
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accurate determination of Rp. Finally A.C. impedance
techniques are not widely wused for corrosion rate
measurements of steel embedded in concrete. More
attention, however, has been paid recently to their
application as it is though that they can be very useful
tools particularly in high resistivity concrete.

3.3.8 Methods of Preventing Corrosion in Reinforced

Concrete Structures.

A large number of reinforced concrete structures
around the world are now deteriorated to varying extents.
The size of the problem 1is horrific. For example164
according to a report published in 1981, the estimated
number of deficient bridges due to corrosion in the United
States alone was well over 50,000 with an estimated cost
of 11-17 billion Dollars to replace or rehabilitate these
bridges. The size of the problem, naturally, stimulates
action to improve the available techniques for corrosion
prevention and to introduce other less expensive
techniques for both existing and new structures. The
following presents a summary of the techniques presently
used.

i. Existin ru r

These methods are wused in structures sustaining
tolerable damage which do not require complete replacement
of the structure.

The method was first used in bridge decks and was
pioneered in 1974 by Stratful,165

In this method an external current is applied to
reduce the potential wvalue below the open-circuit
potential (E.q4,
are used to supply the external current. 1In one, the

¢) of the reinforcement. Two methods120,164

sacrificial anodic system, the protected metal is made the
cathode by connecting it to a more active metal acting as
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an anode (a metal with more negative corrosion potential).
In the second, the impressed current system, an external
direct current power source supplies the current. The
latter is by far the most commonly used technique, mainly
because of the poor conductivity of concrete and other
practical problems evolving from the necessity to place
the anode on the concrete surface. The criteria for the
cathodic protection of steel in concrete are not clearly
established and potential values ranging from -0.5 to —-0.9

V SCE have been indicated,164,166,167

It 1is generally
recognized, however, that the most negative value must be
limited to about -1.10 V SCE. This is believed necessary
to avoid loss of bond between steel and concrete as a
result of hydrogen evolution at the cathodic steel
surface. .

The cathodic protection has the advantage that the

contaminated concrete does not have to be removed and is

especially promising, therefore, for Ccl™ damaged
corrosion.
E mi Removal hlori m r 120,168

This method tends basically to modify the environment
Surrounding the steel reinforcement to make it less
corrosive and involves the application of a large D.C.
potential between the steel and the external surface
anode.

Pl men verl

The method involves placement of overlays on the
concrete surface to prevent further ingress of aggressive
species. This can be accomplished by placing either an
overlay of high density, low permeability concrete or
latex modified <concrete or an asphaltic membrane on the

concrete surface. This technique,168

however, is
controversial because some field data exists which
suggests that the applications of membranes or overlays to
chloride contaminated concrete may exacerbate rather than

reduce the level of corrosion. Other experimental data
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together with field data suggests that the opposite is
true. The successful application of this method seems to
depend on the degree of corrosion damage already sustained
by the structure and further research needs to be carried
out to clarify this point.

Repair,

This approach is widely used for stopping and
subsequently controlling corrosion in reinforced concrete
structures. It is usually undertaken after careful
consideration of cost factor and involves breaking open
the corroding regions, clean back to bars, clean the bars
and paint them and re-cover with (usually cementitious)

mortar.

ii. New Structures,

- ; : : 120,168 :
Application of coatings on the reinforcement
such as epoxy resin or metallic coatings (zinc,
cadmium, nickle).

-~ Increase concrete cover to reinforcement, good

construction practice and quality control.

- Decrease the permeability of concrete by polymer
impregnation of the surface, placement of waterproof
membranes and the internal sealing by the addition of
wax bread. The latter method has been shown to greatly
reduce the permeability and involvesl®? the addition of
wax breads on a solid volume basis by replacing
approximately 7.8 percent of the volume of concrete
occupied by fine aggregate. The wax is mixed with the
other components of the concrete until it is well
dispersed in the mix, the concrete is then placed and
cured in a normal manner. After the characteristic
strength is achieved, the concrete 1is heated which
causes the wax to melt and flow into capillaries and
pores. Five to nine hours of heating are required for a
bridge deck if melting to a 76 mm depth is desired.
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3.3.9 Corrosion Inspection Techniques.

