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Abstract

Empirical chloride-induced corrosion rate prediction models for cracked and uncracked reinforced
concrete (RC) structures in the marine tidal exposure zone are proposed in this study. The data used to
develop the models were obtained from parallel corrosion experiments carried out by exposing half of
210 beam specimens to accelerated laboratory corrosion (cyclic 3 days wetting with 5% NaCl solution
followed by 4 days air-drying) while the other half were left to undergo natural corrosion in a marine
tidal zone in Cape Town (Table Bay). The main experimental variables were pre-corrosion flexural
cover cracking, cover depth and concrete quality (binder type and wi/b ratio). Corrosion rate, half-cell
potential and concrete resistivity were monitored bi-weekly throughout the experimental period. The
experimental results show that even though each of the variables investigated affects corrosion rate in
a certain manner, their combined influence is complex. In general, regardless of the exposure
environment (laboratory or marine tidal zone), for a given concrete quality and cover depth, pre-
corrosion cover cracking was found to result in higher corrosion rates than in uncracked concrete, but
with the field corrosion rates being much lower than the corresponding laboratory ones. Even though
corrosion rates in both the field and laboratory specimens increased with an increase in crack width,
the influence of concrete quality and cover depth was still evident. However, the effect of cover
cracking on corrosion rate diminished with increasing concrete quality. In the blended cement
concretes, the effect of concrete quality is further diminished by the inherent high resistivities of these
concretes. The increase in corrosion rate due to increase in crack width, regardless of w/b ratio and
cover depth, was generally higher in the 100% CEM | 42.5N concrete specimens than in the blended
ones.

A framework is proposed that can be used to objectively compare predicted corrosion rates for
specimens with similar concrete quality (influenced by binder type and w/b ratio) but different cover
depths and crack widths. The framework, which incorporates the combined influence of cover depth,
crack width and concrete quality (quantified using chloride diffusion coefficient) on corrosion rate, is
the basis of the proposed corrosion rate prediction models for cracked concrete. Sensitivity analyses
on the proposed models show that if any two of the three input parameters (cover depth, crack width
and concrete quality) are simultaneously varied, their effect on corrosion rate is dependent on the
value of the third (unchanged) parameter. Furthermore, (i) the initial cover depth was found to have no
effect on the extent to which a change in cover depth affects corrosion rate; a similar trend was found
in the case of sensitivity of corrosion rate to change in crack width, and (ii) the extent to which a
change in either crack width or cover depth affects corrosion rate is dependent mainly on the concrete
quality. In general, the sensitivity analyses showed that corrosion rate is more sensitive to change in
concrete quality than crack width and cover depth. The proposed models can be used to (i) quantify
the propagation phase with respect to a given performance limit using relevant corrosion-induced
damage prediction models, and (ii) select suitable design combinations of cover depth, concrete
quality and crack width to meet the desired durability performance of a given RC structure in the
marine environment.




Summary

The main objective of this study was to develop empirical chloride-induced corrosion rate prediction
models for cracked and uncracked steel reinforced concrete (RC) structures in the marine tidal
exposure zone. To achieve this, parallel laboratory and field experiments were carried out. The
experimental programme was designed to assess the influence of pre-corrosion flexural cover
cracking, cover depth, and concrete quality (influenced by binder type and w/b ratio) on corrosion rate.
A total of 210 beams (120 x 130 x 375 mm long) were cast using five different concretes. The
concretes were made using two wi/b ratios (0.40 and 0.55) and three binders (100% CEM | 42.5N plain
Portland cement (PC), 50/50 PC/GGBS and 70/30 PC/FA). The 0.55 w/b ratio was not used to make
PC specimens. Other experimental variables included cover depth (20 and 40 mm) and crack width (0,
0.4 and 0.7 mm). Incipient-cracked specimens were also made but only for specimens with 20 mm
cover - these were made by flexurally cracking the beams and unloading just after visually sighting a
crack on the concrete surface. A high yield strength 10 mm diameter steel bar was embedded in each
beam. To facilitate the formation of a transverse (flexural) crack at approximately the longitudinal
centre of the beam specimens during machine loading, a 1.0 mm thick x 4 mm deep PVC sheet was
placed at the centre of each beam (transversely) during casting; the PVC sheet was embedded in the
beam mould, and did not remain in the beam at de-moulding (after 24 hours). After 28-days of water-
curing (at 23 £ 2 °C) and 10 days air-drying (temperature: 25 + 2 °C, relative humidity: 50 + 5%) in
the laboratory, anodic impressed current was used with the objective to eliminate the corrosion
initiation phase in all the specimens after which they were pre-cracked under 3-point flexural machine
loading. The 0.4 and 0.7 mm cracked specimens were then placed in specially designed individual
loading rigs where they remained for the entire experimental duration. This was done to ensure the
crack widths remained at roughly the required width during the experiment duration. The specimens
were then placed in their respective exposure environments (laboratory or field). Prior to exposure of
the field specimens to natural marine tidal zone, all their faces (except the face with the specified
cover depth) were epoxy-coated. Throughout the experimental duration, the laboratory-based
specimens were subjected to accelerated corrosion by cyclic 3 days wetting with 5% NaCl solution
(contained in a reservoir on the face of the beam with the specified cover depth) followed by 4 days
air-drying while the field specimens were left to undergo natural corrosion. Corrosion rate, half-cell
potential and concrete resistivity were measured bi-weekly in both the laboratory-based and field-
based specimens.

The results show that even though each of the variables investigated affects corrosion rate in a certain
manner, their combined influence is complex. In general, regardless of the exposure environment, for
a given concrete quality and cover depth, pre-corrosion cover cracking was found to result in higher
corrosion rates in comparison to those in uncracked concrete, but with the field corrosion rates being
much lower than the corresponding laboratory ones. Even though corrosion rates in both the field and
laboratory specimens increased with an increase in crack width, the influence of concrete quality
(binder type and wi/b ratio) and cover depth was still evident, the effect of cover cracking diminishing
with increasing concrete quality. In the blended cement concretes, the effect is further diminished by
the inherent high resistivities of these concretes. The increase in corrosion rate due to increase in crack
width, regardless of the binder type, w/b ratio and cover depth, was generally higher in the PC
concrete specimens than in the blended ones - up to approximately 50% in both field-based and
laboratory-based specimens due to an increase in crack width from uncracked to incipient-cracked.
However, considering the field-based specimens with 40 mm cover, the results show that the effect of




increasing crack width was higher in the blended cement concrete specimens than in the PC
specimens. In the PC specimens, the relatively high penetrability of the concrete even in the absence
of cracks diminishes the effect of increased crack width. On the contrary, in blended cement concretes,
their relatively low penetrability in an uncracked state is significantly increased in the presence of
cracks, and even further due to an increase in crack width. Even though it could not be confirmed from
the results due to a limited number of crack widths investigated and the relatively short-term
(2v4 years) of the field corrosion rates, the field-based results suggest that as the crack width increases,
its influence on corrosion rate diminishes. This trend was not observed in the laboratory-based
specimens, and clearly highlights, to some extent, the limitations of relying on laboratory accelerated
corrosion results to predict in-situ performance of RC structures. The results of this study also
corroborated those of previous studies that adopting 0.4 mm as a universal corrosion threshold crack
width for all concretes regardless of quality and cover depth is, inasmuch as being conservative,
prescriptive and not valid. This study proposes the adoption of performance-based crack width limits
that take into account the combined influence of relevant factors affecting corrosion rate, in this case,
cover depth, crack width and concrete quality. It is on this understanding that the proposed prediction
model was developed.

The impact of increasing cover depth on corrosion rate was relatively lesser in the field-based
specimens than in the laboratory-based specimens, with the highest reductions being recorded in the
laboratory-based blended cement specimens - up to 43% in uncracked specimens made with 70/30
PC/FA (0.55 w/b) and up to 45% in 0.7 mm cracked specimens made with 50/50 PC/GGBS
(0.40 wib). These results contradict those of some previous studies where the highest reductions in
corrosion rate as a result of increased cover depth were recorded in PC concretes. It is not clear why
this trend was reversed in this study, and further work is needed to ascertain this. Furthermore, the
trend was not observed in the field-based specimens where no specific trend was evident, and again,
highlights the limitations of relying solely on laboratory-based accelerated corrosion experiments to
predict the performance of in-service RC structures. Although the impact of increased cover depth was
expected to have a significant impact on corrosion rate in uncracked specimens, this was not the case,
and underscored the fact that corrosion rate is not only controlled by cover depth but by a complex
interaction of other influencing factors.

The results also show that regardless of the exposure environment, for a given set of crack width and
cover depth, corrosion rate increased with decreasing concrete quality (or increase in penetrability).
The quality of the concretes, quantified using the diffusion coefficient determined empirically from the
chloride conductivity index test, which measures chloride ion penetrability of concrete, decreased in
the order PC/GGBS (0.40 w/b) — PC/FA (0.40 w/b) — PC/GGBS (0.55 w/b) — PC/FA (0.55 w/b) —
PC (0.40 w/b). However, the change in concrete quality due to change in binder type had a relatively
lower effect on corrosion rate in the field-based specimens than in the laboratory-based specimens.
The results also show that the blended cement concretes respond to changes in w/b ratio in a similar
manner but are not as sensitive to the change in w/b ratio (0.40 to 0.55 or vice versa) as PC concrete.
In general, for a given blended cement concrete, even though reducing the w/b ratio further decreases
the concrete’s penetrability and hence corrosion rate, the effect is less (up to 60% decrease in
uncracked field-based PC/FA specimens with 40 mm cover due to increase in w/b ratio from 0.55 to
0.40) in comparison to that due to the presence of the supplementary cementitious material itself (up to
74% decrease in incipient-cracked laboratory-based specimens with 20 mm cover due to 30%
replacement of PC with FA at a w/b ratio from 0.40).




Based on the experimental results, a framework was proposed that can be used to objectively compare
predicted corrosion rates for specimens with similar concrete qualities (binder type and wi/b ratio) but
different cover depths and crack widths. The framework, which incorporates the combined influence
of cover depth, crack width and concrete quality on corrosion rate, is the basis of the proposed
corrosion rate prediction models for cracked concrete. In the proposed models, the cover-to-crack
width ratio is used in conjunction with concrete quality. The models can be used to (i) quantify the
propagation phase with respect to a given performance limit (e.g. loss of steel cross-section area) using
relevant corrosion-induced damage prediction models, and (ii) select suitable design combinations of
cover depth, concrete quality and crack width to meet the desired durability performance (with respect
to steel corrosion) of a given RC structure in the marine environment. In addition, the models can aid
in the development of pro-active maintenance and repair strategies for corrosion-affected RC
structures.

The sensitivity analyses performed using the field-based corrosion rate prediction model for cracked
concrete due to its output being natural corrosion rate show that if any two of the three input
parameters (cover depth, crack width and concrete quality/penetrability) are simultaneously varied,
their effect on corrosion rate is dependent on the value of the third (unchanged) parameter. For
example, the extent to which a combined change in both cover depth and crack width affects corrosion
rate is dependent on the value for concrete quality; the higher the concrete penetrability, the greater the
change in corrosion rate due to a combined change in cover depth and crack width. Further, the extent
to which a change in either crack width or cover depth affects corrosion rate is dependent mainly on
the concrete quality. For example, the higher the concrete quality, the higher the extent to which a
change in crack width affects corrosion rate. The initial cover depth was found to have no effect on the
extent to which a change in cover depth affects corrosion rate; a similar trend was found in the case of
sensitivity of corrosion rate to change in crack width. In general, the findings of this study are in
agreement with those of some previous studies where corrosion rate is reported to be more sensitive to
change in concrete quality than crack width (and cover depth). This work has shown that the change in
corrosion rate is greater whenever concrete quality is varied than when either crack width or cover
depth are varied. The practical implication of the findings of this study is that even though cover
cracking increases corrosion rate, and that it should be objectively minimized, corrosion protection
cannot be achieved solely by limitation of crack width; a holistic approach, in this case, considering
cover depth, concrete quality and crack width should be adopted. The proposed empirical model,
which will need to be updated and calibrated using long-term natural corrosion rate data and extended
to incorporate more input parameters, is a step towards achieving this goal.

This study and previous ones have shown that cover cracking affects corrosion rate of steel in RC
structures. Therefore, it is essential to quantify its effect on corrosion initiation and its propagation,
and more importantly, develop a design framework to incorporate this effect in performance-based
design codes. Consequently, the development of (a) accurate models to quantify transport properties in
cracked concrete, and (b) practical and reliable corrosion rate prediction models. This study was an
effort towards achieving the latter challenge but further work is inevitably still needed.
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Chapter 1

Introduction

1.1 Background

Corrosion of steel reinforcement is one of the main deterioration mechanisms for reinforced concrete
(RC) structures in temperate, marine, and industrial environments. It has therefore become a major
durability concern for both asset owners and engineers. If left unabated, it accelerates the ageing of RC
structures and may lead to several inter-related negative consequences including, but not limited to,
cracking and spalling of concrete cover, loss of steel cross-section area, degradation of steel-concrete
interface bond, and ultimately reduction in service life of the RC structure. In addition, it requires high
expenditures for maintenance, repair or replacement, and compromises public safety. Even though
corrosion of steel in RC structures can be caused mainly by either ingress of carbon dioxide
(carbonation-induced) or chlorides (chloride-induced) as will be seen in Chapter 2, the latter is the
chief cause of steel corrosion in RC structures (in most countries). Notably, chloride-induced
corrosion causes widespread damage of the RC structure and may ultimately result in failure
(depending on the pre-defined limit state) within a relatively short period of time (before the structure
meets its target service life). Much research has focused on the first phase of chloride-induced
corrosion (i.e. corrosion initiation, t;, characterised by negligible corrosion-induced damage,
Figure 1.1) and a good understanding exists on this topic although more research is still required to
fully comprehend some issues such as chloride binding mechanisms, and hence facilitate its accurate
mathematical (numerical and analytical) modelling. However, the second phase (i.e. corrosion
propagation, t,, characterised by increased corrosion-induced damage, Figure 1.1) is still not well
understood both in terms of process and prediction. Maintenance and repair of corrosion-damaged RC
structures has therefore for a long time been based largely on reactive strategies and past experience.
An accurate prediction of the corrosion propagation process is therefore vital from both economic and
structural performance viewpoints.

Damage limit

t; : corrosion initiation phase
t, : corrosion propagation phase
t:service life = t; + t,

Level of damage

Ingress of
Cl,, Co,

» Time (yrs)

A

Figure 1.1: Tuutti’s corrosion damage model - corrosion initiation and propagation phases [1]




In the past, the service life of corrosion-affected RC structures has been quantified only by the
initiation phase, t;, [2]; prediction models that have been used to describe this phase satisfactorily are
available e.g. LIFE 365 [3], DuraCrete [4], Clinconc [5] and the South African chloride penetration
model [6]. However, as the number of deteriorated RC structures continues to increase rapidly, and in
an effort to meet both durability and sustainability requirements of corrosion-affected RC structures,
service life prediction and life-cycle management beyond the initiation phase is now receiving more
attention than in the past [7]. As a result, there is currently a move towards extending the service life
definition of RC structures prone to steel corrosion. In addition to the initiation phase, there are
attempts to quantitatively incorporate the corrosion propagation phase. The impetus of this move to
include corrosion propagation in the design service life of RC structures can be assigned to a
combination of the following premises:

(i) The rapid increase in the number of deteriorated RC structures due to corrosion and the resulting
urgent need to develop pro-active maintenance and repair strategies for RC structures.

(i) At the end of the initiation phase, the RC structure may still have adequate residual serviceability
and strength with or without remedial measures [8].

(iii) The propagation phase may in some circumstances be sufficiently long to merit quantification
and hence be part of the structure’s service life, t, e.g. in the presence of service load-induced
concrete cracking where active corrosion initiation may be almost instantaneous in the presence
of corrosion-inducing species i.e. ti = 0 or t = t, [9].

(iv) For new RC structures exposed to corrosion-aggressive environments, the propagation phase may
extend for a relatively long period of time after corrosion initiation depending on the performance
limit state indicator adopted (e.g. corrosion-induced cover cracking) and the effectiveness of the
maintenance and repair actions undertaken.

(v) For existing RC structures, there is always a need to predict the propagation state of the structure
(during the corrosion process), for maintenance, repair and/or protection evaluation purposes.

Coupled with this paradigm shift is a strong interest to understand, predict and hence design for the
corrosion propagation phase of the service life of RC structures. In short, it is appropriate to state that
the determination of steel depassivation in concrete (i.e. corrosion initiation) is now beginning to be
seen as a step towards the determination of either a serviceability or ultimate limit state within the
propagation phase. Consequently, a demand exists for both reliable prediction models for the
corrosion propagation phase (i.e. durability performance forecasting) and non-destructive in-situ
corrosion propagation assessment techniques to meet the aforementioned goals.

Despite considerable research on the corrosion propagation phase reported in the literature, it is
seldom taken into consideration when defining the service life of new or existing RC structures. It is
generally perceived that the corrosion initiation phase will be much longer than the corrosion
propagation phase (t; >> t;) although this may not be valid in the case of cracked concrete as will be
seen in Chapter 2. Some reasons why the corrosion propagation phase is not included in service life
prediction models include the following:
(i) Corrosion rate is a function of many variables, some of which are still not well understood; and
present a considerable degree of variability and uncertainty. These variables are inter-related in
such a complex way that the mutual influence may be additive, synergistic, or opposing [4].
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Although this is also the case with corrosion initiation, the focus of this study is on the
propagation phase. To allow for the fact that there are still considerable degrees of variability and
uncertainty in data and in some of the models, probabilistic methods should be applied [10].
However, although effort is being made towards developing and applying probabilistic methods,
the main hindrance is usually lack of adequate data.

(ii) There are no “standard” corrosion assessment techniques. The available techniques have their
inherent advantages and disadvantages that are either not known or if known, are seldom taken
into consideration during the interpretation of the results. Furthermore, different corrosion
assessment techniques have been reported to give varied results for the same subject parameter
under the same measurement conditions e.g. corrosion rate [11].

(iii) Lack of a clear definition of the corrosion-induced damage indicators (i.e. for serviceability and
ultimate limit states).