Methods currently available111'161'17o'171 for
detecting the corrosion of steel in concrete are broadly
categorised into two types, non-electrochemical and
electrochemical techniques.

i. Non- hemi hni
Visual Inspection,

Which often provides the first indications of the
corrosion problem. The wvisual on-surface signs of
corrosion may include hairline cracking, brown stains and
spalling. Visual inspection also includes opening up the
concrete to expose the reinforcement at a few
representative locations.

hanical an ni

Delamination can be detected by the hollow sound
produced wupon hitting the concrete surface with a hammer.
Rebound or Schmidt hammer usually used for this purpose.
Ultrasonic pulse velocity (Pundit) is also used to detect
cracks and assess the quality of cover.

Core Sampling and Chemical Tests,

Core sampling is useful to assess the condition of
the concrete and to determine the depth of carbonation by
the application of phenolphthalein.

Chemical tests to determine the chloride content and
in particular its variation with depth from the top
surface gave valuable indications of the 1likelihood of
corrosion risk.
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E r 1 istivi

The method provides information on the concrete
composition and performance. Typical guide 1lines have
been proposed to relate the resistivity measurements to
the probability of corrosion these are discussed in
Subsection 3.4.

Ra f rrosion Pr

Which provide cumulative rate of corrosion data from
periodic measurement of the electrical resistance of a
steel wire or hollow cylinder embedded in concrete.

izati i Meth

This method is essentially a laboratory-based
technique. Field applications are difficultlll® pecause
the reinforcing steel is part of a grounded network and
current measurements are troublesome. However,
electrically isolated corrosion probes inserted in the
concrete could be used.

Electrochemical Noise Measurement,

The technique has recently been introduced to the
field of reinforced concrete. Some degree of success has
already been reported111 on the application of this
technique in real concrete structures.

P n 1 Mappi

The technique is well known and is widely advocated

122,172 Corrosion

for the inspection of bridge decks.
potential is measured using a reference electrode placed
on the concrete surface which 1is connected wvia a high

impedance voltmeter to the reinforcement, Figure 3.24. The
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standard method for conducting these measurements is
described in the American Standard173 ANSI/ASTM C876-77.
According to this standard the interpretation of half cell
measurements with respect to SCE is:

Ecorr Volts (SCE) Probability of corrosion

< - 0.140 > 90% corrosion not occurring
-0.140 to -0.290 Uncertain corrosion activity
> -0.290 > 90% corrosion occurring

Although this method can give good prediction of the
corrosion state of the embedded reinforcement, there are

three major drawbacks:174

1. The measurements are sensitive to the wuniformity and
degree of saturation.

2. The technique reflects, mainly, the potential of the
steel nearest the surface.

3. Measurements can not be made when direct access to the
surface 1is not possible.

Recently, Wood et al174 described a new 3-D half cell
measuring technique which is assumed to overcome most of
the above mentioned drawbacks. The measuring device employ
flexible extendable probes with a side contact, thus
permits the monitoring of reinforcement potential at
different depths through a hole in the concrete.

Sometimes, it is found that a better indication, than
the actual level of potential measured, for identifying
corroded regions of rebar or change in local environment,
is the detection of local steep potential gradients during
the potential survey.

3.4 Electrical Resistivity of Concrete,

The electrical resistivity of concrete has been the
subject of many investigations. Attempts to  relate
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different physical and chemical changes in cement and

concrete to its electrical properties have been made with
some success in laboratory and field measurements.

Electrical resistivity measurements were made and
interpreted to provide information on various aspects of
concrete technology which can be categorised into the
following main lines.

1. Determination of the physical and chemical changes
during the setting and hardening processes of cement
and concrete.178,179,180,181,182

2. Assessment of the variation of concrete quality
in surface and in depth, salt contamination and
the 1likely occurrance of corrosion of embedded
steel.122,183,184

3. Electrical insulation strength of concrete.185'186'187

Determination of the moisture content.l88,189

In this section, the basic concept of electrical
conduction through concrete as well as the methods
available for electrical resistivity measurements will be
reviewed and discussed.

3.4.1 Concept of Resistivity.

The electrical resistivity of any material is defined
as the resistance in ohms between opposite faces of a unit
cube of that material. Thus if R is the resistance of a
block of concrete having a length, L (m) and a cross-
sectional area, A (mz) the resistivity, 1is expressed by
the formula:

R A ... 3.38
p = —. Qm
L
Resistivity, being a fundamental property of the
material is independent of the volume, whereas resistance
depends upon the shape and size of the specimen. The
conduction of material is defined as the reciprocal of its
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resistivity i.e.

(] LR I ) 3.39
siemens m-1

Q
|
o |~

3.4.2 Conduction Paths Through Concrete.

i. Physical Model

Concrete may be considered as a composite of solid
particles of aggregate of various sizes in a matrix of
cement paste. The microstructure of cement paste is
composed of three main components, the solid particles
surrounded by ions atmosphere, solid particles in contact
with each other and pore spaces mostly filled with water
and containing dissolved compounds.

Whittington et a1l77 studied the conduction
properties of concrete and suggested that when a voltage
is applied to such a hetergeneous medium, current can have
three possible paths:

I through the aggregate and paste in series.

IT through the aggregate particles in contact with
each other.

II1 through the paste itself.

The conduction through the paste, however, that |is
Path II1I, was discussed earlier by Monforel8> who
suggested that the paste itself may also be considered as
a composite of non-conductive particles in a matrix of
conductive evaporable water.

Taylor et al180 have also proposed the idea that the
current can possibly be transmitted in the paste through:

a. the solution and conducting particles in series.
b. particles in contact with each other.
c. the solution.
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the relative contributions of each of these paths 1is
hydration dependent and although markedly changeable
during the setting and hardening processes but remain
constant for the rest of time should environmental factors
remain constant.

The resistivity of typical aggregates used in
concrete are several order of magnitude higher177'185 than
that of concrete. Consequently, a higher proportion of
current will be conducted through the paste. Monfore185
presented data showing that the resistivity of sandstone
and 1limestone are copsiderably greater than the
resistivity of the paste which implies that the
resistivity of moist concrete must be considerably
dependent upon the resistivity of the paste matrix.

The combined conduction model for the possibilities
described above is shown in Figure 3.25.

186,187 185

Hammond and Robson and Monfore found that
the capacitive reactance of hardened concrete 1is much
greater than its resistance. In consequence, only the
latter 1is contributing to the resistance, thus for
practical purposes the D.C. model can also be assumed for
A.C. and the electrical model may with sufficient accuracy
be considered purely resistive with concrete constituents
represented by a parallel combination of resistive
elements, Figure 3.26a. This model, however, does not

fully explain180'181

the A.C. characteristics in the
liquid state when the capacitative element has an'’
influence upon the overall impedance of the paste and
hence on concrete. This necessitates the inclusion of a
capacitative element in parallel with the resistive

element, Figure 3.26a.
3.4.3 Mechanisms of Conduction Through Concrete.
The preceding section describes the conduction paths

through concrete and indicates the resistance and
conduction characteristics of concrete are considerably
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dependent on the paste matrix. The mechanism of conduction
through concrete is commonly described, as suggested by
Nikkannon,185 as being essentially electrolytic in nature,
Calleja178'179 utilised electric resistivity measurements
to study the setting process of the cement paste and
observed an increase in resistance as the amount of water
which combines with solids increases. A small constant
drop in resistivity was observed in the early stages of
setting which was attributed to an increase in ionic
conduction produced by the hydrolysis of alkali compounds
and aluminates. Subsequent tests by Robson et al,186'187
Monfore,185 Taylor et al180 and Hansson175 supported the
view that conduction is by means of ions in the evaporable
water. The most common ions in the cement pore solution
are Na‘t, k%, ca*?, so™% and ou-.

The volume of evaporable water in typical cement
paste varies from about 60% at the time of mixing to about
20% when the portland cement is completely hydrated.

The concentration of ions and conductivity vary with
time. Another conduction possibility is by means of
electronic conduction through cement compounds.

The conduction process can, thus, be <visualised as
having two components.177'178'l79'181

- Ionic conductivity of the solution which depends on
ionic concentration, temperature and type of ions present.

-~ Electronic conduction through gel, gel-water and
un-reacted cement particles which depends on cohesiveness
and setting progresses.

Whittington et al,177 indicated that the two above
mentioned components are virtually inseparable as the
paste itself is in a constant state of change. However,
for hardened concrete, the current flows predominantly by
the migration of ions in the pore solution. Electronic
conduction is a contributory factor to a greater extent in
the case of reinforced concrete where reinforcing bars
provide an effective least resistance path.