1.2 Definition of service life for RC structures prone to corrosion

The service life (t) of RC structures, with respect to reinforcement corrosion, is usually modelled as
comprising distinct phases following pre-defined limit states with distinct corrosion-induced damage
indicators. A limit state refers to a state beyond which the structure or part of it no longer satisfies the
relevant performance criteria [12]. The approach of modelling service life into distinct phases was first
used by Tuutti [1] who proposed a conceptual model dividing the service life (t) of a corrosion-
affected RC structure into two phases viz the initiation phase, t;, (or time to active corrosion initiation)
and propagation phase, t,, i.e. t = t; + t, (see Figure 1.1). Tuutti’s model is generalised with respect to
t,; it does not depict the different stages of corrosion-induced damage in the propagation phase. To
account for this, the propagation phase, which is the focus of this study, can further be sub-divided
into sub-phases as shown in Figure 1.2. In this approach, the boundaries between these sub-phases can
be defined by different limit states (i.e. corrosion-induced damages on the RC structure) such as loss
of concrete-steel interface bond [13], appearance of surface corrosion-induced cracks [14, 15],
longitudinal deflections of flexural members [16], loss of flexural stiffness [17, 18] and reduction of a

member’s ultimate load capacity [13, 19].
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Figure 1.2: Service life of corrosion affected RC structures incorporating sub-phases [20]

>Time




The approach presented in Figure 1.2 is preferable to Tuutti’s model because in most cases, although
the degree of corrosion is closely related to structural deterioration, the relationship between the
degree of corrosion to cracking, deflection and strength is not straightforward [17, 21]. Furthermore,
such an approach makes it possible to compare and evaluate alternative solutions more objectively,
plan for maintenance and repairs and optimize the cost with respect to the life cycle of structures.

1.2.1 Classification of marine exposure environments

Chloride-induced corrosion (which will be discussed in detail in Chapter 2) is one of the main causes
of deterioration in RC structures located in chloride laden environments. Such environments are found
mostly in coastal (marine) regions in South Africa. With respect to steel corrosion in concrete, marine
environments are usually classified depending on the severity of chloride-induced corrosion damage
over a given time. The classification adopted in this study is that of EN 206-1 [22] given in Table 1.1.
Notice that, in Table 1.1, some Classes have been modified for South African conditions [23].

Table 1.1: South African marine environmental classes for chloride-induced corrosion [22]

EN206-1 Class Description of the environment
XS1 Bxposed to airborne salt but not in direct contact with seawater
XS2a Permanently submerged
XS2b* XS2a + exposed to abrasion
XS3a Tidal, splash and spray zones
XS3b* XS3a + exposed to abrasion

* These sub-classes have been added for South African coastal conditions

This study focuses on exposure Class XS3a (tidal zone) mainly because (i) it is considered the most
common aggressive marine environment in terms of steel corrosion in RC structures [24, 25] and,
(ii) the economic and social consequences of failure of the vast infrastructure (e.g. bridges, jetties) in
this exposure environment are high.

1.3 Research motivation and significance

In order to incorporate the propagation phase in the service life of corrosion-affected RC structures, it
must be reasonably accurately quantified, similar to the initiation phase. The quantification must be
carried out based on corrosion-induced damage indicators that can be directly or indirectly related to
the in-service structural response. Some of these damage indicators, as mentioned in the previous
sections, include loss of concrete-steel interface bond, loss of a member’s ultimate load capacity, loss
of flexural stiffness, appearance of surface corrosion-induced cracks and increased longitudinal
deflections of flexural members. Prediction models have been developed by various researchers to
predict the time to occurrence of some of these damage indicators. Among other input parameters in
these prediction models, corrosion rate, which is one of the most important input parameters in
corrosion-induced damage prediction models [26], is seldom well defined with respect to its prediction
and measurement (or quantification). There have been attempts to predict corrosion rate in the past by
some researchers such as Alonso et al. [27], Katwan et al. [28], Yalcyn and Ergun [29], DuraCrete [4],
Vu and Stewart [30], Scott [31], Bastidas-Arteaga et al. [32] and Martinez and Andrade [33]. These
will be covered in detail in Chapter 2. A critical examination of the available corrosion rate prediction

4 | Chapter 1: Introduction



models indicates that their applicability may be limited, and more importantly, that they do not
directly or indirectly take into account the effect of service load-induced cover cracking on corrosion
rate. The fact that most in-service RC structures are often in cracked state is often ignored [34, 35].

In determining a corrosion rate value to input in the corrosion-induced damage prediction models, it is
important that relevant quantifiable parameters are taken into consideration. This study focuses on the
quantification of the effect of cover depth, concrete quality (binder type and w/b ratio), concrete
resistivity (or its inverse, conductivity) and crack width on chloride-induced corrosion rate. The goal is
to develop an empirical chloride-induced corrosion rate prediction model expressed as a function of a
combination of these parameters. This is main contribution of this study.

With respect to maintenance and repair of corrosion-affected RC structures, it is acknowledged that
remedial measures on RC structures are usually more economical and viable prior to the end of the
corrosion initiation phase than during the propagation phase. Nevertheless, this study focuses on the
propagation phase and will assume that the RC structure is in this phase of deterioration, because
practically, this period is of importance to maximize the life of corrosion-affected RC structures, and
because a large stock of existing RC structures are in this phase and require proper management. With
this in mind, a good understanding and prediction of performance of the RC structure during the
corrosion propagation phase will assist both asset owners and engineers to plan and implement cost-
effective and durable maintenance and repair strategies for RC structures. In general, the prediction of
corrosion rate can be used to plan and prioritize inspection, testing, preventative maintenance and
repair activities. The improved knowledge will enable designers not only to properly rehabilitate and
maintain the current stock of corrosion-affected RC structures, but will also improve the durability of
new ones by giving, in the design stage, proper consideration to (i) the selection of suitable
combinations of corrosion rate-influencing parameters such as cover depth, crack width and concrete
quality, and (ii) the exposure environment and conditions within which they operate [36].

Finally, this study also contributes towards sustainable concrete construction directly and/or indirectly
by ensuring that the service life of corrosion-affected RC structures is maximised.

1.4 Why an empirical corrosion rate prediction model?

Despite the challenges faced when developing mathematical (numerical and analytical) corrosion rate
prediction models, such as simulating complicated geometries (e.g. reinforcement details), non-
homogeneous material (concrete and steel) properties, and the influence of cover cracking on
corrosion, a number of researchers have developed and validated such models using data from well-
controlled laboratory experiments [37-43]. However, even though these models are usually very
comprehensive with respect to describing the corrosion process of steel in concrete and can
theoretically be applied to RC structures in a wide range of exposure conditions, their practical
application has been limited mainly because the selection and quantification of the input parameters
poses a major challenge (e.g. distribution of anodic and cathodic sites on steel surface, potential
distribution on the steel surface, pH of concrete pore solution and Tafel slopes). Even amongst
researchers, there is uncertainty associated with the selection of the parameters, and different
researchers have used different parameters (and even different values for the same parameter) to




model the corrosion process. Furthermore, even though mathematical models are based on
fundamental governing equations for steel corrosion, they may not have a direct correlation to the
actual corrosion process in concrete and the related corrosion-induced damage in in-service RC
structures, and must be validated using experimental data. Finally, the implementation of the complex
mathematical corrosion rate prediction models is sometimes computationally expensive.

These challenges have prompted the preference of empirical corrosion rate prediction models to
mathematical ones despite the limitations associated with the former, such as being (to a large extent)
limited to the experimental set-up conditions used to obtain data for its development. However, it is
important to note that empirical models can be improved using numerical methods, and can form a
strong foundation on which mathematical models can be developed. This study therefore opted for the
development of empirical models mainly because, in comparison to mathematical models, they are
simple in form and hence relatively simpler to apply in practice than the latter. This is in addition to
the limitations faced during the study (see Section 1.6). More details on mathematical and empirical
models will be presented in Chapter 2.

1.5 Objectives and aims of the study

The main objectives of this study are:

1. to develop empirical corrosion rate prediction models for chloride-induced corrosion in cracked
and uncracked RC structures in the tidal marine environment i.e. exposure class XS3a according
to the modified EN 206-1 [22] exposure classes (see Table 1.1), and

2. to demonstrate that the models are practical and easy-to-use for engineers, especially with respect
to obtaining the model input parameters.

In addition to the objectives mentioned above, this study aims to achieve the following:

(i) to carry out a sensitivity analysis on the model input parameters to establish which parameter or
combination of parameters corrosion rate is most sensitive to. The experimental model input
parameters considered are cover depth, concrete quality (binder type and w/b ratio) and crack
width.

(if) to illustrate how the corrosion rate prediction models can be used in the design of new RC
structures prone to chloride-induced corrosion deterioration i.e. selection of a suitable
combination of performance-based design parameters such as concrete quality, cover depth and
limiting crack width.

(iii) to illustrate how the corrosion rate prediction models can be used to extend the life of existing
chloride-induced corrosion-affected RC structures beyond the initiation phase by aiding in the
quantification of the propagation phase.

(iv) to establish a correlation between laboratory accelerated (cyclic 4-days wetting with 5% NaCl and
3-days air-drying) and natural (marine tidal zone) corrosion rates of steel in concrete.

1.6  Scope and limitations

Chloride-induced corrosion in RC structures is influenced by a complex inter-relationship of factors
such as concrete quality, cover depth, cover cracking, concrete resistivity (or its inverse, conductivity)
and severity of the exposure environment with respect to corrosion-sustaining species such as
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chlorides and moisture. It is now well appreciated that for an accurate service life prediction of RC
structures prone to corrosion, the inter-relationship between these factors should be considered to
obtain suitable performance-based combinations of the relevant parameters and exposure environment.
However, before this can be conclusively achieved, it is important to understand the relationship
between the individual factors and corrosion rate. In addition, as will be seen in Chapter 2, several
methods are available for the assessment of corrosion, each with its inherent advantages and
disadvantages. It would be ideal to simultaneously consider these issues in order to fully describe the
corrosion propagation process and hence quantify the propagation phase of service life in corrosion-
affected RC structures. However this is not experimentally possible - only a limited combination of
parameters can be investigated at a time and their relationship with corrosion rate evaluated.
Therefore, the scope of this study was limited to the following aspects:

1. Only chloride-induced corrosion propagation of steel was studied. Even though carbonation-
induced corrosion of steel also occurs in RC structures, it is not usually a major concern for RC
structures in marine environments where chloride-induced steel corrosion is the main cause of
deterioration.

2. As already mentioned, marine environments are classified according to the severity of chloride-
induced steel corrosion in RC structures. This study was limited to marine exposure in the tidal
zone (i.e. Class XS3a, see Table 1.1). This is considered the most severe marine exposure in Cape
Town (Table Bay) in the Western Cape Province, South Africa (Figure 1.3), where this study’s
field-based specimens were exposed.
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Figure 1.3: Geographical location of the marine exposure environment for the field-based specimens

3. In an experimental programme such as the one used in this study, only a limited number of the
parameters affecting corrosion rate can be investigated at a time. In this study, the experiments
were carried out in the laboratory (accelerated corrosion) and in the marine tidal exposure (natural




corrosion) in parallel. The experimental parameters were limited to the list given below. Details
on the selection criteria of these parameters, specimen geometry, sample size and exposure
environments are given in Chapter 3.

(i) Concrete quality: this was differentiated by varying the binder type and w/b ratio. Three
binder types (CEM 1 42.5N (PC), 50/50 PC/GGBS and 70/30 PC/FA) and two wi/b ratios (0.40
and 0.55) were used.

(i) Cover depth: two cover depths, 20 and 40 mm, were used.

(ii) Crack widths were limited to: uncracked, incipient-cracked, 0.4 mm and 0.7 mm. However,
incipient-cracked specimens were made using only specimens with 20 mm cover depth.

(ili)) Two exposure environments were selected: (a) laboratory environment where accelerated
chloride-induced corrosion occurred by cyclic 3 days wetting (with 5% NaCl solution) and
4 days air-drying (at controlled temperature and relative humidity of 25 + 2 °C and 50 * 5%
respectively), and (b) field environment where natural chloride-induced corrosion occurred in
the tidal marine zone.

(iv) The sample size was limited to a total of 210 corrosion beam specimens of dimensions
120 x 130 x 375 mm long. Each of the exposure environments (laboratory and field) had an
equal number of specimens i.e. 105 beams each.

Only a single flexural macro-crack (visible on the concrete surface) was induced in each cracked
beam specimen. Even though this may not be representative of crack patterns in most in-service
RC structures, it greatly simplifies the experimental set-up, and more importantly, the
understanding of the influence of one crack characteristic, crack width, which is the focus of this
study. Further studies will be required to extend this understanding, and the model developed
using the results of this study to incorporate not only multiple cracks but other crack
characteristics such as crack healing, crack density/frequency and so on.

The study focused on the corrosion propagation phase, where most corrosion-induced damage

occurs. The experimental programme was therefore designed to intentionally eliminate the

initiation phase which, as mentioned before, is relatively well understood in process and
prediction compared to the propagation phase. Furthermore, the initiation phase was eliminated
due to the experimental time constraint for this study i.e. 2% years.

There are a variety of techniques that can be used to assess corrosion of steel in concrete. These

are discussed in detail in Chapters 2 and 3. In this study, corrosion was assessed by taking the

following measurements: (a) corrosion rate (using coulostatic linear polarization resistance
method), (b) half-cell potential (with reference to Silver/Silver chloride, Ag/AgCl, electrode), and

(c) concrete resistivity (using the 4-point Wenner probe).

Concrete quality with respect to ingress of corrosion-sustaining agents (oxygen and moisture) was

assessed using the diffusion coefficients determined from the chloride conductivity test (details in

Appendix D). Even though other (similar) test methods such as the Bulk Diffusion Test (also

called NordTest NT BUILD) [44] and the Rapid Chloride Permeability Test [45] are available,

the chloride conductivity test is the most commonly used test in South Africa for performance-
based durability design and quality control.

Long-term data is necessary for the development of a reliable corrosion rate prediction model. In
this study, both the field (natural corrosion) and laboratory (accelerated corrosion) corrosion rate
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data were limited to 2% years due to time constraint. It is however important to note that long-
term data will be required to verify and/or modify the proposed model.

9. The determination of gravimetric mass loss of steel due to corrosion and characterization of the
surface morphology of corroded steel are important aspects of corrosion, and can be used to
validate electrochemical measurement techniques. Previous studies have shown that in cracked
concrete large corrosion pits are formed in the crack region where the anode is dominantly
located. However, these aspects were not included in this study mainly because they are
destructive assessment processes. They will be carried out in the future after sufficiently long-
term results have been collected.

10. This study did not investigate the response of RC members/structures to steel corrosion. Aspects
such as damage of steel-concrete interface and reduction of member flexural strength due to steel
corrosion were not investigated.

11. Quantification of variability of the factors influencing corrosion rate is essential for an accurate
prediction of corrosion rate. However, this was not comprehensively carried out in this study.
Only the variability of the predicted corrosion rate was quantified using statistical distributions of
the input parameters (crack width, cover depth and concrete quality) adopted from previous
studies.

12. Finally, it is important to note that even though temporal (time-related) and spatial (location-
related) variability of corrosion rate are important aspects in the quantification of corrosion rate,
they were not considered in this study due to experimental constraints (i.e. design and equipment)
with respect to measurement and quantification of the relevant parameters.

1.7  Thesis outline

This thesis has six chapters.

Chapter 2 presents a review of literature and is divided into two parts. Part | presents the fundamental
principles of steel corrosion in concrete; emphasis is placed on chloride-induced corrosion and on
cracked concrete which are the foci of this study. The thermodynamic and kinematic principles are
covered in detail in this part. Part 1l presents a critical review of existing corrosion rate prediction
models. Both empirical and numerical models are reviewed but focus is placed on chloride-induced
corrosion and on empirical prediction models.

Chapter 3 presents a detailed description of the experimental work carried out in this study. This
includes the laboratory (accelerated) and field (natural) corrosion experiments. Details on
experimental variables and constants, materials, exposure environments, specimen geometry, number
of specimens and corrosion assessment techniques are given. This chapter also presents a summary of
other tests carried out in conjunction with the corrosion assessments.

Chapter 4 presents the results, analyses thereof and discussion of the experimental work (as described
in Chapter 3). Both corrosion and concrete quality-related results are discussed. In this Chapter,
empirical correlations are established between corrosion rate and other experimental variables such as
cover depth, crack width, concrete quality and concrete resistivity. The results are synthesized to
obtain a holistic view of the inter-relationships between corrosion rate and other experimental
variables.




Chapter 5 presents the empirical chloride-induced corrosion rate prediction models based on the
experimental results presented in Chapter 4. An attempt is made to establish an empirical relationship
between laboratory (accelerated) and field (natural) corrosion rates. A sensitivity analysis of the
proposed model input parameters (concrete quality, cover depth and surface crack width) is carried out
to establish which parameter or a combination of parameters corrosion rate is most sensitive to.
Examples illustrating the application of the proposed prediction models are also presented. Further, a
simulation of the proposed models is carried out to quantify the variability in the predicted corrosion
rate based on the variability of the input parameters. The variability is expressed as a statistical
distribution. Finally, the model limitations are discussed.

Chapter 6 presents the conclusions and recommendations of this work.
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Chapter 2

Literature review

2.1  Overview

This chapter is a review of corrosion of steel in RC structures with the aim to present (i) a fundamental
understanding of the corrosion process in RC structures based on electrochemical and Kinetic
principles of corrosion, and (ii) a critical state-of-the-art review of previous studies on the prediction
of corrosion rate. The chapter is divided into two parts. Part I, Fundamentals of steel corrosion in
concrete, presents detailed electrochemical (both thermodynamic and kinetic) principles of corrosion
in general followed by a focus on corrosion of steel in concrete and the factors that affect it. Part Il,
Review of corrosion rate prediction models, presents a critical review of the available/published
corrosion rate prediction models for steel in RC structures. Specifically, the review identifies the
strengths and weaknesses of the available models, and general and specific proposals to improve on
them with respect to being representative of the actual corrosion process in RC structures.

Before proceeding, it is important to note that selected critical reviews relating to the experimental
work (presented in Chapter 3) is carried out in this chapter in line with the focus of the study. Further,
even though the review presented in this chapter covers, in general, corrosion of steel in concrete,
focus will, from time to time, be placed on: (i) chloride-induced corrosion, (ii) empirical chloride-
induced corrosion rate prediction models, and (iii) the influence of cracking on chloride ingress in
concrete and corrosion rate of steel which are the foci of this study.
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Chapter 2 PART I

Fundamentals of steel corrosion in concrete

2.2 Introduction

Corrosion may be defined as a dissolution process that occurs when metals are exposed to corrosive
environments. It is an electrochemical process in which iron (Fe) enters into solution at the anode and
oxygen (O,) is reduced at the cathode [1]. It results in the flow of electrons (e") between anodic and
cathodic sites (defined later) on the steel surface. The fundamental cause of corrosion is the inherent
instability of metals in the refined metallic form. The tendency is for metals to revert to more stable
forms, such as oxides, hydroxides or sulphides [2]. It is important to understand both the
thermodynamics and kinetics of corrosion. These will be covered first to gain a general understanding
of the corrosion process before focusing on steel corrosion in concrete later in the chapter.