Hansson et all7® and McCarter et a1l8S described the
electric conduction through concrete as follows:

On the application of an electrical potential between
two metal electrodes in contact with or embedded in the
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concrete, current flows by migration of free ions in the
pore water and discharge at the electrodes producing a
conduction effect. Other charges which are bound to the
particle surface displace in sympathy with the applied
electric field and produce polarisation of different types
i.e. separation between centres of positive and negative
polarity. This will create an opposite electric field and
causes a decrease 1in the current. On the electrode,
. however, one or more of the following electrochemical
reactions take place. *

2H)0 + 2¢” = Hp + 20H” ...3.40a
40H™ = 0, + 2H,0 + 4de” ...3.40b
3Fe + 4H,0 = Fe30, + 8HY + 8e” ...3.40c
2Fe + 3H,0 = Fe,03 + 6H' + 6e” ...3.40d

The dissociation of water will be the dominant
reaction when steel at the electrode is passive and these
reactions result in the build up of polarised layer in the
vicinity of the electrodes and produce an effective back
emf. During the application of an alternating electric
field, it 1is generally thought that the polarisation
layers would not have time to develop or that their
effects cancel out on reversal of the electric field which
is obviously frequency dependent since certain
polarisation mechanisms are only operative over a
particular frequency band. 181

3.4.14 Electrical Resistivity Measurement.

The characteristics of the cement and hence concrete
vary to an enormous extent throughout the setting and
hardening processes. Consequently the relative influence
and importance of the electrochemical factors such as
polarisation and capacitance change with time. Also, the
electrical properties may not be constant throughout the

concrete body186 since:
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1. Concrete itself is a heterogeneous material.

2. Stratification occurs during placing.

3. Subsequent drying out takes place preferentially from
the exposed surface resulting in a moisture gradient
from the centre to the exposed face of the concrete.

Moreover, a review of the published literature on the
resistivity of cement and concrete indicates that a wide
variety of measuring techniques have been utilised and
that there is a little agreement on which is the most
appropriate.

Accordingly, although general trends may be detected
substantially different results have been obtained by
different investigators. Hansson et a1l73 have concluded
that the required information is not generally obtainable
from one technique, and therefore, the most appropriate
technique for measuring resistivity depends largely on
adequate foreknowledge of the predominant electrical field
the system is exposed to, the degree of saturation, and
the possibility of a metal contribution to the conduction
ability in case of reinforced or metal containing
concrete.

Meth Measurem

The methods of determining concrete resistivity can
be put into three different main categories D.C., A.C. and
current interruption techniques. The D.C. and A.C.
techniques are basically conducted by applying the
specific electric field between two electrodes across the
concrete specimens and determining the current-potential
relationship, the resistance being the slope of the curve.
The electrodes may be made of151'175 brass, mild steel and
stainless steel. It has been the custom to embed the
electrode in the concrete or cement specimens in order
that the current only passes through the interior portion
of the specimens, Figure 3.27a. This practice, however,
was subjected to criticism primarily due to the fact that
it did not take into account the surface resistance which
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may be considerable in real structures because of the
moisture gradient. This of course, is of little importance
in the fully submerged condition, 4i.e. no moisture
gradient. Another objection to the use of this methodl86
is that it is a matter of conjecture which area should be
used for calculating the volume resistivity, the area of
the electrode or cross section area of the specimens. To
ensure that the applied current traverses the whole of the
specimen, external electrodes identical to the area and
the shape of the specimens have been used, Figure 3.27b.
Yet another problem arises as to how intimate contact
between the electrode and the specimens can be ensured. In
this respect the following conductive materials have been
used:

1. Stiff paste186 of colloidal graphite.
2. A gel made of 2% agar.151
3. A liquid cement paste of preferably 0.5 water/cement

ratio.179'191

However, the superiority of using cement paste compared
with other methods has been suggested by many authors.

i. D.C, Measurement,

D.C. measurements are accomplished by applying a
constant electric field between the two electrodes and
measuring the resultant current, Figure 3.27. The current
is allowed to decay to a steady state value before
measurements.175'180'185 Hausmannl90 and Monforel85 have
shown that the D.C. resistivity can not be determined by
single measurements of the applied potential and current
because a certain potential is required to overcome the
polarisation effects. Hansson et a1190  apg Hammond et
a1186 emphasised the necessity of ensuring that the
applied voltage should be above the level of the
polarisation drop.