2.3 Thermodynamics of corrosion

The tendency for any chemical reaction to proceed, including the reaction of a metal with its
environment, is measured by the change in Gibbs free-energy (AG). Gibbs free energy is a
thermodynamic potential that measures the maximum amount of non-expansive process-initiating
work in an isothermal, isobaric thermodynamic system i.e. closed system. It can only be attained in a
completely reversible process [3]. The more negative the value of AG, the greater the tendency for the
reaction to proceed [4]. It is expressed as follows:

AG =-zF¢ 2.1)

where z is the number of electrons (or chemical equivalents) taking part in the reaction, F is Faraday’s
constant (96,500 C/mole) and ¢ is the electromotive force, emf, or half-cell potential, HCP, (V). The
emf can be calculated from Nernst equation as follows:

o RT
=¢° ——InK
p=¢ F (22)
Hence;
AG=-7F¢° + RTInK (2.3)

where ¢ is the emf when all reactants and products are in their standard states' [5] (activities equal to
unity or, the electrode potential when the concentration in the adjacent solution is 1 mol/dm?,
temperature is 298.15 K and pressure is 1 bar = 101.325 kPa), R is the universal gas constant

! This is a reference point used to calculate its properties under different conditions. In principle, it can be arbitrarily chosen; but IUPAC
(International Union of Pure and Applied Chemistry) recommends a conventional set of standard states for general use i.e. temperature of
298.15 K and pressure of 1 bar.
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(8.314 J/deg.mole), T is the absolute temperature (also called thermodynamic temperature, 298.15 K)
and K is the equilibrium constant of the reaction given by:

ag X a,; ... Reactants in the forward reaction

(2.4)

a:_ X a,\’z ... Products in the forward reaction

where ag, aL, a, and a' are the activities of substances Q of quantity g, R of quantity r, L of
quantity I, and M of quantity m respectively (‘activity’ is a dimensionless measure of the effective
concentration of a species in a mixture i.e. its tendency to react). The activity of a substance a; is given

by:

. _e[(ﬁRfo] (2.5)

From Eqgn. (2.2), the non-standard equilibrium potentials of the anodic and cathodic reactions,
Preand (1502 (in the case of steel corrosion in concrete), can respectively be represented by the Nernst

equation as follows [4]:

o RT N

¢Fe =¢Fe _Eln[Fez (2-6)
., RT, |[OH

¢Oz :¢Oz _E|n|:[C825]:| (2-7)

where ¢,‘§eand ¢82 are the standard half-cell potentials of Fe and O, respectively and COZ is the

concentration of O, at the steel-concrete interface. A system is said to be in thermodynamic
equilibrium when its properties (e.g. temperature, pressure, potential) have defined values, and which
do not tend to change with time [3]. Typical equilibrium electrode reaction potentials are given in
Table 2.1.

Table 2.1: Standard anodic and cathodic electrode half-cell potentials [6]

Reaction Electrode potential (mV/vs. SHE?) at 25 °C
Cathodic 2H" +e > H, 0

0, +2H,0 +4e” > 40H 401
Anodic Fe’* +2¢" - Fe -440

& standard hydrogen electrode

The standard hydrogen electrode (SHE) is a redox electrode which forms the basis of the
thermodynamic scale of oxidation-reduction potentials. Its absolute electrode potential is estimated to
be 444 + 20 mV at 25 °C, but to form a basis for comparison with all other electrode reactions,
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hydrogen’s standard electrode potential (E°) is taken to be zero at all temperatures. Potentials of any
other electrodes are compared with that of the SHE at the same temperature.

2.3.1 Graphical representation of thermodynamic equilibrium (Pourbaix diagram)

The thermodynamic equilibrium of a metal in aqueous solution can be represented graphically in a
plot of equilibrium half-cell potential (g,) vs. pH. Such a graphical representation, known as Pourbaix
diagram (or potential (E)-pH equilibrium diagram), is essentially a phase diagram from which the
conditions for thermodynamic stability of a single aqueous phase, or equilibrium of this phase with
one or more solid phases, may be determined [7]. It is a map of thermodynamic possibilities. In this
section, considering the scope of this study, a simplified form, which is commonly used, of the
Pourbaix diagram of iron in water is presented as an example (Figure 2.1).
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Figure 2.1: Simplified Pourbaix diagram for the iron/water system at 25 °C [8]

In concrete where chlorides are present, a fourth region is introduced in the Pourbaix diagram
(Figure 2.2) denoting the range of potentials and pH over which pitting corrosion is possible [8]. This
introduces a rupture potential (E;) on the anodic polarization curve at which passivity breaks down and
localized corrosion can initiate on the steel bar surface. At low concentrations of chlorides, E, may
exist at high potential values; thus, corrosion of depassivated areas may occur concurrently with
oxygen evolution where passivity is intact.

The regions in Figure 2.1 and Figure 2.2 are interpreted as follows [7]; (i) immunity: if the potential
and pH are in this region, the iron is thermodynamically immune from corrosion, (ii) corrosion: in
these regions of potential and pH, the iron should ultimately become virtually all ions in solution, and
therefore, iron exposed at these conditions should corrode, (iii) passivation: in this region, the
equilibrium state is one of oxide plus solution. If iron is placed in potential-pH environments along
one of these boundaries, oxide will form on the surface. If this oxide is adequately adherent, non-
porous, and has high resistance to ion and/or electron transport, it will significantly decrease the rate of

16 | Chapter 2: Literature review



corrosion. Under these conditions, the iron is said to have undergone passivation. Thus the stability of
the passive film depends on two parameters, the electrode potential and the pH value [1].
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Figure 2.2: Potential-pH diagram for iron and water in the presence of chlorides [8]

Although Pourbaix diagrams are useful in making preliminary or very general predictions (i.e. as a
quick reference) of the corrosion of metals as a function of electrode potential and pH, the following
should be taken into consideration [7]:

(i) Interpretation of the Pourbaix diagram requires discussion of the experimental conditions under
which, at least in principle, it would be determined.

(i) In most cases, unavailability of data does not always permit construction of the diagram with
acceptable accuracy for some purposes. For example, there may be uncertainties as to exactly
which metal phase is stable at a given combination of pH and potential. Also, different phases
may appear depending on the immediate past sequence of pH and potential changes, and although
such phases are not truly equilibrium phases, they may persist and for practical purposes represent
the steady state of the system.

(iii) The diagram has been criticized for leading to incorrect conclusions because reference only to the
diagram does not recognize the generally controlling factors of rate and non-equilibrium.

In conclusion, the Pourbaix diagram is a useful resource for making predictions about the
thermodynamic equilibrium of a metal in a given aqueous solution at a given potential, pH and
temperature but should only be used as a quick reference.

2.4  Kinetics of corrosion

The concept of the tendency of corrosion to occur is based on thermodynamics presented in the
previous section. In practice, however, also of primary concern is the rate of corrosion i.e. kinetics of
corrosion. During corrosion process, current (in the form of electrons) flows between the anode and
the cathode because of a potential difference between the two sites; the anode potential is more
negative than the cathode potential, and the difference is the driving force for the corrosion current.
The complete system of anode, cathode, electrolyte and metallic connection between anode and
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cathode is termed a corrosion cell [9]. A metal may have a pronounced tendency to react but
nevertheless react at a very slow rate, and may also be more resistant in some media than other metals
that have inherently less tendency to react [4]. Electrode kinetics (i.e. the study of reaction rates at the
interface between an electrode and a liquid (electrolyte)) makes it possible to understand corrosion and
hence make practical measurement of corrosion rates. However, experiments by Scott [10] on
corrosion of steel in various simulated pore solutions showed that the results are not similar to
corrosion of steel embedded in actual concrete.

Important concepts of corrosion kinetics are polarization, corrosion potential (also called the mixed
potential and the rest potential), corrosion current density, exchange current density and Tafel slope.

2.4.1 Polarization

An electrode is not at equilibrium when a net current flows to or from its surface. Depending on the
magnitude of an external current and its direction, the potential of an electrode at equilibrium can be
altered. In order to restore equilibrium in the system, the direction of potential change always opposes
the shift from equilibrium and hence, opposes the flow of current whether the current is impressed
externally or is of galvanic origin. The potential change caused by the net current to or from an
electrode, measured in volts (V), is called polarisation, # [4]. Polarisation can be caused by one or a
combination of different factors that are covered in the next sections.

2.4.1.1 Concentration polarization

Concentration polarisation, 7conc, (also called diffusion over-potential) occurs when the reaction rate or
the applied external current is so large that the species being oxidized or reduced cannot reach the
metal surface at a sufficiently rapid rate [11] i.e. it is caused by a slow supply of ions/molecules to the
electrode (e.g. the lack of oxygen on the cathodic surfaces of steel in concrete). It mainly contributes
to polarisation of the cathodic reaction, and is calculated based on the Nernst equation [4]:

RT (i,
nconczgln - - (2.8)

i, —i

where i is the external (or applied) current density (A/m?) and i, (A/m?) is the limiting current density
of the cathodic reaction i.e. the corresponding current density that results when the activity, a, of the
resulting metal ions approaches zero at the electrode surface. i, is given by [4]:

iL ZDZ&—TXCXIO_3 (2.9)

where D is the diffusion coefficient of the ion being reduced (O, in the case of steel corrosion in
concrete) (m?s), ¢ is the thickness of the stagnant layer of electrolyte next to the electrode surface
(about 0.005 mm in an unstirred solution e.g. concrete pore solution), t is the transference number
(also called transport or Hittorf number) of all ions in solution except the ion being reduced (equal to
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unity if many other ions are present) and C is the concentration of the diffusing ion (O, in the case of
steel corrosion in concrete) in moles/litre. Transference number refers to the fraction of the total
current carried in a solution by a given ion, or the contribution of an ionic species to the total current.
The transference numbers of the anion and the cation adds up to unity. i can also be calculated by
considering the concrete cover as a diffusion layer (the Nernst diffusion layer) through which steady-
state diffusion of O, takes place. With this approach, the limiting current density, i, can be calculated
as a closed-form equation as a function of concrete cover thickness, d (m), in the following form [12]:

. ZF
IL=DTxC (2.10)

2.4.1.2 Activation polarisation

This is caused by a slow electrode reaction which requires activation energy in order to proceed [4].
The activation energy can either be an over-potential or over-voltage. Over-potential (7,) is defined as
the polarisation of an equilibrium electrode that results from current flow across the electrode-
electrolyte interface. It is the difference between the measured potential (@neasured) and the
thermodynamic or reversible potential (@reversibie):

Ny = ¢measured - ¢reversible (2.11)

Over-voltage (¢) is the polarisation of a corroding electrode caused by flow of an applied current (e.g.
in accelerated corrosion using impressed current). It is the difference between the measured potential
and the corrosion (or mixed) potential (geor):

&= ¢measured o ¢corr (2-12)

Corrosion (or mixed) potential (¢.r) refers to the measured mixed potential of both polarized anode
and cathode of a corroding metal. Activation polarisation increases with current density (i) according
to the Tafel equation (which relates the rate of an electrochemical reaction to the over-potential) as
follows [4]:

n.=p In[ilJ (2.13)

0

where £ (Tafel slope) and i are constants for a given metal and environment and are both temperature-
dependent, i, is the exchange current density defined as follows: For a single half-cell reaction at
equilibrium, a dynamic state exists in which charges move in equal numbers in each direction across
the interface (see Figure 2.3). The kinetic activity of this dynamic equilibrium may be expressed as the
number of ions moving in either direction per unit area per unit time. Since ions are transferred, the
movement may also be expressed as charges transferred per unit area per unit time, or equivalently, as
the current density, i (milliCoulombs/(s.m?) or mA/m?). Positive ions passing into solution constitute
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an oxidation component of the current density, i w; positive ions passing from the solution account
for the reduction component of the current density, ireqm. At equilibrium: i m = iregm = iom Where igpy
is the exchange current density; it is a measure of the kinetic activity of the half-cell reaction at
equilibrium. Values of i, vary from the order of 10 to 10" mA/m? [7].

fox M
"% Oxidation component
Metal M

i
<red‘—M Reduction component

Figure 2.3: Schematic illustration of exchange current density [7]

The larger the value of i, and the smaller the value of g, the smaller the corresponding over-potential.
The i, can be calculated as follows [13]:

i, = nFk,[OX,][Rx,]*" (2.14)

where k, [m/s] is the rate constant, [Oxs] and [Rx] are, respectively, the activities of the oxidised and
reduced species at the electrode surface at equilibrium. The Tafel equation (Eqn. (2.13)) is applied to
each of the two (corrosion) half electrode reactions (i.e. anode and cathode) separately using
appropriate constants for the anodic reaction (8, and i,), cathodic reaction (5. and i) and exchange
current densities (i,o and ic,). The equation assumes that the reverse reaction rate is negligible
compared to the forward reaction rate, and is applicable to regions where polarisation is high. At low
values of polarisation, the dependence of current on polarisation is usually linear. The slope of the
linear region (AB in Figure 2.4, for uniform corrosion, which is not common in RC structures as will
be seen in Section 2.5) given by Eqn. (2.15) is called polarisation resistance, R, [4].

. ZF ). ZF (i
=1, RT I, O 77, “RTli (2.15)
o]

Equation (2.15) gives a good approximation of current density if 7, (%) < 0.5 [13].

Current @

Polarization resistance, R,
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Polarization (1)
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Lt Anodic

(©)

Figure 2.4: Schematic illustration of the linear part of a polarisation curve [11]
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2.4.1.3 Ohmic potential (iR) drop

Ohmic potential drop occurs during polarisation measurements at (a) a portion of the electrolyte
surrounding the electrode, (b) a metal-reaction product film on the metal surface, or both. It mostly
occurs between the working electrode (reinforcing steel) and the capillary tip of the reference
electrode (usually on the concrete surface), and is equal to iR (V/cm), where i is the current density
and R = l/k, represents the value (in Q) of the resistance path of length | cm and specific conductivity k
(Q'em™ i.e. S/cm) [4]. The iR contribution to polarisation can therefore be calculated as:

Ohmicpotentialdrop (iR) = i X(&j Viem (2.16)

iR decays instantaneously with shutting off of the current, whereas concentration polarisation and
activation polarisation usually decays at measurable rates.

2.4.2 Polarisation of steel in concrete

Polarisation of steel in concrete can be caused by concentration, activation, iR drop or a combination
thereof. iR drop is generally small except in cases where the anodic and cathodic sites are well
separated and the conductivity of the pore solution is low, e.g. in ‘dry’ or high resistivity concrete [14]
in which case the value of R in Egn. (2.16) is taken as the Ohmic resistance of the concrete pore
solution. Activation causes the anodic and cathodic polarisation while concentration controls cathodic
polarisation in cases of insufficient O,. The cathodic portions of the steel surface are therefore
predominantly polarized by concentration polarisation [14]. This is covered in the next sections. Some
researchers [e.g. 15] have assumed that during a cathodic-controlled corrosion process in concrete (i.e.
where mainly concentration polarisation occurs), the anodes on the steel surface do not polarize.
However, Isgor and Razagpur [14] have noted that this is an over-simplification and that they are
polarized by activation. In low resistivity concretes (e.g. PC concretes), where corrosion rate is
cathodic-controlled [16], it is mainly concentration polarisation that is hindered by low O,
concentration.

2.4.2.1 Polarisation of anodic reaction
Anodic polarisation is an activation polarisation process and can therefore be defined based on
Egn. (2.13) (also called Anodic Tafel equation) as follows:

ia
Na Zﬁa |n|— (2.17)

a,0

where S, is the Tafel slope of the anodic reaction (V/decade), i, is the anodic current density (A/m?)
and i,, is the exchange current density of the anodic reaction. Therefore the polarized potential (¢, V)
of the anodic reaction can be represented as:

¢a :¢a,o +1, :¢a,o +ﬁa In-l_a (2.18)

a,o
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where ¢, , is the equilibrium potential of the anode (V) under the prevailing conditions. The Tafel
slope B, is equal to [7]:

RT
Ba= IHLWJ (2.19)

where «; is the anodic transfer coefficient (o, < 1 according to Pour-Ghaz et al. [17]) and z, is the
number of electrons exchanged at the anode.

2.4.2.2 Polarisation of cathodic reaction

Both activation and concentration can contribute to polarisation of the cathodic reaction.
Concentration polarisation can be determined based on Eqn. (2.8) (also called cathodic Tafel equation)
as follows [4]:

__RT (L
U = (2.20)

c

where i, is the cathodic current density (A/m?), z. is the number of electrons exchanged at the cathode
(z = 4), and i (A/m? is the limiting current density of the cathodic reaction, and is defined based on
Eqn. (2.9) as follows:

. z.F
i, =Dy —~-C, x107?
N G (2.21)

where Do, (m?/s) is the effective O, diffusion coefficient in (unsaturated) concrete, Co, is the

concentration of dissolved O, at the steel-concrete interface (mol/l) and z. is the number of electrons
transferred (for oxygen reduction, z = 4). The other terms are as defined in Eqgn. (2.9), with t = 1 and
0 =~ 0.005 mm is the thickness of the layer or film of electrolyte around the steel surface [18]. The
limiting cathodic current density takes into account the influence of oxygen diffusion through the

concrete cover on the cathodic reaction [19]. It can also be calculated based on Eqgn. (2.10).

Based on Eqgn. (2.13), the contribution of activation polarisation to the cathodic polarisation can be
determined as follows:

i
Nea =—pc I ﬁ (2.22)

where . is the Tafel slope of the cathodic reaction (V/decade), i is the cathodic current density
(A/m? and i, is the exchange current density of the cathodic reaction. The Tafel slope f. is equal to

[71:
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RT
e e

where « is a constant (symmetry factor [17]). Therefore the total polarized potential (¢, V) of the
cathodic reaction due to both concentration and activation can be represented as:

RT (i )] RT i
¢c =¢c,o e +ca =¢c,o _(Z(:_Fln[il_ _ ic j] Lln[(l_ac )(ZCF)jIn ic,oJ (2.24)

where ¢, is the equilibrium potential of the cathode (V) under the prevailing conditions. Figure 2.5
summarises the anodic and cathodic polarisation processes. Note that the anodic and cathodic
polarization curves do not intersect. This is due to resistance of the electrolyte between the anode and
the cathode, which cannot be zero for concrete. When this resistance is significantly large, the amount
of current (and hence the amount of polarization) is dependent on the resistance of the electrolyte; in
these circumstances the corrosion is said to be under resistance control. The corresponding values of
the current (or the current density) and equilibrium (open-circuit) potentials of the anode and the
cathode are called anodic and cathodic exchange current density, i..and i, respectively.
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Figure 2.5: Combined polarisation curves on anodic and cathodic reactions [4]

2.4.3 Influence of polarisation on corrosion rate (types of corrosion control)

Both the resistance of the electrolyte and polarisation of the electrodes influence the magnitude of

corrosion current. Depending on the dominant type and/or combination of polarisation, the following

types of corrosion are possible [4]:

(i) when polarisation occurs mostly at the cathode, the corrosion reaction is said to be cathodic-
controlled.
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(i) when polarisation occurs mostly at the anodes, the corrosion reaction is said to be anodic-
controlled.

(iii) resistance control occurs when the electrolyte resistance is very high that the resultant current is
not sufficient to appreciably polarize anodes and cathodes.

(iv) when polarisation occurs in some degree at both anodes and cathodes, the situation is referred to
as mixed control.

Even though ‘mixed control’ type of corrosion is the case for all types of corrosion of steel in
concrete, ‘cathodic-control’ dominates in blended cement concretes, with high resistivities, while
‘anodic-control’ dominates in PC concretes, with low resistivity [16].

2.4.4 Butler-Volmer equations

If the potential deviates from the equilibrium potential, either the anodic or the cathodic reaction
dominates (see Section 2.4.3). The electrochemical behaviour of active and passive steel areas is
described using the Butler-Volmer equations (polarisation curves). The polarisation curves describe
the relationship between the electrical current in an electrode and the electrode potential, considering
that both cathodic and anodic reactions (or sites) occur on the same electrode (e.g. steel surface). If the
rate-determining step in the electrode reaction is controlled only by the activation energy (without
diffusion control) for the electron transfer for both the anodic and cathodic reactions, then the net
current density can be described by the Butler-Volmer equation (see Egns. (2.25) and (2.26), assuming
uniform corrosion) [20].

I, =l,, exp[n—aJ for the active steel area (2.25)
Ba

I =l¢, {exp{j}—cﬂ for the passive steel area (2.26)
C

where £, and S, are, respectively, the anodic and cathodic Tafel slopes, o, and a, are, respectively, the
anodic and cathodic charge transfer coefficients, z, = 2 and z; = 1 are, respectively, the number of
electrons involved in the anodic and cathodic reactions, and 7, = @, - 9., and 5. = @. — ., are,
respectively, the anodic and cathodic activation over-potentials. In a combined form;

el et ]

Note that the sign convention for current is positive for i, (anodic current) and negative for i, (cathodic
current). In summary, the Butler-Volmer equations describe the relationship between the electrical
current on an electrode and the electrode potential, considering that both the anodic and cathodic
reactions occur on the same electrode.
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2.5 Corrosion of steel in concrete

Steel is an alloy made by combining iron (Fe) and other elements, the most common of these being
carbon; other alloying elements such as manganese, chromium, vanadium and tungsten are sometimes
used. When carbon is used, its content is between 0.2 and 2.1% by weight, depending on the grade of
steel required i.e. hardness, ductility and tensile strength.

The conventional carbon steel grades commonly used as reinforcing steel in concrete are susceptible to
corrosion when exposed to the atmosphere. However, steel embedded in concrete is naturally
protected by the high alkalinity of the cement matrix (pH > 12.5) and by the barrier effect of the
concrete cover. The concrete cover limits the amount of oxygen (O,), moisture, carbon dioxide (CO,)
and chlorides (CI"), which are required to initiate and sustain corrosion. The high alkalinity results
from the presence of sodium hydroxide (NaOH) and potassium hydroxide (KOH), due to the dominant
alkalis in the cement i.e. sodium oxide (Na,O) and potassium oxide (K,0), in a saturated calcium
hydroxide solution (Ca(OH),). Without ingress of species such as CO, and CI" into concrete during its
service life, reinforcing steel remains protected due to the alkaline concrete pore solution, resulting in
negligible corrosion rates. The high pH suppresses steel corrosion by encouraging the formation of a
very thin (approximately 1-10 nm) passive and dense oxide film on the steel surface, a process called
passivation [2, 4, 21, 22]. The passive and dense oxide film is made up of either gamma ferric oxide,
v-Fe,03, [23] or a mixture of y-Fe,03; and magnetite (FesO,4) [24]. The properties of the passive film
(e.g. porosity, thickness and density) depends on factors such as chemistry and pH of the concrete pore
solution, presence of chlorides, variation in temperature and chemistry and microstructure of steel
reinforcement [25, 26].

The basic anodic and cathodic reactions in a steel corrosion process are as follows [27], Figure 2.6:

Anodic reaction: Fe — Fe*" + 2¢” (2.28)
Cathodic reaction: 2H,0 + O, + 4¢” — 40H (2.29)

Electrons released at the anode (oxidation) are consumed at the cathode (reduction). There are a

variety of possible cathodic reactions depending on the availability of O, and the pH in the vicinity of

the steel surface. In addition to the anode (where corrosion occurs and from which current flows) and

cathode (where no corrosion occurs and to which current flows), the following are also essential to

sustain the corrosion process (Figure 2.6):

— Electrolyte: a medium capable of conducting electric current by ionic current flow. In the case of
concrete, the (alkaline) pore solution constitutes the electrolyte and,

— Metallic path: connection between the anode and cathode, which allows current return and
completes the circuit. Steel serves this purpose in reinforced concrete.

Corrosion of steel in concrete results in the formation of rust, which can be oxides, hydroxides, oxide-
hydroxides, sulphides of iron or complex mixtures of these depending on the O, availability, pH,
potential and pressure [7]. For example Fe,Os (red/brown rust), with a volume approximately twice
the dissolving iron (but with same mass) is formed in presence of adequate O, while ‘black’ or ‘green’
rust is formed in O,-deficient cases [28]. In the case of chloride-induced corrosion, the iron can also
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complex with the chloride ions. Table 2.2 presents some of the possible products for corrosion of steel
in concrete [29]. Table 2.2 also shows that the corrosion products have a higher volume (and lower

density) compared to that of steel.
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Concrete surface
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Figure 2.6: A schematic illustration of the corrosion process in concrete [30]

Table 2.2: Corrosion products [29, 31, 32]

Corrosion product Density (g/cm?) Molar mass* Volume ratio*
Iron (Fe) 7.87 1.000 1.00
Woustite FeO 5.74 0.778 1.70
Haematite a-Fe,O5 5.17 0.350 2.00
Magnetite Fe3O, - Black 5.24 0.241 2.10
Goethite a-FeOOH 4.26 0.629 291
Lepidocrocite y-FeOOH - Red-brown 4.09 0.629 3.03
Fe(OH), - Dirty-green (Initial product) 340 0.622 3.60
Bernalite Fe(OH); - Ferric hydroxide 3.90 0.523 4.00
Hydrated ferric hydroxide Fe(OH)3.3H,0 — 0.348 6.15

Other corrosion products
B-Fe,03
e-Fe,03
3-FeOOH
Maghemite y-Fe, 05
Akagenite p-FeOOH
Feroxyhyte 3-FeOOH
Ferrihydrite FesHOg 4H,0
Schwertmannite, Fe1016(OH),(SO4), nH,O

* Molar mass and volume ratio relative to that of

2.5.1 Microcell vs. macrocell corrosion

Fe

In concrete, the main causes of corrosion of the embedded steel are ingress of CI” and/or CO,.
Corrosion is characterised by spatial distribution of anodes and cathodes on the steel surface [19].
Macrocell (non-uniform or local) corrosion is characterised by a small anode and a large cathode i.e.
the anode and cathode are clearly separated in different areas. This frequently occurs in chloride-
induced corrosion and/or in concrete with a low resistivity (high conductivity) and is characterised by
high local or pitting corrosion and hence localised steel cross-section reduction. In microcell (uniform
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or general) corrosion the anodic and cathodic sites are adjacent to each other. It is common in
carbonation-induced corrosion and/or in concrete with high resistivity e.g. carbonated concrete [1, 27].

This study focuses on chloride-induced corrosion and will therefore proceed with the latter in this
Chapter unless explicitly mentioned otherwise.

2.5.2 Chloride-induced steel corrosion initiation in concrete

The time required for chlorides to penetrate through the cover concrete and reach the steel is
dependent mainly on the penetrability of the cover concrete, and whether it is cracked or uncracked
[33, 34]. For uncracked concrete, chloride ingress is usually assumed to occur predominantly by
diffusion although other transport mechanisms such as convection and permeation, or a combination
thereof, are possible. These are covered in Section 2.6.1. In the case of diffusion process, Crank’s error
function solution (also called Gauss error function) of Fick’s 2™ law is commonly used to model the
ingress of chlorides through concrete [35]:

X
Cyt =C;s {1— erf (mﬂ (2.30)

where C,; is the chloride concentration at the depth x after a given time t of exposure to chlorides, Cs is
the surface chloride concentration, erf is the error function (a numerical function available in
mathematical tables) and D is the diffusion coefficient and m is the ageing factor which takes into
account the decrease in chloride diffusivity with time due to concrete densification as a result of
continued cement hydration process and chloride binding [36].

However, in cracked concrete, the transport mechanisms involved in the transport of chlorides are still
not well understood. Mohammed et al. [37] suggest that transport of different species in cracked
concrete is a coupled phenomenon between the matrix and the crack. Parameters such as crack width,
depth and shape, crack density/frequency and degree of connectivity, as well as crack origin, govern
the transport of species in cracked concrete [38]. Therefore, no predictions on the behaviour of
cracked concrete can be made based on data for uncracked concrete.

However, regardless of whether the concrete cover is cracked or not, for chloride-induced
depassivation to occur, a given concentration of chlorides (chloride threshold) is required at the steel
surface to disrupt the protective passive layer and initiate corrosion [28]. The chloride threshold is not
a single value for all concretes but is affected by, among other factors, cover quality, exposure
environment and chemistry of the binder [39, 40]. The chlorides (CI") act as a catalyst to corrosion and
are not consumed in the process of breaking down the passive layer. This allows the corrosion process
to proceed faster [26, 28, 41], Figure 2.7. Chloride ions act as a catalyst for the oxidation of iron
through the formation of the FeCl;complex which is unstable and can be drawn into solution where it
reacts with the available hydroxyl ions (OH") to form Fe(OH),. This results in the release of CI™ back
into the solution and consumption of hydroxyl ions, as shown in the following equations:
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2Fe + 6CI" «» 2FeCl;+ 4e” (2.31)
followed by:
2FeCl; + 40H™ < 2Fe(OH), + 6CI” (2.32)

The electrons released in the oxidation reaction, Eqgn. (2.31), flow through the steel to the cathode.
Consequently, the concentration of chloride ions increases and pH at the points of corrosion initiation
decreases, probably accounting for the process of pitting corrosion. The lowered pH (i.e. acidification)
at these sites contributes to the continual breakdown of the passive oxide film [42]. The decrease in the
ferrous ion concentration, due to its reaction with chlorides, leads to a change in half-cell potential,
which can be measured following the procedures in ASTM C 876-91 [43]. Thus, lower half-cell
potential does not indicate that ‘more rust is present’ but, actually, demonstrates dynamically that a
corrosion process is almost certain to occur. This is the reason that, according to ASTM C 876-91, the
half-cell potential measurements being more negative than —-350 mV vs. Cu/CuSO, electrode
demonstrates 90% certainty of possible corrosion.

Cl- O,H,0
L 1 1 Concrete surface

2FeCl; + 40H « 2Fe(OH), +6Cl° — Cement matrix

N\

¥ 0,+2H,0 +4e” — 40H"
......................... ) <;}Thinpassiveironoxidefilm

Saocs Steel reinforcement

Solid corrosion product

Figure 2.7: Corrosion of steel in concrete exposed to chloride ions [28, 41]

The exact manner in which chlorides break down the passive layer on the steel surface (under
otherwise stable conditions) is still not clearly understood, with a number of different suggestions
from various researchers [44-46]. However, it is important to note that the passive layer is normally in
a continual state of breakdown and repair under normal conditions and that the presence of CI™ will
contribute towards its breakdown while other anions such as OH™ have inhibiting properties and are
responsible for its stability. Therefore, at a point where the concentration of CI” (aggressive ions)
overcomes the OH™ (inhibiting ions), active corrosion is initiated. This point is known as the pitting
potential (also called transpassive or breakdown potential), below which passivity is maintained - see
Figure 2.8 [7, 27]. Figure 2.8 is a schematic representation of the polarization curve of an active-
passive alloy such as stainless steel in de-aerated 1N H,SO, in the absence of chloride ions. In the
figure, potential increases from the cathodic potential range, passes through the corrosion potential,
E.orr, then through the active peak into the passive region. Transition to the transpassive region occurs
at approximately 1200 mV (SHE). In the presence of chloride ions, the passive film breaks down at a
specific potential identified, Eg, (i.e. the breakdown potential for pitting corrosion) at which there is a
rapid increase in current density (curve AB). However, if the chloride concentration is sufficiently
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high to completely prevent passivation, the polarization curve follows the curve CD, and very high
current densities are observed with increasing potential. The interpretation of the increase in current
density at E,; is that of a composite surface consisting of passive film with a low current density and
pits, essentially free of protective film, corroding at the high current density given by the curve CD at
the pitting potential. With time, the current density increases as a larger fraction of the surface
becomes pitted. For a given metal, the potential at which pitting occurs is lower for a higher chloride
ion concentration. Progressive local breakdown of the passive film will result in the entire surface
approaching a condition of rapid active dissolution [7].
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Figure 2.8: Schematic polarization curve [28]
(Note: Polarization curve for an active-passive alloy having susceptibility to pitting due to chloride ions)

Apart from chloride threshold, corrosion initiation is also conventionally taken to have occurred when
an active corrosion rate of 0.1 pA/cm? is attained [7, 47]; this corrosion rate (also referred to as active
corrosion rate threshold) marks the beginning of the corrosion propagation phase. After depassivation,
corrosion may propagate at a rate depending on a variety of inter-related factors such as concrete
resistivity (or its inverse, conductivity), cover depth, concrete quality, crack width, temperature,
relative humidity and oxygen availability as summarised in the following sections.

2.6 Mechanism of steel corrosion in cracked concrete

Even though the exact mechanism of corrosion in cracked concrete is still not well understood, Schiefl
and Raupach [48] have proposed two different corrosion mechanisms that are theoretically possible in
the region of cracks. In the first case, both the anodic and cathodic processes take place in the zone of
the crack, and is characterised by microcell corrosion (see Section 2.5.1). The oxygen required for the
cathodic reaction is supplied through the crack. In the second case, the reinforcement in the crack zone
acts as an anode, and the passive steel surface between the cracks forms the cathode, and is
characterised by macrocell corrosion (see Section 2.5.1). The oxygen penetrates mainly through the
uncracked area of the concrete. The steel surface involved in this corrosion process is larger than that
in the first mechanism, hence, higher corrosion rates can be expected.
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However, it is not clear under what conditions each of the proposed corrosion mechanisms will
prevail; furthermore, it may be possible for both corrosion mechanisms to prevail depending on the
cover depth, concrete quality and resistivity. Further studies are required to ascertain these hypotheses.

2.6.1 Transport properties of cracked concrete

The presence of cracks in concrete can greatly modify its transport properties and significantly
decrease the durability of RC structures. In cracked porous media such as concrete, penetration of
most of the aggressive species takes place through water contained in the porous structure of the
matrix and in the cracks by two main mechanisms namely diffusion and advection [49, 50], but
capillary suction has also been reported to be an important transport mechanism [51]. Diffusion occurs
under a concentration gradient [21, 52] whereas advection is related to transport of substances by bulk
movement of water under a pressure gradient. The latter case includes water movement in saturated
conditions and water suction under unsaturated conditions. In most cases, chlorides penetrate concrete
by both mechanisms. Due to the relatively low penetrability of uncracked concrete, diffusion tends to
be the dominant mechanism for chloride ingress in uncracked concrete. This is not the case for
cracked concrete, especially when subjected to wetting and drying cycles. In such exposure conditions,
there can be deep penetration of chlorides under high negative pressures through the matrix
(unsaturated case) and through the cracks. Because both diffusion and advection mechanisms require
the presence of moisture and depend on the degree of concrete saturation, accurate prediction of
chloride ingress in cracked concrete requires an accurate prediction of water movement over time
under the existing environmental conditions [49].

There have been limited studies in the past, some with conflicting results, relating to the effect of
cracking on the penetrability of concrete [53, 54]. Even for numerical simulations, not many studies
have been dedicated to quantifying chloride penetration in cracked concrete [55]. From these studies,
the general consensus is that the presence of cracks in concrete increases its penetrability. Therefore,
studying the transport mechanisms of concrete without taking into account its heterogeneities like
cracking deviates from the reality [56]. Based on experimental results, Gerard et al. [57] state that the
penetrability of cracked concrete cannot be correlated with that measured in uncracked concrete
because different transport mechanisms are involved. Further, results by Boulfiza et al. [49] and
Rodriguez and Hooton [58] also confirm that Fick’s second law of diffusion does not give satisfactory
results in cracked concrete and is therefore not adequate to describe the transport property of chlorides
in cracked concrete.

When investigating the transport properties of cracked concrete, it is important to note that in addition
to the presence of cracks, crack properties such as activity or dormancy, density, width, tortuosity,
crack network (and its continuity) and self-healing potential (see Section 2.7.8.4) play an important
role in modifying the transport properties. Some of these crack properties are discussed in the sections
following. First, cracks in concrete can range from very fine internal micro-cracks, to large macro-
cracks caused by undesired interactions with the environment and external loading. Micro-cracks
always exist in concrete at a microscopic level but are conventionally assumed to be part of the porous
concrete structure [49]. Load-induced cracks appear mostly at the paste-aggregate interface (in normal
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strength concrete, compressive strength > 50 MPa [59]) and extend into the cement paste as the load is
increased [54]. This study focuses on load-induced macro-cracks.

Secondly, either loaded or unloaded cracked concrete specimens can be used to study transport
properties of cracked concrete [60]. Previous studies show that the characteristics of cracks after
unloading of concrete are quite different from those while under load because the former can, for
example undergo self-healing. In short, the transport properties of cracked concrete can be influenced
by the test condition i.e. whether the test is performed under load or after load removal [61]. Most
previous studies have been performed on unloaded specimens, and do not simulate real conditions
[62]. In this study, as will be seen in Chapter 3, some of the cracked specimens were corroded under
load.