Various methods and circuits are available for D.C.
measurements, but the choice of a convenient method

depends on the magnitude of resistance to be measured and



- 110 -

the electrical properties of the material. At early ages
when the resistivity is comparatively 1low, 1low voltage
must be employed in order to minimise the current and the
consequent heat development in the sample. The effect of
polarisation is very considerable if allowed to build up.
Hammond et all86 investigated the effect of polarisation
at these ages and presented data showing the marked effect
of the phenomenon and that the back emf may attain values
of the same order as the impressed voltage. To minimise
this effect they introduced a test meter supplying its own
small D.C. voltage and included in the <circuit a switch
which reversed the current approximately twice per second.
The setup, which included mercury electrodes, had also
been used to measure high resistivity concrete, and this
device provides information about both the surface and
volume resistivity.

The effect of polarisation is commonly considered as
a major problem in D.C. measurements, but very little
information 1is available about its effects on the
electrochemical equilibrium of the system. Hausmann,190
has shown that the initial response of the <cathodic
electrode in D.C. measuring circuits is predominately a
chemical reaction occurring at the surface opposes the
impressed voltage with an electromotive force of almost
equal magnitude. Therefore, if an investigator were to
confine his measurement to the 1lower voltage range,
concrete would show a behaviour as in portion I of Figure
3.28 until a limiting polarisation was attained. Therefore
a sharp increase in the current would occur resulting in a
linear E-I relationship as in Figure 3.28 portion II. The
cell resistance being the slope of the linear portion of
the curve and the intercept on the voltage axis the
voltage drop due to the polarisation effect.

Monforel®3 has also discussed this effect and showed
that the effective applied potential rather than the
measured applied potential should determine the
resistance. Thus:

E, - E ... 3.41
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Ecff is the effective potential.
is the applied potential.
E is the polarisation potential.

In order to evaluate R and Ep from measurements of I and
E,, it is necessary to make measurements using at least
two different values of E,. Ep can be assumed to be
independent of E, over a certain range of E, values, and

thus Equation 3.41 can be written as:

E - E : ee. 3.42a
_ . ~al .
o= 2l
E - E . 3.42b
— a2 .o
I, = ___a___R

From Equations 3.42a and 3.42b:

E - Eallz - Eale .. 3.43
P Io-1
and R = Eaz - Eal » s 0 3'44
Io- 1,

It can be noted that Equation 3.44 is the slope of the
linear position of E-I curve.

ii. A.C., Measurement,

A.C. measurements can be conducted in essentially the
same way as for D.C. method except that the direct voltage
supply must be replaced by an oscillator of suitable range
of frequency and voltage. The principal advantage of this
method is that it negates the effect of polarisation
phenomena. During A.C. measurements, it 1is generally
though, as mentioned earlier, that the polarisation layers
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would not have enough time to develop or that their

effects would cancel out on reversal of the electric
field175'191 thus keeping unaltered the concentration of
electrolyte.

Several authors have studied the A.C. characteristics
of cement and concrete, and several electric circuits have
been proposed or used for this purpose.

To explain the effect of polarisation on the
electrolyte conduction during A.C. measurement, Jones and

Christian197 185)

(quoted by Monfore presented data
indicating that it has the effect of a large capacitance
in series with the resistance of the electrolyte. However,
for concrete and cement paste it 1is generally believed
that the system may be considered as a complex network of
resistance and capacitance which can be expressed as a
parallel combination of resistance and capacitive elements
as in Figure 3.26. The model may further be reduced to a
single capacitance, C, connected in parallel with a
resistance,l77'180'187 Figure 3.29.

The impedance of the <concrete to an alternating

current is given by:

1 1 . 1 «e. 3.45
22 x2 = R?
where 2z = Impedance, ohms
R = Resistance, ohms
1 : 3
X = = Capacitative reactance, ohms
2n fC
f = Frequency of alternating current, Hz

il

Capacitance, Farads

As explained by Hammond and Robson187

the effect of
reactance on the total impedance 1is governed by the
relative magnitude of X and R, and the effect will be
appreciable when X is of the same order as, or smaller

than, R. The relative contribution of the capacitance and
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resistance in the conduction of the current is indicated
by the power factor, given by the expression:

Power Loss in Resistivity ... 3.46

Power factor = -
Total Power Passing Through

which is related to the capacitance and frequency by the
formula:

) 1 .. 3.47
I 1+ (21 £f0)2

cos ¢

¢ being the phase angle.