Thirdly, cracks used (in the laboratory) to simulate and study transport properties in concrete (and
corrosion of steel) can be divided into three groups depending on the method of production:
(i) Natural (or load-induced) cracks produced from loading tests including:
(a) uniaxial compressive test [54, 61]
(b) splitting test [63]
(c) ring-shaped test set-ups with an expansive core [64] and
(d) flexural (3- or 4-point loading) tests [65-67]
(ii) Artificial cracks which are produced by (i) using cast-in shims by placing thin sheets of plastic or
metal in the fresh concrete and later removing to leave a crack, or (ii) saw-cutting [58].
(iii) Cracks produced by a combination of cast-in shims as in (ii) and later extended by loading [67].
In this case, the cast-in shims are used to ensure the load-induced cracks form at or around pre-
determined locations.

Natural cracks or those produced by a combination of cast-in shims and loading are usually preferred
to artificial cracks because they represent the reality but are difficult to model and the different
techniques used to produce them make it difficult to compare results. Artificial cracks are easy to
produce and model, and in most cases, have parallel surfaces but their main disadvantage is that they
do not represent reality e.g. they are not tortuous and have a higher cement content on their walls
compared to real cracks [55]. The pre-corrosion cracks used in this study were produced using
technique (iii).

2.6.1.1 Quantification of chloride ingress in cracked concrete

Although there is a general consensus that cracks can significantly modify the transport properties of
concrete, the limited research in this area has hindered accurate quantification of such effects. With
respect to chloride ingress, even though previous researchers have shown that the presence of cracks
increases concrete penetrability and hence chloride ingress, the actual characteristics of chloride ion
transport in cracked concrete are still not clear. In most studies, it has been explained only by diffusion
even though advection and capillary suction have also been found to be major transport mechanisms in
cracked concrete [49, 50, 55, 56, 58, 62, 64, 65, 68-73]. Only some of these studies (closely related to
this study) are reviewed here.
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Gowripalan et al. [65] studied chloride ingress in cracked RC beams (90 x 100 x 650 mm long) made
using PC (similar to ASTM Type | and complying with AS 3972) and a wi/b ratio of 0.60. A uniform
cover of 30 mm was used in all the beams. At 28 days, the beams were pre-cracked using a 3-point
loading arrangement (back-to-back loading, see Figure 2.9) and the mid-span crack opened and
maintained at 0.3 mm (measured on the concrete surface). All the faces of the beams were epoxy-
coated leaving only two faces (90 x 650 mm) uncoated. The beams were then immersed in 3% NaCl
solution for 300 days in a controlled room at a temperature of 23 + 2 °C and relative humidity of
50 + 5%. The experimental results showed that the chloride penetration in the tension zone was greater
than that in the compression zone of the specimens, a phenomenon that can be attributed to the
presence of ‘open’ cracks in the tensile zones of the beams as opposed to ‘closed’ ones in the
compression zones. They also found that there was no significant difference in the chloride diffusion
coefficients at 30 and 100 mm away from the crack.
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Figure 2.9: Location of core extraction for chloride content measurement [65]

Rodriguez and Hooton [58] investigated the influence of parallel-wall cracks and the crack wall
roughness on chloride diffusion in concrete. Cracked and uncracked concrete specimens (100 diameter
x 200 mm cylinders) were made using PC and 75/25 PC/GGBS at a w/b ratio of 0.40 and cured in
lime-saturated water for 5 months before testing. Smooth-surfaced (crack widths 0.09 - 0.67 mm) and
rough-surfaced (crack widths 0.09 - 0.47 mm) cracks were formed by, respectively, saw-cutting and
splitting. After epoxy-coating the surfaces, the specimens were exposed to a 40-day chloride bulk
diffusion test and the lateral movement of chlorides from the crack wall into the bulk of the concrete
measured (see Figure 2.10). Contrary to other researchers, their results showed that the depth of
chloride penetration (or chloride diffusion coefficient) is independent of either the crack width (0.08 to
0.68 mm) or the crack surface roughness. The diffusion coefficients for these crack widths were
similar to those of uncracked concrete. This is also in contrast to previous results and may be
attributed to experimental set-up amongst other factors such as crack self-healing.

Crack. Epoxy-coated surface
50 mm /% 50 mm
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Figure 2.10: Location of concrete discs for chloride profiling [58]
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In a study by Scott [10] on cracked steel RC beam specimens (120 x 120 x 375 mm long) made with a
constant w/b ratio of 0.58 but using different binder types, chloride concentrations were determined at
two locations along the steel: 30 and 90 mm on either side of the crack (see Figure 2.11). The results
are presented in Table 2.3. It can be noted that generally, the chloride content increased not only with
proximity of the sampling location to the crack but also with increasing crack width. The differences
in chloride concentration in the vicinity of the crack between those concretes made with
100% CEM 1 425N and those made using blended cements, regardless of the crack width, is
attributable to differences in penetrability; blended cement concretes have been shown to have denser
microstructure and better chloride binding. However, their results for chloride content with respect to
distance from the crack contradict those of Gowripalan et al. [65] who found no influence of sampling
location on diffusion coefficient.

Location of
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Figure 2.11: Location of core extraction for chloride content measurement [10]

Table 2.3: Chloride penetration in cracked concrete [10]

Binder tvpe Crack width | Chloride concentration (% by mass of cement)
yp (mm) At 30 mmfromcrack [ At 90 mmfromcrack
0.2 4.36 1.78
100 % CEM 1 42.5N (PC)
0.7 4.15 1.73
0.2 1.86 0.22
50/50 PC/GGBS
0.7 2.25 0.28
0.2 191 0.25
70/30 PC/Fly ash
0.7 2.05 0.21
. 0.2 247 0.92
50/43/7 PC/GGBS/Silica fume
0.7 292 0.39

(Specimen age: 86 weeks, cover depth: 20 mm)

Djerbi et al. [68] conducted tests to investigate chloride penetration in traversing cracks in concrete.
Cylindrical concrete specimens (110 mm diameter x 220 mm) were made from three concrete mixes
using PC (w/b, 0.50 and 0.32) and 94/6 PC/silica fume (w/b, 0.38), stored at 20 °C and approximately
95% relative humidity for 24 hours after casting followed by curing under water at 20 °C for 3 months
after which they were stored in an air-conditioned room (20 °C and relative humidity 50 + 5%) until
testing. Cracks were induced in 110 mm diameter x 50 mm discs (obtained from the cylindrical
concrete specimens) using a splitting tensile test (see Figure 2.12); average crack widths ranged from
30 to 250 pum. After unloading the chloride diffusion coefficient was evaluated by steady state
migration test (no pre-conditioning of the specimens was reported). Their results showed that chloride
diffusion coefficient of cracked specimens (D) increased with increasing crack width. Their results
showed that D, increased linearly with increasing crack width from 30 to 80 um and remained almost
constant when the crack width was approximately > 80 um, Eqn. (2.33). Their results conformed to
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those of Rodriguez and Hooton [58] that showed that D, is independent of material effects, even if the
tortuosity and roughness are different. Even though Rodriguez and Hooton’s [58] concluded that
chloride diffusion coefficient was independent of crack width, they dealt with large crack widths (0.08
to 0.68 mm) which were much larger that the limiting value of 80 um found by Djerbi et al. [68].
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Diameter: 110 mm '==[{{NaCl + NaOH + HOH NaOH + HOH -
Thickness: 50 mm
Cathode Anode
Load
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(Splitting test set-up) (Chloride migration test set-up )
Figure 2.12: Specimen splitting and chloride migration test set-up [68]
D, ,M?/s=2x10"w—4x10"" 30um<w<80um (2.33)
D, ,m?/s ~14x10™ w>80pum

where w is the crack width (um).

Marsavina et al. [55] experimentally and numerically investigated the influence of artificial cracks on
chloride ion penetration in concrete using carbonated and non-carbonated concrete specimens made
using GGBS and PC (52.5N) at a 0.5 w/b ratio. Notched 150 mm cube specimens were cast and cured
by storing in a climate room at 20 + 2 °C and > 90% relative humidity. The notches were made by
means of positioning and removal after a few hours of thin copper shims in the fresh concrete
(thickness 0.2, 0.3 and 0.5 mm; placed at depths of 5, 10, 15 and 20 mm). Cylindrical cores (100 mm
diameter x 50 mm thick) were then taken from the notched cubes (see Figure 2.13) and subjected to a
non-steady-state migration test (NT BUILD 492 test method) to determine chloride penetration. The
results showed that a higher penetration of chlorides is obtained at the notch tip in comparison to the
uncracked parts of the specimens and that the penetration depth increases with increasing notch depth.
However, the results did not show a clear influence of the notch width on chloride penetration. These
results show that crack depth (and indirectly, cover depth) is important when considering the effect of
cracking on steel corrosion in RC structures.

Direction of chloride penetration
EEEEEEEEEE

/Notch thickness: 0.2, 0.3, 0.5 mm

I Notch depth
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Concrete test specimen
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I |

Figure 2.13: Specimen geometry for chloride penetration set-up [55]
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2.6.1.2 Summary and critique of chloride ingress in cracked concrete

From the reviews presented here regarding transport in cracked concrete, the following general

conclusions relating to chloride ingress can be drawn:

1. The characteristics of chloride ion transport in cracked concrete are still not well understood and
hence its accurate quantification is still not possible. Further studies are still required in this area.

2. The presence of cracks in concrete increases moisture and chloride ingress in concrete.

3. Crack width, shape and depth appear to be important parameters controlling the local ingress of
chloride ions in cracked concrete. Chloride penetration depth increases with increasing crack depth.
This shows that crack depth (and indirectly, cover depth) is important when considering the effect
of cracking on steel corrosion in RC structures. Further work is required in this area.

4. The effect of cover cracking is relatively more important for dense concrete for which the initial
(uncracked) transport coefficient is reduced than in normal concrete. The more dense or less
penetrable the concrete, the more sensitive it is to the effect of cracking.

5. Fick’s second law of diffusion, which describes only the case of one-dimensional diffusion process
does not give satisfactory results in cracked concrete and should be cautiously applied when
dealing with cracked concrete.

6. Crack self-healing can lead to a significant reduction of diffusion coefficient of chloride ingress
with time in cracked concrete. However, its quantification is still a challenge.

However, even though the above general conclusions are made, it is important to take note of some
critical issues regarding experimental programmes that have been used in the past to study transport
properties in cracked concrete. One common disadvantage of a majority of studies is the use of single
artificial cracks made by positioning of shims (thin metal or plastic sheets) in the concrete during
casting of the specimens, and removal at a later age. These types of cracks, as mentioned earlier, do
not simulate real cracks. Further, even though, to some extent, the results from experiments using
specimens with single cracks can be extrapolated to multiple cracks which are most common in
in-service RC structures, it is necessary to carry out more studies using multiple cracks [58].

It is also important to critique the use of mortar specimens as opposed to concrete specimens e.g.
Ismail et al. [64]. The applicability and/or extension of results from such studies to RC may not be
valid, and should be carefully used. In addition to these discrepancies, the use of loaded vis-a-vis
unloaded cracked specimens should be taken into account. Previous research has shown that even in
cracked specimens, the stress level influences the rate of both chloride ingress and active corrosion
(corrosion propagation) of the steel in RC structures.

2.6.2 Pitting factor and residual cross sectional area

Even though the characterization of surface morphology of corroded steel is not a focus of this study,
it is important to mention pitting when dealing with chloride-induced corrosion especially in cracked
concrete. In the development and application of corrosion-induced damage prediction models, average
corrosion rate is usually assumed to be uniform over the steel surface to simplify the analysis [e.g. 31].
This approach is conservative and may be valid for carbonation-induced corrosion but for chloride-
induced corrosion, especially in cracked concrete, where local pitting occurs, this approach results in
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determination of an average depth of attack (or loss of steel bar radius), P.g, (see Figure 2.14)
considering uniform corrosion, Egn. (2.34), and can lead to unprecedented failures [74].

)
P, (1) Mass loss, g ZF (2.34)

avg. =

~ Surface area,cm? x Density,glcm® A xp

where M is the molar mass of steel (56 g), | is the corrosion current, t is the duration of the corrosion
process (seconds), z is the valency of steel (equal to 2), p is the density of steel (7.85 g/cm®) and F is
Faraday’s constant (96,500 C/mol). The numerator of Equation (2.34) is the mass loss based on
Faraday’s law [7]. Equation (2.34) is sometimes simplified to 0.0116i,,t where ic iS the corrosion
current density (A/cm?) and 0.0116 is a conversion factor for P, (t) in mm/yr i.e. penetration depth.
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Figure 2.14: Schematic representation of pitting and average corrosion [75]

To account for pitting, a correction factor a,; (called pitting factor or pit concentration factor) is
introduced to estimate the maximum pit depth Py, Equation (2.35) [74]:

Prx (1) = 25t (Pag (1)) (2.35)

where Ppay is the maximum penetration depth of corrosion in the steel. In the case of carbonation-
induced corrosion, ay is close to 1 while for chloride-induced corrosion, it is larger than one. The
pitting factor can be determined experimentally by carrying out a morphology assessment of the
corroded steel surface to establish the maximum pit depth, size and distribution.

A range of values for the pitting factor have been proposed in previous experimental studies but most
of these studies have dealt with steel corrosion in uncracked concretes, with some using impressed
current to accelerate the corrosion process [e.g. 74]. Tuutti [76] proposed values of i between 4 and
10 based on accelerated (application of external voltage) chloride-induced corrosion tests while
experiments by Gonzalez et al. [74] showed pitting factors ranging from about 4 to 8 for natural
chloride-induced corrosion, and from about 5 to 13 for accelerated (application of impressed anodic
current) chloride-induced corrosion. In the work of Gonzalez et al. [74], it is important to point out
that a pitting factor of 4.5 was reported for a naturally corroding cracked specimen but it is not
possible to make a conclusion based on this single result. Furthermore, the cracks in their work were
longitudinal corrosion-induced cover cracks (as opposed to transverse flexural cracks used in this
study) and no information was given regarding the crack width, density, length and concrete quality.
DuraCrete [77] takes a stochastic approach by characterizing the pitting factor for chloride-induced
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corrosion using a normal distribution (mean = 9.28, std. dev. = 4.04) based on a statistical analysis of
experimental data. In a recent study, Harnisch and Raupach [78] investigated the time-dependency of
the morphology of corroding steel in concrete using both accelerated (cyclic wetting and drying) and
natural (outdoor) chloride-induced corrosion. They reported pitting factors as high as 18. However
their results showed that pitting factors are not only time-dependent but also decrease with time i.e. the
pit depth increases with time but at a decreasing rate. They reported that the growth of the pit depth is
dependent on a complex interaction of several factors including the transport of chloride ions to the
pit, corrosion products out of the pit and the extent of self-corrosion i.e. additional mass loss due to the
hydrolysis at the anode [79, 80]. However, even though their results were short-term (up to 2 years), it
can be expected that with time, the pitting factor will remain more or less constant and an average
value can be adopted for practical application purposes.

From the review presented here, it is evident that there is still no clear guidance on values of pitting
factor to use for chloride-induced corrosion. More studies on cracked and uncracked concrete are still
required in this area. Andrade et al. [81] propose a conservative approach by recommending pitting
factors ranging between 4 and 10 for both natural and accelerated corrosion in cracked and uncracked
concrete, with the upper limit being more appropriate for cracked concrete than uncracked concrete.

In addition to the maximum pitting depth, and taking into consideration that steel is a ductile material,
the residual cross sectional area (Asmin) is Of great importance for determining the load bearing
capacity of a RC member (Figure 2.15).

Figure 2.15: Illlustration of average and minimum residual cross section after corrosion
In order to determine the residual cross-sectional area, an experimental study by Harnisch [82]

reported time-dependent residual cross-section factors aas(t) relating the average to the minimum
cross-sectional areas i.e.:

As min (t)
(0.5d,)— />
a,(t)= Pronn ) _ Pao e L) | 4 (2.36)
P (t) ’ apit (t) (0 54 ) As,avg (t)
O

avg
(2.37)

and

Astany (t)= ﬂ[(O.SdO ) - M]

7zl

where Pasmin IS the average corrosion depth at the location of maximum cross-section loss, Payq is the
corrosion depth assuming uniform corrosion, d, is the initial diameter of the steel, Asmin IS the
minimum residual cross-section area, Asaq IS the average cross-section area considering uniform
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corrosion, Ve is the mass loss due to corrosion (calculated using Faraday’s law) and | is the length of
the polarized area of the steel (or macrocell anode). Similar to the pitting factors (a,i) discussed
earlier, the residual cross section area factors (aas) decrease with time at a decreasing rate. The pitting
factors (ayir) are also much higher than the residual cross section area factors (aas) €.9. up to 4.8 and
3.4 times higher for, respectively, PC and GGBS concretes at 8 months (cover depth: 20 mm, w/b
ratio: 0.50). The residual cross section area factor is important to structural engineers in the calculation
of residual load bearing capacity of structural members. Furthermore, the pitting factor is a critical
parameter for assessing change in ductility of a corroded RC member.

2.7 Review of selected factors affecting corrosion rate of steel in concrete

Once the chloride threshold is attained at the steel level and the passive protective layer on the steel
surface is destroyed, active corrosion is initiated. However, the propagation of corrosion depends on,
among other factors, the adequate supply of corrosion-sustaining species (H,O and O,) and concrete
properties. These factors are in most cases inter-related. In the following sub-sections, selected factors
affecting (chloride-induced) corrosion of steel in concrete are discussed.

2.7.1 Effect of cover depth

If other factors (e.g. w/b ratio, binder type, degree of water saturation) are kept constant, concrete
cover depth is an important determinant of corrosion rate of steel in concrete. During corrosion
propagation, cover thickness affects corrosion rate by governing the travel path of oxygen to the
embedded steel. Fundamentally, it affects corrosion rate by governing the cathodic reaction
(O, availability). It is the main factor that influences the limiting cathodic current that was discussed in
Section 2.4.2.2. In general, a small concrete cover may be used for a high quality (less penetrable)
concrete while the same cover thickness may not apply for a lower quality concrete cover. However,
cover thickness can only be increased to a certain limit in order to limit surface crack widths which
have an accelerating effect on corrosion rate. Therefore, a careful trade-off between cover depth and
guality should be sought.

In short, cover thickness, quality (with respect to its penetrability) and condition (with respect to
cracking - covered later) influences the ease of ingress of chlorides, moisture and oxygen into
concrete, and hence the corrosion rate [16, 33, 83]. The effect of cover on the diffusion of O, is
illustrated in Figure 2.16 using the results from Bentur et al. [83]. It can be seen that an increase in
cover depth from 20 to 50 mm (at 60% relative humidity, RH) resulted in a reduction in the
availability of O,. The coupled effect of an increasing cover depth and a shift in RH from 60 to 80%
resulted in approximately twice the decrease in the availability of O,. The increased cover depth is also
likely to minimize the influence of the external drying thus sustaining a fairly high moisture content at
the steel level which might promote corrosion rate if sufficient O, is available.

Therefore, similar to w/b ratio (covered in the next section), concrete cover may be used to inhibit
corrosion in RC structures. In fact, when cover, w/b ratio, binder type and binder content are carefully
selected, corrosion may be greatly inhibited during the service life of a RC structure. A significant
portion of the service life of a structure may be compromised if the actual cover thickness is less than
required, is of a lower quality or is cracked.
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Figure 2.16: Effect of concrete cover on the diffusion of O, [83]

2.7.2 Effect of concrete quality (binder type and w/b ratio)

The use of supplementary cementitious materials, SCMs, (also referred to as mineral additives) such
as fly ash (FA), slag and silica fume (SF) to replace partially Portland cement (PC) in marine concretes
is now well established due to their durability and life cycle cost benefits [84-86]. The most widely
used mineral additives in South Africa are fly ash (FA) and slag (ground granulated blastfurnace slag
(GGBS) and Corex slag (GGCS) [87]) which are industrial by-products [84, 88]. Apart from having an
influence on corrosion initiation, SCMs such as slag, FA and SF also have a profound effect on the
rate at which corrosion progresses [16, 89, 90]. Extensive research has been done on the use of cement
extenders and as a result, a better understanding on the influence of cement extenders on the corrosion
rate has been developed. A brief review for FA and GGBS, which were used in this study, is presented
here.

Partial replacement of PC with GGBS may decrease the early-age strength, but increase the later
strength and improve microstructure and durability of concrete very significantly [91]. Previous
studies have shown also that the presence of sulphides in the pore solution of GGBS concretes may be
incorporated into the passive layer thus reducing its ability to protect the steel [10, 92]. However, this
is only noticeable in the early stages of passive corrosion state [33]. For example Valentini et al. [93],
using steel embedded in GGBS mortars, showed that immediately after curing the corrosion rate in the
GGBS-containing specimens was 10 times higher than that of the PC concrete. However, with time
the difference in corrosion rate decreased but the GGBS-containing samples generally maintained a
passive state of corrosion. Apart from this, incorporation of GGBS improves the durability of concrete
by creating a denser, less penetrable matrix and thereby enhancing the service life of RC structures.
The denser microstructure or lower porosity is due to more capillary pores being filled with low
density calcium silicate hydrate (C-S-H) gel than Portland cement paste [94, 95]. Also, due to the
refined pore structure, the resistivity of the concrete is increased hence contributing significantly to
reduction of corrosion rate due to a reduction in the mobility of chloride and hydroxyl ions [96, 97].
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Similar to GGBS, the pore size distribution in concrete made with FA is substantially finer than of
plain PC concrete; the percentage of gel pores is higher while that of capillary pores lower but the total
porosity is not influenced substantially [85]. In general, addition of FA in concrete is considered an
effective measure to mitigate chloride-induced corrosion in RC structures. For example, using FA
blended cement is known to reduce chloride permeability of concrete [98]. Dhir et al. [99] also
reported that the chloride-binding capacity of cement paste increased with the increase in FA
replacement level up to 50% and then declined at 67%. The increase in chloride binding capacity of
FA concrete may be attributed to (i) the high alumina (Al,O3) content in FA [100], which results in the
formation of more Friedel’s salt [101], and (ii) the production of more gel during hydration, which
results in better physical adsorption of chlorides [102].

Water-to-binder ratio (w/b) affects the corrosion characteristics of steel primarily by governing the
pore structure of the concrete. High w/b ratio has a negative effect on steel corrosion due to increased
penetrability and reduced resistivity of concrete [103]. For concrete in a moist environment, the
cathodic reaction rate depends on the availability of oxygen and hence the corrosion rate may be
limited by stifling the cathodic reaction. With a decrease in w/b ratio, the quantity of oxygen at the
steel level decreases due to decreased concrete penetrability. This suppresses the cathodic reaction and
subsequently decreases the corrosion rate. In addition, concrete resistivity increases with a decrease in
wi/b ratio; if sufficient oxygen is available to support higher corrosion rate, concrete resistivity may be
the controlling factor that determines the maximum possible corrosion rate [16, 89]. As an illustrative
example, test results by Mangat et al. [89] are presented here (Table 2.4). In their tests, corrosion rates
for 12 mm deformed steel in concrete prisms (100 x 100 x 370 mm) exposed to 1200 wetting and
drying cycles in a sea-water spray chamber after 14 days air-curing, with a cover of 10 mm and three
different w/b ratios and cement contents were examined.

From the results, it is evident that w/b ratio had a significant impact on the corrosion rate of steel in
concrete. The highest corrosion rate was observed in the 0.76 w/b ratio with the accompanying highest
chloride concentration while the lowest corrosion rate of 0.13 pA/cm? was found to occur in the w/b
0.45 sample. The influence of w/b ratio on corrosion rate is therefore significant and should be taken
into account at the concrete mix design stage if the RC structure will be exposed to aggressive
environments.

Table 2.4: Influence of w/b ratio on corrosion rates [89]

Acid soluble CI' at steel level (10 mm)

wibratio | Cement (kg/m®) | icorr (MA/CTY) (% by mess of cement)

0.45 430 0.13 14
0.58 430 0.65 20
0.76 430 2.16 2.3

2.7.3 Effect of concrete resistivity

RILEM TC 154-EMC [104] defines electrical resistivity of concrete as a physico-chemical and
geometry-independent material property which describes its electrical resistance. It is fundamentally
related to the penetrability of fluids and diffusivity of ions through porous materials such as concrete
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[105]. The electrical resistivity of concrete may vary over a wide range, from 1 to 10* kQ-cm. It is
influenced by many factors including the binder type and content, w/b ratio, degree of pore saturation,
type of aggregate, presence of salts such as chlorides, temperature and age of the concrete [106].
However, the degree of saturation of the pore structure has been identified as the most important factor
influencing concrete resistivity [107]. For example, experimental results by Gjorv et al. [106] show
that the resistivity of concrete increased three orders of magnitude when the degree of saturation was
reduced from 100 to 40 % (w/b ratio = 0.42). The influence of temperature on concrete resistivity can
be modelled using Arrhenius equation [108]:

g[ifi] (2.38)

LR

Pc (T2)= Pco€

where p(T,) is the expected resistivity at temperature T,, p¢,o is the initial resistivity at temperature Ty,
E is the activation energy (12 - 37 kJ/mol [104, 109] dependent on e.g. the moisture content and the
w/b ratio) and R is the universal gas constant (8.314 JK'mol™).

Concrete resistivity is affected only moderately by the w/b ratio or cover depth e.g. Tuutti [76] found
that a reduction in w/b from 0.7 to 0.4 (75% decrease) results in only a doubling of the resistivity
while a reduction in relative humidity from 100 to 50% resulted in a change in the resistivity by
several orders of magnitude. Concrete resistivity affects corrosion rate of steel through resistivity
control (see Section 2.4.3). The non-destructive nature, speed, and ease of conducting resistivity
measurements make it a potential option that can be performed to characterize concrete.

Corrosion current density (or corrosion rate) is inversely proportional to the resistivity of concrete (or
directly proportional to its conductivity i.e. the inverse of resistivity) [110]:

c (2.39)

where igrr is the corrosion current density (LA/cm?), p. is the concrete resistivity and o is the concrete
conductivity. The interpretation of measured concrete resistivity measurements as proposed by
Rodriguez et al. [111] is given in Table 2.5.

Table 2.5: Relationship between resistivity and corrosion risk [104]

Resistivity (kQ-cm) Risk level
>100 Very low corrosion rate
>50-100 Low to moderate corrosion rate
10-50 Moderate to high corrosion rate
<10 Resistivity is not the controlling parameter

However, even if the resistivity values given in Table 2.5 are measured on a RC structure, the presence
and/or level of corrosion can only be ascertained by actual corrosion rate measurement using, for
example, linear polarization resistance technique. Furthermore, from past studies [e.g. 112], and as

41



will be seen in Chapter 4 where the results of this study are discussed, the presence of cracking can
greatly affect the resulting corrosion rate even in the case of high concrete resistivities. Therefore,
precaution should be taken in the interpretation of resistivity results using such guidelines.

2.7.4 Effect of temperature

Corrosion rate of steel in concrete is increased by high temperature. Generally, corrosion rate increases
up to a temperature of about 40 °C followed by an inhibiting effect above this temperature, caused by
the decreasing oxygen solubility in the pore solution at higher temperatures, and by the concrete
progressively drying out if moisture is not readily available [113]. Similar to concrete resistivity,
Arrhenius equation can be used to estimate the influence of temperature on corrosion rate [31]:

E{i_ij (2.40)

where icor(T2) is the expected corrosion rate at temperature T,, i, is the initial corrosion rate at
temperature Ty, E is the activation energy and R is the universal gas constant (8.314 JK™mol™).
However, it is important to note that such an approach should be carefully applied mainly because it
does not take into account the opposing effects of temperature mentioned here.

2.7.5 Effect of relative humidity

Moisture is an important factor for both corrosion initiation and propagation. In the propagation phase
the corrosion rate is slow in dry or fully saturated concretes; intermediate moisture contents allow the
concrete to act as an electrolyte while also permitting the ingress of oxygen needed for the corrosion
process. Active corrosion can therefore not occur if the concrete is too dry such that the pore solution
does not serve as an electrolyte, or too wet (saturated) to allow ingress of oxygen. Corrosion activity is
most vigorous at relative humidity (RH) values above about 80% [21]. Concerning the rate of ingress
of oxygen to the cathodic areas, this depends on its diffusion coefficient, the depth of the steel, and the
condition of the cover concrete. The diffusion coefficient is affected by the w/b ratio and the moisture
content of the concrete. The oxygen diffusion coefficients for two w/b ratios of cement paste at
various RH are shown in Figure 2.17.
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Figure 2.17: Influence of relative humidity and w/b ratio on oxygen diffusion coefficient [83]
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2.7.6 Effect of oxygen availability on corrosion

Oxygen reduction (see Eqn. (2.29)) is generally considered to be the sole cathodic reaction during
steel corrosion in concrete [114], even though this has been disputed by some researchers [115]. In
simplified form, the equation for the electrode reaction in oxygen reduction is usually presented as was
given in Egn. (2.29) i.e. O, + 2H,0 + 4¢” — 40OH". However, in a review by Raupach [115], according
to Febjan et al. (1980), Hamann et al. (1981), Schwabe (1986), Rechberger (1987) and Forker (1989),
Kaesche (1990), this reaction actually takes place in a series of steps. In alkaline media such as
concrete, it is separated into at least two stages, in which hydrogen peroxide (H,O5) is first formed as
an intermediate product, and is then reduced:

0, +2H,0+2e" ->H,0, +20H" (2.41)
H,0, +2e” —20H" (2.42)

The formation of hydrogen peroxide, Eqn. (2.41), is also suspected to take place in a series of reaction
steps. The stage determining its (H,O,) formation rate is probably the ionization of the oxygen
molecule (i.e. O, + 2¢”~ — Oy), while a number of different variants are possible for the subsequent
reaction stages. The dominant reaction mechanism is important in assessing the role played by oxygen
in the corrosion process, as the reduction of the hydrogen peroxide adsorbed at the steel surface may
cause cathodic currents without any diffusion of oxygen to the cathode from the concrete surface.

The dependence of the cathodic reaction on oxygen availability means that the rate of steel corrosion
in concrete should be primarily controlled by the oxygen concentration at the steel level [76, 116]. In
both uncracked and cracked concrete, the dissolved oxygen penetrates the cover concrete by diffusion
[117]; in cracked concrete, the cathodes are dominantly located in the uncracked concrete regions as
already discussed in Section 2.6.

Oxygen availability at the steel level, and hence corrosion rate of steel in concrete, is affected by a
variety of factors such as moisture content of concrete, its salt concentration, cover depth and concrete
quality. However, a study by Andrade et al. [118] showed that (i) oxygen availability to support
corrosion rate is most affected by the relative humidity of concrete, and that (ii) concrete quality and
cover depth also affect oxygen availability but to a lesser extent. The influence of salt concentration in
concrete on oxygen ingress is discussed in the next section.

Andrade et al. [118] carried out corrosion tests on specimens made using cement paste, mortar, and
concrete to investigate the influence of cover depth, w/b ratio and degree of pore saturation on oxygen
flow and steel corrosion rate. The cement paste and mortar specimens (20 x 55 x 80 mm) were made
using two wi/b ratios of 0.40 and 0.50 respectively. A cement-to-sand ratio of 1/3 for mortar was used.
The cement paste specimens were made using plain PC while the mortar specimens were made using
blast furnace slag cement. Two bars of diameter 6 mm and length 80 mm were embedded in each
specimen as duplicate testing electrodes. The exposed embedded steel surface area was 6 cm®. A
graphite bar was also embedded to act as a counter electrode for corrosion rate measurements. A cover
of 5 mm was used. The concrete specimens (150 mm diameter x 300 mm long) were made using plain
PC with two binder contents of 375 and 200 kg/m°® and two w/b ratios of 0.5 and 1.0 respectively.
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Two bars of 12 mm were embedded in each specimen. The exposed embedded steel area was 7.5 cm?.
Two concrete covers of 15 and 70 mm were used. The mortar and paste specimens were cured in a
chamber at a 100% RH and 20 + 2 °C for 28 days while the concrete specimens were cured for
15 days under water. The latter were then exposed to wet and dry periods as follows: 30 days at
100% RH, 30 days at 50% RH, 30 days under water, 365 days at 50% RH and 150 days under water.
The paste and mortar specimens were held for 150 days at 100% RH.150 days at 50% RH and
150 days in under water. Corrosion rate was measured using linear polarization technique.

The main conclusions from the work of Andrade et al. [118], as already mentioned, were that
(i) oxygen availability to support corrosion rate is most affected by the relative humidity of concrete,
and that (ii) concrete quality and cover depth also affect oxygen availability but to a lesser extent. As
will be seen in Section 2.7.7, the salt concentration of the concrete also affects the oxygen availability.

2.7.6.1 Corrosion phenomena during progressive water-saturation of concrete

The corrosion process at the cathode during progressive saturation of concrete exhibits two
overlapping effects, (i) an initial increase in corrosion current due to increased cathodic polarization,
caused by decreased electrolytic resistance, and (ii) a decrease in corrosion current with time due to
the growing oxygen deprivation at the steel [115]. At low saturation levels, corrosion is influenced
more strongly by the change in electrolytic resistance, but as the saturation level of the concrete
increases, the influence of oxygen deprivation becomes dominant. However, in a few studies, even
when concrete is fully saturated, the embedded steel has been observed to continue to corrode for a
given time [114, 115, 119]. Some of these studies are briefly summarized here.

In the study by Wilkins and Lawrence [119], a review by Raupach [115] shows that after several
months of full immersion in water, they observed that steel bars embedded in concrete reacted
cathodically when anodes were connected, although the concrete was fully saturated with water. This
behaviour may be attributable to hydrogen peroxide reduction (discussed earlier in Section 2.7.6) or to
a similar reaction with oxygen adsorbed on the steel surface.

Raupach [115] investigated the possible role of oxygen remaining in concrete i.e. the residual oxygen
inside the concrete where oxygen can no longer penetrate to the steel from the concrete surface. In his
experiments, concrete was made with different binders, w/b ratios and cover depths. The following
combinations of binder type, w/b ratio and cover depths were used: PC 35N (300 kg/m®, w/b ratio
0.60, 25 mm cover), 65/35 PC/GGBS-sulphate resistant (300 kg/m?, w/b ratio 0.60, 25 mm cover) and
65/35 PC/GGBS-sulphate resistant (450 kg/m®, w/b ratio 0.40, 40 mm cover). The specimens were
cured in a water vapour chamber for between 0 and 7 days. The ratio of the cathode-to-anode area was
400:20 cm?. The amount of admixed chlorides in the chloride-containing concrete (50 mm thick layer,
Figure 2.18) was not reported.

Throughout the experiment, the steel embedded in the chloride-free concrete was exclusively cathodic
- final examination of the steel after completion of the experiment showed no signs of corrosion
activity. The influence of oxygen diffusion on cathodic reaction rate was investigated using
potentiostatic tests and determination of current density/potential curves. The concrete surface was
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covered with 50 mm thick layer of water and stored for one year. During storage duration, the cathode
(upper electrode) potential was slowly lowered using a potentiostat (an instrument that controls the
potential difference between a working electrode and a reference electrode) to a constant value after
which the rate of oxygen reduction was determined by measuring the current flowing between the
cathode and anode (lower electrode). The current flowing with the potential adjusted to the reduced
level was measured and evaluated as the current output of the potentiostat. As long as the potentials set
at the cathode do not exceed the limiting potential for hydrogen production, current may be converted
directly into a rate of oxygen consumption at the cathode using the equation 1 Ah =597 mg O, [115].

50 mm thick layer of water
on concrete surface

0, and H,0 tight container
7 / (base: 280 x 360 mm)

25 or 40
i or Chloride-free

concrete
75 mm
Chloride-containing
: §25 mm concrete

\ 16 mm diam. (black) steel

Potentiostat

Figure 2.18: Schematic representation of the concrete corrosion cell [115]

At a potential of -700 mV MnO,, large corrosion currents of about 2.5 pA/cm® were initially
measured. It was observed that this current decreased with time, a phenomenon that was interpreted as
consumption of the residual oxygen still present in the vicinity of the cathode which diminished after
1 year. After about 10 days, a limiting current determined by oxygen diffusion through the water-
saturated concrete cover was reached. The limiting oxygen diffusion current density under the test
conditions were about 0.05 uA/cmZ. In order to confirm if this was the limiting diffusion current, the
potential was reduced further by 100 mV, without reaching the water decomposition range of -1100 to
-1200 mV [120]. Since a limiting diffusion current will, by definition, remain constant irrespective of
the potential, no change was expected. There was however a significant increase in current by a power
of 10, but lasted only for 10 days. The previous limiting current of 0.05 pA/cm® was then re-
established. Raupach asserts that the results indicate that the cathodic oxygen reduction takes place in
a number of intermediate steps (as shown previously). Given a multi-stage reaction mechanism, the
increase in current was attributed to possible decomposition of oxygen adsorbed at the steel surface,
for example as hydrogen peroxide, requiring a very low potential for cathodic reaction [115].