When current of low frequency is applied to low
capacitance system (21rfC)2 --> 0, the Power Factor = 1.
Calleja175'186'92 has shown that under these circumstances
the expression: '

1 1 . 1 .o. 3.48
'z X R
gives a sufficiently accurate approximation. In this

case, however, the D.C. resistance approximates to the
A.C. impedance which implies that the capacitative
reactance, X, is much greater than the resistance and only
the latter is contributing to the impedance. 1In other
words current will only flow through the resistance.

From the above discussion it is apparent that the
frequency of the applied current can be very effective
unless counter balanced by the capacitance value.
Calleja192 investigated the effect of frequency on the
electrical resistance of the cement paste over a range of
40 to 20,000 Hz. He indicated that as the frequency
becomes higher, the measured resistance at a given time
will be lower. Considerable scatter in the wvalues was
observed when working at lower frequencies therefore, a
lower frequency limit of 100 Hz was suggested. Little
difference between resistance values obtained with



- 114 -
frequencies ranging between 5 and 20 KHz.

Hammond and Robson187

studied the frequency effect on
both the resistance and the capacitance of concrete and

neat cement, they concluded:
1. Capacitance is inversely proportional to frequency.

2. The frequency is much greater for neat cement than for
concrete of the same age.

3. The resistance at 50 Hz does not differ appreciably
from the D.C. resistance.

4. The capacitance reactance is appreciably greater than
the resistance. As a result the impedance 1is almost
determined by the resistance.

5. The resistance decreases with increasing frequency and
this effect is much more apparent in specimens made
with high-alumina cement than with portland cement.

Nevertheless, meaningful comparisons can only be made
between experiments <carried out at the same tests
frequency. '

The dependence of capacitance on age has also been
investigated, and it was reported that for air-dried
187

specimens, the capacitance decreases with time in

contrast to specimens kept under water where the

capacitance value increases with time,191

It is apparent,
however, that capacitance effectiveness is a function of
evaporable water and the original water cement ratio.
Several electrical circuits have been developed and
utilised for A.C. resistance measurements over years of
research and experimentation. The prevailing consideration
that capacitance 1is 1in parallel with resistance in
concrete or cement paste system has led to a wide spread
use cof an A.C. bridge circuit,186'191'193 which is capable
of measuring simultaneously the resistance and capacitance
over a required range of frequency, (Figure 3.30). The
reference arms of the bridge are equal. Consequently the



- 115 -
measured resistance and capacitance are equal to those of
the corresponding variable resistor and capacitor at
balance, the variable balancers being connected in
parallel.

Other investigations”s'177'192'194 were conducted
with a simpler circuit, Figure 3.27, where the capacitance
values cannot be determined.

Hughes et a1191 proposed an electrolytic ohmeter, the
electric circuit of which is shown in Figure 3.31. The
ohmeter applies small levels of square-wave form,
alternating current. The significant feature of the
instrument is a constant-current generator. Thus the
voltage developed during measurements across the specimens
is directly proportional to its resistance R. The small
alternating current is particularly beneficial for low-
aged specimen measurements since it minimises the gas
formation. When comparing results obtained by this method
with those from conventional D.C. and A.C. measurements,
they found good agreement, particularly with A.C. results.

iii. Current Interruption Technique,

This method seems to have first been discussed by
190 in 1964 when he studied the anodic and
cathodic behaviour of cement coated steel and bare steel
and presented data showing that there is no change
observed in potential of the bare steel after the
interruption of current in contrast to coated steel where
an immediate drop was detected. This indicates the effect
of a resisting layer on the measured potential.

135 adopted this method to determine the
ohmic component of the measured potential of a pipe 1line
under cathodic protection. He indicated that this method
can not readily be used in stray current areas or on pipe
lines with multiple protection system, galvanic earthing
beds or polarisation cells.

Hausmann

Later, Martin

Ch