In another study, Garcia et al. [114], carried out experiments to investigate the influence of oxygen
availability on chloride-induced corrosion rate. They used two binder contents (375 and 200 kg/m®) of
plain Portland cement, two w/b ratios (0.5 and 1.0), and the concrete was admixed with 3.0% CacCl, by
weight of cement. Cylindrical corrosion specimens of 150 mm diameter by 300 mm length were made.
Each specimen was embedded with two steel bars of 12 mm diameter x 290 mm long. The steel bars
were located at two different locations to achieve two cover depths of 15 and 70 mm. After 15 days
curing under water, the specimens were exposed to wet and dry periods as follows: 30 days in a 100%
relative humidity (RH) chamber — 30 days in a 50% RH chamber — 30 days under water —
485 days in a 50% RH chamber — 695 and 1595 days (for concrete made with, respectively, 200 and
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375 kg/m® binder content) under water. Corrosion rate was measured using a linear polarization
technique. Their results showed that even under long periods in saturated conditions, oxygen
deficiency was not found to be an inhibiting factor on corrosion rate. They attributed the continued
corrosion process even in saturated conditions to the following possible reasons (i) presence of other
cathodic processes other than that of oxygen reduction such as the reduction of corrosion products
(oxides), (ii) acidification occurring at the bottom of the corrosion pits [121], and/or (iii) the reduction
of hydrogen. However, no further studies have been carried out to confirm these hypotheses.

In summary, if the steel in concrete is initially actively corroding, the few studies that are available

relating to the influence of oxygen on corrosion propose the following hypotheses to explain the

continued corrosion for a given period of time after full saturation when oxygen ingress from the

concrete surface through the cover is inhibited:

(i) Presence of cathodic processes other than that of oxygen reduction such as the reduction of
corrosion products [114, 115].

(ii) Decomposition of oxygen adsorbed at the steel surface, for example as hydrogen peroxide [115].

(iii) Reduction of hydrogen [114, 120].

(iv) Local acidification occurring at the bottom of the corrosion pits [121].

The results also show that even though in the short-term, high cathodic reaction rates may occur even
where oxygen contents in the concrete are low, for long-term oxygen deprivation, the corrosion rate
will progressively decrease since the total quantity of residual oxygen is small. Once the residual
oxygen is depleted (i.e. anaerobic conditions), it would be expected, based on the general knowledge
of corrosion-dependence on oxygen availability, that the corrosion of steel would be stifled due to lack
of oxygen to sustain the cathodic reaction. However, contrary to these expectations, corrosion has
been observed to proceed e.g. where a RC member is submerged for long periods [114, 115].

2.7.6.2 Anaerobic corrosion of steel in concrete

Once the residual oxygen has been depleted and full saturation conditions exist at the steel level, the
environment around the steel is described as being anaerobic. Anaerobic conditions also arise at the
steel-corrosion products interface as the volume of corrosion products increases with time hindering
access of oxygen to the steel. In such anaerobic conditions, corrosion mechanisms are different, and
several theories have been proposed to explain the corrosion process. These include cathodic
depolarisation theory [122], formation of iron/iron sulphide galvanic cells [123], corrosive and volatile
phosphorous compounds, stimulated anodic dissolution by sulphide [124], and binding of metal ions
by exopolymers? [125]. In concrete, two theories, both relating to the existence of sulphate-reducing
bacteria® (SRB), have been proposed to explain the corrosion of steel i.e. cathodic depolarization
theory and iron sulphide theory. Even though these are discussed in the following sections, it is
important to note that the underlying mechanisms of SRB-induced corrosion are apparently complex
and still not well understood.

’An exopolymer is a biopolymer that is secreted by an organism into the environment (i.e. external to the organism). Exopolymers include
the biofilms produced by bacteria to anchor them and protect them from environmental conditions.

%SRB are strict anaerobes that gain their biochemical energy for growth by oxidising certain organic compounds or hydrogen (H;) with
sulphate (or other sulphur compounds such as sulphite and thiosulphate) as terminal electron acceptors, and reducing these compounds to
sulphides (H.S and HS") [122].
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2.1.1 Cathodic depolarization theory

This theory was first proposed by Kuhr in 1923 [126]. In saturated conditions, or with the increasing
difficulty of oxygen diffusion through the thickening rust layer on the steel surface, anaerobic
conditions are produced at the steel-corrosion products interface [127, 128]. Such conditions may
permit the activity of SRB which are present in natural soils and seawater [129]. These organisms
reduce sulphates to insoluble sulphides in their metabolism, Eqn. (2.43). In such anaerobic conditions,
hydrogen gas is the cathodic product during steel corrosion (as opposed to the conventional cathodic
reaction i.e. 2H,0 + O, + 4e¢” — 40H"):

SO,% + 9H" + 8¢~ — HS™ + 4H,0 (2.43)
2H,0 +2e” — H, + 20H™ (absence of oxygen) (2.44)

The SRB can in turn accelerate steel corrosion by consuming this cathodic hydrogen gas [130] and
inducing the formation of ferrous sulphides [131]. Severe corrosion cells (pits) develop when
sulphides, produced by the microbial reduction of sulphates, combine with ferrous ions, released by
the corrosion process, to produce insoluble black iron sulphides [132]:

4Fe + SO,* + 8H" — FeS + 3Fe® + 4H,0 (2.45)

The main problem with this theory is the difficulty in quantification of corrosion due to cathodic
depolarization by the SRB. It has been criticized for not being able to account for the levels of
corrosion seen in experiments as determined by mass loss [133]. As noted by Melchers and Jeffrey
[134], simply acknowledging that SRB are present and that corrosion may have been influenced by
microbial action is not helpful from a practical point of view.

2.1.2 Iron sulphide theory

Later in 1971, it was shown by Miller and King [135] that corrosion could be caused by the presence
of iron sulphide itself. They proposed that iron sulphide (produced in the presence of SRB) could act
as the cathode and that the role of the bacteria would therefore be (i) to regenerate (or depolarize) iron
sulphide, (ii) to produce more iron sulphide by their growth reaction(s), or even (iii) to bring fresh iron
sulphide surfaces constantly into contact with the steel by their movement [135]. This theory, to some
extent, disputes the cathodic depolarization theory.

In this case, that the primary cause appears to be the production of a volatile phosphorous compound
by SRB which reacts with iron to form a black precipitate, iron phosphide, as a corrosion product
[136]. The highly reactive phosphorous compound is produced from an organic compound, inositol
hexaphosphate (CsHsO24Ps), the major source of phosphorous in plants. H,S gas produced by the SRB
normally produces a film of iron sulphide on iron at pH near neutrality under anaerobic conditions.
When the pH is >7, HS™ is formed [133]; SRB can regulate the pH of their environments by changing
their metabolism [137]. These differences in pH have been cited to account for the initiation of an
anode at a site of low pH and a cathode at areas of higher pH. Corrosion can occur when the film of

47



iron sulphide is disrupted, allowing the phosphorus-containing compound to come into contact with
the iron surface.

2.7.7 Effect of chloride ion concentration on corrosion process

As was mentioned in Section 2.5.2, for a given metal, the potential at which pitting occurs is lower for
a higher chloride ion concentration. This trend is evident from the anodic polarization curves which
show progressive lowering of the transpassive (pitting) potential with increasing chloride content
(Figure 2.19). Alvarez and Galvele [138] studied the effects of chloride ion concentration on the
pitting potential, E;;, of pure iron-alkali solutions and showed that it follows the relationship:

Epit =-0.364-0.064log Ccr for 0.01M <NaCl < 1.0M, pH of 10 and

potential measured against normal hydrogen electrode (2.46)

Even though Figure 2.19 shows the anodic curve for stainless steel in a neutral solution, a similar trend
can be expected for conventional carbon steel in concretes with different chloride concentrations [7].
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Figure 2.19: Effect of chloride ion concentration on anodic polarization curve [7]

For a given cathodic polarization curve the progressive lowering of the transpassive portion of the
curve (see Figure 2.19) can result in an increase in corrosion current density with increasing chloride
concentration. However, while this is true to some extent, the effects of chloride concentration on the
solubility of oxygen and thus cathodic processes must also be considered. The solubility of oxygen in
various concentrations of salts is shown in Figure 2.20 where it is evident that oxygen solubility
decreases with increase in chloride concentration. Further, Foley [44] showed that there is an optimum
chloride concentration where the decrease in the cathodic reaction due to oxygen depletion is
countered by the increase in anodic dissolution. From Figure 2.21, it is evident that the greatest
corrosion rate (as mass loss) occurs at a NaCl concentration of approximately 0.5N. In Figure 2.21, the
initial increase in corrosion rate can be attributed to increased conductivity of the electrolyte. Similar
results of increased corrosion rate, but for steel in concrete, with increased chloride concentration have
also been reported by Bamforth [139].
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In conclusion, the effect of chloride ion concentration on corrosion rate can be summarised as follows:
as the chloride ion concentration is increased, the corrosion rate increases due to decreased pitting
(transpassive) potential and increased electrolyte conductivity. At the same time, the oxygen solubility
progressively decreases and hence stifles the cathodic reaction. However, an optimum chloride ion
concentration is reached where the decrease in the cathodic reaction due to oxygen depletion is
countered by the increase in anodic dissolution, and corrosion rate can still remain high. Beyond the
optimum chloride concentration, the further reduced oxygen solubility due to increased chloride ion
concentration results in decreased corrosion rates mainly due to lack of oxygen to sustain the cathodic
reaction.

Solubility of O, in cm¥/litre
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Figure 2.20: Effect of salt concentration on oxygen solubility [44]
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Figure 2.21: Effect of chloride content on corrosion rate [44]

2.7.8 Effect of pre-corrosion cover cracking

Cracks impair the durability of RC structures by creating preferential paths for the penetration of
corrosion-inducing species (H,O, O,, CO,, CI") leading to relatively faster initiation and propagation
of steel corrosion and consequently a reduction in service life. If no cracks are present, both the
initiation and propagation phases (See Figure 1.2, Chapter 1) are usually a function of the penetrability
of the concrete cover, the cover thickness, and the corrosion resistance of the steel bars. However, in
the presence of cracks, the corrosion resistance of the bars may be the main factor that has practical
influence on the initiation and propagation phases even though other factors such as concrete quality
and resistivity also play important roles. The effects of cracks vary not only with their width, but also
with depth, frequency, orientation (relative to the steel reinforcement), self-healing and activity or
dormancy; these are discussed in detail in this section. Two schools of thought exist with regard to the
influence of cracks on corrosion.

49



On the one hand, some researchers state that there is no direct relationship between crack width and
corrosion rate [48, 83, 140, 141]. They state that cracks may accelerate corrosion initiation but not its
propagation. They consider important factors to include crack properties (e.g. whether the crack is
active or dormant) and exposure conditions (i.e. service environment). For example, results obtained
by Beeby [141] after 10 years of testing carried out on outdoor-exposed (offshore) specimens with
surface crack widths ranging from 0.13 to 1.27 mm showed that there were negligible increases in
corrosion rate (measured in terms of average mass loss) with increasing crack width. For crack widths
of 0.13, 0.25, 0.51 and 1.27 mm, the average depths of corrosion on the steel bar surface were,
respectively, 0.16, 0.16, 0.18 and 0.21 mm. It is important to note that this may be a function of
exposure environment, e.g. presence of moisture, crack self-healing potential, activity of crack, etc.

On the other hand, other researchers have shown that cracks accelerate both corrosion initiation and
propagation, but these are dependent on the concrete quality (w/b ratio and binder type) and cover
depth [16, 33, 142-145]. For example, Pettersson and Jorgensen [142] investigated the influence of
crack width on the corrosion process using PC and silica fume concrete with w/b ratio of 0.30 and
found that for crack widths <0.4 mm, a change in cover (from 15 to 30 mm) affected corrosion rates;
however, for crack widths >0.4 mm, change in cover had negligible effect on corrosion. These
observations were attributed to oxygen availability at the steel level and/or area of steel exposed.
However, this may not be true for all types of binders.

In another study, Raupach [144], carried out accelerated chloride-induced corrosion in cracked beam
specimens of 100 x 150 x 700 mm long made using 65/35 PC/fly ash concrete with two w/b ratios
(0.50 and 0.60) and two cover depths (15 and 35 mm). The beams were cracked using a 3-point
loading rig to produce a single centrally-placed flexural crack. The surface crack widths ranged from
0 to 0.5 mm. The potentially cathodic reinforcement (14 mm diameter) between the cracks was
simulated by adding reinforcing steel sections on each side of the crack, allowing cathodic action to be
determined as a function of distance from the crack. The specimens were exposed to 12 (wetting and
drying) cycles comprising of wetting once a week with 1% chloride solution in a reservoir on the
cracked face for 24 hours and drying for the rest of the week, followed by 2 wetting and drying cycles
using tap water with no chlorides added. The side faces and underside of the beams were epoxy-coated
to prevent rapid drying. The specimens were then stored without further wetting at 80% relative
humidity in a climate chamber. After one year the cycle of wetting periods was repeated. The current
between the reinforcing steel electrodes was measured to determine whether they were anodes or
cathodes. The results showed that regions of the reinforcement outside the crack behaved cathodically
up to a crack distance of more than 200 mm. The current density of the cathodes was found to
decrease with increasing distance from the crack, and was attributed to the increase in electrolytic
resistance increase in distance from the crack. The results also showed that increasing concrete cover
from 15 to 35 mm decreased the corrosion rates while a reduction in the w/b ratio from 0.60 to 0.50
resulted in a further reduction in corrosion rate in the crack zone (see Figure 2.22). However, the
influence of w/b ratio (or concrete quality) was found to be more pronounced after 24 weeks, than
after one year. Based on the results, it was concluded that the quality of the concrete cover was the
dominant influencing variable for the corrosion rate in the crack zone. This was, however, only true
for crack widths up to about 0.4 mm beyond which crack width was also of decisive importance. In
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summary, even though this study shows the influence of crack width on corrosion rate, it also shows

the importance of taking other parameters such as cover depth and concrete quality into account in
addition to crack width.

65/35 PC/Fly ash (300 kg/m?)
Specimen age = 2 years
¢ = cover depth

Mass loss after
2 years (mg) 200

50
o <> _ ¢ =15 mm; wh = 0.6

¢=35mm; wh =0.6

Figure 2.22: Influence of crack width, cover depth and w/b ratio on corrosion rate [144]

Similar results were obtained by Scott and Alexander [16], and Otieno et al. [33]. Scott and Alexander
[16], in a study using different binder types, surface crack widths of 0.2 and 0.7 mm, constant w/b
ratio of 0.58, and cover of 20 and 40 mm, showed that change in cover was only influential for PC
concretes where corrosion rate is governed mainly by oxygen availability, as opposed to blended
cements where high concrete resistivity is a governing factor. They showed that, at a given crack
width, decrease in cover results in a significant increase in corrosion rate for a PC concrete compared

to blended cement concretes (Figure 2.23). They used 120 x 120 x 375 mm long RC beams with a
single 16 mm mild steel bar.

120 x 120 x 375 mm long beams PC : 100% CEM | 42.5N

exposed to cylic 3-days wetting (with GGBS: 50/50 PC/Ground granulated
5% NaCl solution) and 4-day air-drying blastfurnace slag

at 30 °C. FA : 70/30 PC/Fly ash
w/b ratio: 0.58 SF : 93/7 PC/Silica fume

%Iﬁ% :

GGBS FA SF | PC GGBS FA SF ‘ PC GGBS FA SF

Average corrosion rate - week 58-86
(HA/Ccm?)
R
(S,

PC GGBS FA SF

20 mm cover 40 mm cover 20 mm cover 40 mm cover

0.2 mm crack width 0.7 mm crack width

Figure 2.23: Influence of crack width and cover depth on corrosion rate [16]

Otieno et al.’s [33] study investigated the effect of load-induced surface crack width, concrete quality
(binder type and w/b ratio) and concrete resistivity on corrosion rate (Figure 2.24). The study used
100 x 100 x 500 mm long beam specimens from four concrete mixes made using two w/b ratios (0.40
and 0.55) and two binder types (100% CEM 1 42.5N (PC) and 50/50 PC/Corex slag (GGCS) blend
[146]). A constant concrete cover to the steel reinforcement of 40 mm was used. The beam specimens
were pre-cracked (including incipient cracks, being cracks that effectively had zero crack width) and
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then subjected to a cycle of 3-day wetting (with 5% NaCl) and 4-day air drying under laboratory
conditions (16-24 °C and 60-75% relative humidity) for a period of 32 weeks.

1.0 T pc-40: 100% PC with wib ratio, 0.40
l PC-55:100% PC with w/b ratio, 0.55
[ SL-40: 50/50 PC/GGCS with w/b ratio, 0.40
T SL-55:50/50 PC/GGCS with wib ratio, 0.55
I Specimen size: 100 x 100 x 500 mm long beams
0.6 [ Concrete cover: 40 mm
" T Specimens exposed to 3-days wetting with 5% NaCl
I solution and 4-days air-drying at 25 °C.

0.8

Y

Average corrosion rate - week 26-31
(MA/Ccm?)

04 {
i r
- :
"1 qHo
[ +*
0.0 - & / e |
L-55 PC-40|PC-55 SL-40{SL-55

Uncracked Incipient-crack 0.4 mm crack 0.7 mm crack

Figure 2.24: Effect of crack width and concrete quality on chloride-induced corrosion rate [33]

After 32 weeks, all the uncracked and incipient-cracked specimens and the uncracked PC specimens

had not attained active corrosion rates (icor > 0.1 pA/cm?). In the cracked specimens, active corrosion

rates were recorded after only one cycle of wetting and drying except for the incipient cracked

specimens where active corrosion rates were recorded after 6 and 21 weeks for, respectively, PC-55

and PC-40 specimens. Therefore, the presence of cracks significantly affected the initiation phase and

in some cases, eliminated it. The following conclusions were drawn from the study:

(i) The initiation phase may be either substantially shortened or completely eliminated depending on
the combination of surface crack width, concrete quality and resistivity.

(i) Cracking affects corrosion rate during the propagation period but the extent of its effect depends
on the interaction between surface crack width, concrete quality and concrete resistivity.

Therefore, despite the previous conflicting viewpoints on the influence of cracking on corrosion of
steel in concrete, recent studies [e.g. by 16, 33] have shown that cracks accelerate both corrosion
initiation and propagation, but these are dependent on the concrete quality (w/b ratio and binder type)
and cover depth. However, other crack characteristics should also be taken into consideration. These
are briefly discussed in the following sub-sections.

2.7.8.1 Influence of crack density

Crack density (or frequency) refers to the number of transverse (i.e. transverse with respect to the
orientation of the steel bars) surface cracks per unit length. Previous studies such as the one by Arya
and Ofori-Darko [147] have shown that corrosion rate increases with increasing crack frequency
(Figure 2.25). This can be attributed to the increase in the penetrability of the concrete, and hence ease
of chlorides and oxygen ingress into the concrete. It must be noted that in the results by Arya and
Ofori-Darko (Figure 2.25), the specimens with the highest crack frequency of 20 did not correspond to
the highest corrosion rate, which seems to be an anomalous result.

It is important to note that the concept of increasing corrosion rate with increasing crack frequencies
should also be viewed in conjunction with the crack width. In the case Arya and Ofori-Darko [147],
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the crack width was kept constant (using cast-in plastic shims) as the crack frequency was increased.
However, in in-service structures, increase in crack frequency is usually associated with both
increased loads and increased crack widths. In this case, the increase in corrosion rate should be
expected to be much higher.

400 T Crack frequency = number of cracks per unit length Eight equally spaced parallel-sidedcracks, 0.3 mm wide
Crack width: 0.3 mm (produced using cast-in shims) \l/ \l/ \l/ \J/ \J/ \L \L \J/
350 T Binder: PC, Cover depth : 42 mm, wib ratio: 0.65 w 20

Specimen type: 100 x 135 x 1360 mm long RC beams 42 [V

300 A

Beams sprayed with a 3.0% NaCl solution 28 days after casting

250 followed by being sprayed 3 times a week with the salt solution for
the first 7 months and then 3 times a month for the next 5 months.
200 1 Corrosion rate measured using linear polarization resistance method.

Elevation

—a—f=0
150 + —+f=1
—a—f=4
100 + —e—f=8
—e—f=12
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0 == — - + . A— M: 8 mm diam. mild steel bar, 1340 mm long
0 5 10 15 20 25 S: 8 mm diam, stainless steel bar, 1340 mm long
Time (months) All dimensions in mm

Figure 2.25: Effect of crack frequency on cumulative mass loss due to corrosion [147]

2.7.8.2 Influence of crack activity or dormancy

Cracks in RC structures can be either active or dormant depending on whether they frequently open
and close (i.e. active) or not (i.e. dormant). The opening and closing of cracks can be due to
application and removal of cyclic or occasional loads, for example in roads and bridges. It is very
important to consider these phenomena because they can determine whether a crack can undergo self-
healing (also called autogenous healing, covered later in Section 2.7.8.4), a process which decreases
the severity of cracks by decreasing concrete penetrability (at the crack) and hence improving the
protection of the embedded steel from corrosion [148, 149].

The terms ‘crack re-opening’ and ‘crack re-activation’ are commonly used when referring to crack

activity, and refer to either widening of existing (dormant) cracks or re-activating self-healed ones by

either cyclic or occasional mechanical loading of the member. In either case, the process makes the

crack active. In the study by Otieno [67] that was described in Section 2.7.8, crack re-opening actions

were carried out (after 18 weeks of chloride-induced corrosion) by reloading the incipient, 0.4 mm and

0.7 mm cracked 100 x 100 x 500 mm beam specimens. The incipient, 0.4 mm and 0.7 mm crack

widths were widened to, respectively, 0.6 mm, 1.0 mm and 0.2 mm. The crack widths at reloading

were maintained for about 24 hours before being relaxed to their original respective widths. The

results (see Table 2.6) showed that:

(i) crack re-opening increases corrosion rate but only if the RC structure was actively corroding prior
to crack re-opening (i.e. icorr > 0.1 pA/CM?).

(if) for passively corroding RC members, the effect of crack re-opening may allow chlorides to reach
the embedded steel and start (or accelerate) the destruction of the passive protective layer.

(iii) if cracks are subsequently allowed to remain dormant, corrosion rates reduce again, which infers
some form of crack-healing.

(iv) for an actively corroding RC structure, crack re-opening may accelerate the corrosion process by
one or a combination of the following mechanisms: a) widening the existing cracks,
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b) re-activating (re-opening) any self-healed cracks, c) increasing the loading level (i.e. stressing
the steel), and d) damaging the concrete-steel and/or aggregate-paste interfaces.

Table 2.6: Percentage increases in corrosion rates after crack re-opening [67]

Percentage increase in i .oy after crack re-opening (%)
Specimen condition PC-40 PC-55 SL-40 SL-55
Incipient-cracked 3 16 8 9
0.4 mm cracked 13 7 10 30
0.7 mm cracked 11 2 28 12

In general, incipient-cracked specimens (except PC-55 ones) experienced the lowest percentage
increases in corrosion rate due to crack re-opening, while the 0.4 mm and 0.7 mm cracked specimens
showed a higher increase. The results by Otieno [67] should be interpreted taking into consideration
that (i) the 0.4 mm cracked specimens were actively corroding before the crack re-opening process,
and (ii) for all binder types (except PC-55), the incipient-cracked specimens were passive (corrosion
rate below 0.1 pA/cm?) before and after the crack re-opening, a condition which did not favour
corrosion rate increasing substantially. Crack self-healing probably occurred in these specimens
although this was not measured in the study. The minimal 2% increase in corrosion rate for the
0.7 mm cracked PC-55 specimens (which were actively corroding before the reloading process)
means that even before reloading, corrosion agents could easily penetrate to the steel and promote
corrosion. Crack re-opening therefore did not affect the concrete penetrability to a great extent, with
respect to corrosion rate, in these specimens.

In summary, while crack activity or dormancy affects corrosion rate, it should be interpreted taking
into account aspects such as preceding corrosion state (active or passive) before re-activation and
crack width.

2.7.8.3 Influence of crack orientation

Cracks in concrete can be either longitudinal (coincident) or transverse (intersecting). Longitudinal
cracking is extremely detrimental, since chlorides, moisture, and oxygen can easily penetrate to the
embedded steel and attack large areas of steel in the corrosion process. For transverse cracks, the
cathodic areas mostly occur in the uncracked regions [144]. Therefore, moisture and oxygen that enter
through the cracks may be expected not to greatly affect the rate of corrosion. However, results of an
experimental study by Otieno et al. [33] show that this is dependent on concrete quality (binder type
and wi/b ratio), as discussed previously. For concrete in service, transverse cracks are more likely in
tensile-stressed areas of a RC structure. Longitudinal cracks are more associated with corrosion
cracking along the longitudinal reinforcement due to the expansive nature of corrosion products.
Restrained deformations in concrete such as thermal deformations and shrinkage may result in both
transverse and longitudinally cracked sections, however often with relatively low crack widths.

2.7.8.4 Influence of crack self-healing
Finally, the occurrence and benefits of crack self-healing is significant in the reduction in concrete
penetrability and hence improving the protection of the embedded steel from corrosion by limiting the
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diffusion of chlorides into concrete [149, 150]. However, its practical quantification is challenging.
The most significant factor which influences self-healing is the precipitation of calcium carbonate
crystals in the cracks, as a result of Ca(OH), leaching [151]. Other causes of crack self-healing include
swelling and hydration of cement paste, ettringite formation, and blocking of the crack by impurities
in water and concrete particles (debris) broken from the crack surface [152].

Other important crack characteristics, not covered in this review, but which have been shown to affect
transport properties of fluids through concrete include crack tortuosity, length, depth, profile and
surface roughness [153-155].

2.8  Acceleration of corrosion in concrete

The subject of acceleration of corrosion is reviewed here because it will be applied in the development
of this study’s experimental programme in Chapter 3. Due to the slow nature of natural corrosion
process coupled with the urgent need to provide working solutions to the day to day corrosion
problems in RC structures, the use of accelerated corrosion to simulate the corrosion process and
predict the associated corrosion-induced damage (e.g. cover cracking, spalling, loss of steel cross-
section, loss of stiffness) has become common; these techniques are inexpensive and fast but have
inherent drawbacks, some of which will be discussed here in detail.

In general, the term accelerated corrosion of steel is conventionally used to refer to a steel corrosion

process that is faster than a corresponding natural one. Contrary to natural corrosion, the effects of

accelerated corrosion can be realised within a relatively short period of time. Miyagawa [145] outlined

four basic principal requirements for accelerated corrosion tests as follows:

(i) The corrosion mechanism of the technique should simulate the actual corrosion mechanism of
steel in concrete.

(i) The effect of the acceleration should be relatively high compared to natural corrosion.

(iii) The applicability should be wide e.g. simulate both the corrosion process and corrosion-induced
damage.

(iv) The test should be relatively easy to conduct.

Though it is difficult to satisfy all of these requirements, several techniques, have been developed.
This study focuses on chloride-induced corrosion and hence only accelerated chloride-induced
corrosion techniques are discussed. Before proceeding, it is important to clarify that regardless of
whether the corrosion of steel in concrete is natural or accelerated, both anodic and cathodic reactions
still occur. However, depending on the O, concentration (relative to the rate of anodic reaction) and
the pH, different corrosion products (in terms of composition, density, expansion volume and stability)
may be formed [22, 156, 157]. These factors (pH and O, concentration) are extremely variable and
difficult to quantify in an in-service RC structure. When there is adequate supply of O,, more stable
corrosion products such as haematite and magnetite (see Table 2.2) are formed; when there is limited
supply of O, (e.g. in fully submerged elements or when the corrosion rate is high as in accelerated
conditions), less stable/soluble products such as ferrous hydroxide are expected.
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Despite the several critiques and test results from previous studies showing that accelerated corrosion
is not representative of the natural corrosion process [e.g. 158, 159], the slow rate of the latter has
made it inevitable to continue using accelerated corrosion processes to study both the corrosion
process and the associated damage on the RC structure. Accelerated chloride-induced corrosion can be
achieved in different ways including (i) application of a constant (impressed) direct anodic current
(galvanostatic) or potential (potentiostatic) between the reinforcement and a counter electrode (e.g.
stainless steel or copper), (ii) use of admixed chlorides, (iii) use of cyclic wetting and drying with a
chloride-based salt solution (e.g. NaCl, CaCl,) or (iv) a combination thereof [160].

2.8.1 Use of impressed current (IC)

Acceleration of corrosion using IC is a common technique used to study corrosion-induced damage
such as cover cracking in RC structures. It involves application of direct anodic IC (galvanostatically)
or potential (potentiostatically) between the steel reinforcement (anode) and a separate (internal or
external) cathode (e.g. stainless steel, copper). Typical experimental set-ups are shown in Figure 2.26.

Power suppl
Electron (e—) flow + = Electron (e—) flow =~ X
------------ >-------4 - > e ] e e e
T e . - S I
/!\ e.g. stainless steel | solution e.g. NaCl E | ‘i, | Chloride-based solutloln e.g. NaCl ,?
i — ! | z | ;
E Reinforcing steel (Anode) Concrete i | Reinforcing steel (Aode) -:
L specimen 3 Cathode e.g. stainless steel
(a) External cathode (b) Internal cathode

Figure 2.26: Typical experimental set-ups for accelerated corrosion of steel in concrete [33, 156]

The main electrochemical difference between this technique and naturally corroding systems is the
raising of the potential to a value greater than the transpassive/pitting potential where corrosion rate
does not correspond to an equilibrium corrosion potential or a potential obtainable under natural
conditions [161]. Such a potential results in the steel bar being in an artificially polarized state [162].
Corrosion rate is increased by an electric field on the steel surface [161]. Contrary to the ingress of
chlorides by a diffusion-dominated process in in-service RC, the penetration of chloride ions (CI") in
concrete when impressed current or voltage is used creates a chloride ion front (flux) in the concrete
and can be modelled using the Nernst-Planck equation, which governs the movement of ions in a
solution under an electrical field, i.e. migration/electro-diffusion [52, 163], Egn. (2.47):

ZF oE
- Jod ) eon

where J is the flux of the ionic species, in this case CI”, (mol/m%s), D is the diffusion coefficient of the
ionic species (m?/s), C is the concentration of the ionic species (mol/m®), z is the valence of the ionic
species (-1 for CI"), F is Faraday’s constant (96,500 A.s), R is the universal gas constant
(8.314 J/mol.K), T is the absolute temperature (298 K) and E is the applied electrical potential (V).

It is also important to note that in the use of anodic IC, steel de-passivation exhibits different
characteristics compared to that produced by chlorides. In the former case, the entire exposed surface
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area of the steel is anodic and hence results in general corrosion; in the latter case, the chlorides,
having reached a threshold value, cause localized breakdown of the passive film at discrete locations
on the steel surface while the remaining steel area becomes cathodic. This results in a larger cathode-
to-anode area ratio and hence higher corrosion rates in the anodic areas. Moreover, the applied anodic
IC alters the ionic distribution in the concrete pore solution around the steel, attracting the anions
while repelling the cations, and thus, changing the local chemistry of the pore solution near the steel.

As already mentioned, accelerated corrosion using IC is mainly used to assess corrosion-induced
damage in RC structures; EI Maaddawy and Soudki [156] recommend limiting the IC density to
200 pA/cm? if the corrosion characteristics and structural response are to be similar to those for natural
corrosion. Even though the use of impressed current or voltage has the advantage of allowing
corrosion rates (and hence the degree of damage) to be varied, it has been criticised because of the
following reasons:

(i) Previous studies [e.g. 156, 158, 160] have shown that the use of Faraday’s law to obtain corrosion
rates (in terms of steel mass loss) from such tests is not valid, and can lead to over-estimation or
under-estimation of steel mass loss. EI Maaddawy and Soudki [156] state that the degree of
variation between predicted mass loss (based on Faraday’s law) and actual mass loss is also
dependent on the IC density applied.

(i) In most studies, 100% current efficiency is assumed, i.e. all the applied or resulting/effective
current is assumed to be consumed in dissolution of the steel [158], even though this may not be
the case. For example, results by Ballim and Reid [160] in an accelerated corrosion study to
investigate the effect of corrosion on beam deflection, showed that Faraday’s law over-estimated
mass loss and that the current efficiency was less than 100%, typically 70%.

(iii) The IC density used to accelerate corrosion has been a subject of debate; a summary by
El Maadawy and Soudki [156] of previous studies where IC has been used to accelerate corrosion
showed that IC densities ranging from 45 to 10,400 pA/cm® are 3-100 times greater than the
maximum current densities reported from field studies involving natural corrosion. As indicated
above, they recommend limiting the IC density to 200 pA/cm?,

2.8.2 Use of admixed chlorides

The use of admixed chlorides in concrete, ranging from 1% [164] to 5% [156] by weight of cement, is
another way of accelerating corrosion of steel in concrete. This technique results in uniform
distribution of chlorides around the steel leading to formation of very small microcells, which is
contrary to that under natural conditions (except in submerged conditions) where spatial distribution of
chlorides is usually the case. It also poses the disadvantage that the steel will not have the opportunity
to develop a passive protective film on its surface before the chloride threshold is reached (to
depassivate the steel). This is the main disadvantage of this technique. Furthermore, it does not allow
for chloride binding effects which occur in natural conditions, and is very likely to affect the alkalinity
of the concrete pore solution.

2.8.3 Cyclic wetting and drying with a chloride-solution
Corrosion can also be accelerated by cyclic wetting and drying with a chloride-solution. The wetting
phase can be achieved in various ways including:
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(i) Application of a salt spray or fog in a closed chamber with controlled temperature [e.g. 165, 166].
In most cases, the salt spray is uniformly distributed around the concrete specimen.

(i) Immersion in chloride-solutions with concentrations ranging from 3% [167] to 5% [168] by
weight of the solution. This involves full or partial immersion of the specimen in a salt solution
bath and removal after a predetermined time for drying [e.g. 169, 170].

(iii) Ponding on one face (usually the top face) with a chloride-solution, typically using a small
reservoir. It is one of the most commonly used wetting and drying techniques and simulates
natural exposure conditions (e.g. marine tidal zone) where spatial distribution of chlorides is
expected. It has been adopted in the ASTM G-109 [171] standard to assess the resistance of
concretes to chloride-induced corrosion of reinforcement in concrete.

The third wetting technique has been experimentally shown to simulate natural corrosion processes
better than the use of impressed current/voltage or admixed chlorides [172]. The drying phase can be
achieved by removing the chloride-solution, e.g. by a vacuum device, and allowing the specimens to
dry (e.g. in ASTM G109) [171], exposing the specimens to ambient (temperature and relative
humidity may be controlled) or elevated temperatures, e.g. 70 °C. The latter approach can be criticized
for leading to microstructural damage in the concrete, and hence influencing the transport mechanisms
[173].

Cyclic wetting and drying with a chloride-solution accelerates corrosion by (i) allowing the chloride
solution to penetrate the concrete rapidly by capillary suction rather that by diffusion, and (ii) allowing
for the replenishment of dissolved oxygen at the steel surface to sustain the cathodic reaction process.
These two processes occur during the drying phase. Previous studies have shown that in this
technique, the longer the drying phase, the higher the corrosion rate. For example Malumbela [174]
found that corrosion rate in RC beam specimens (153 x 254 x 3000 mm long) increased by up to 55%
when the air-drying period was increased from 2 to 4 days while keeping the wetting period (5% NaCl
solution) constant at 2 days. This trend is attributed to sufficient drying time to allow for the
penetration of oxygen through the cover concrete to the steel; the availability of dissolved oxygen also
allows the formation of less voluminous and stable corrosion products, and hence more space for
corrosion species to access the steel from the concrete surface. Even though Malumbela contends that
longer drying phases simulate in-service structures more realistically than shorter ones, this conclusion
should be applied selectively to RC structures depending on the exposure conditions. Logically, the
choice of either short or long drying phases should be based on a balance between accelerating the
corrosion rate, and simulating in-service exposure conditions.

2.8.4 Use of simulated pore solutions

Finally, it is also worth mentioning the use of simulated pore solutions (SPSs) which is sometimes
used to study the corrosion kinetics of steel in concrete [175, 176]. SPSs have also been used to study
chloride thresholds for steel in concrete, with results indicating that SPSs give lower values than those
determined using concrete or mortar [10, 177]. This may be attributable to chloride binding in
cementitious materials and the interface conditions existing between steel and mortar or concrete, in
which a lime-rich layer not only acts as a physical barrier but also buffers the action of chloride
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activity; homogenous SPSs cannot provide this inhibition function. The main draw-backs with the use

of SPSs include the following:

(i) Simulated pore solutions do not accurately reflect the true mechanisms of steel corrosion in
concrete as there is no bonding of hydrates to the steel or variability in pore solution chemistry
which may exist within localized regions of the concrete.

(if) Previous investigations on the electrochemical behaviour of iron immersed in alkaline solutions
have highlighted very low oxidation kinetics [176].

(iii) It is difficult to determine the actual concrete pore solution chemistry to be simulated. There is no
standard pore solution chemical composition, and hence no standard procedure can be adopted to
make one. The use of cement extenders (e.g. fly ash, silica fume and ground granulated
blastfurnace slag) and the introduction of new cements makes pore solution chemistry vary from
one binder to another.

2.9  Closure (fundamentals of steel corrosion in concrete)

This part of the literature review presented an overview of the electrochemical principles (both
thermodynamic and Kinetic) of corrosion and the fundamentals of steel corrosion in concrete. In
addition, factors affecting corrosion rate of steel in concrete, with a focus on chloride-induced
corrosion, were discussed. Specifically, the influence of cover cracking was critically reviewed. These
were covered to provide a holistic understanding of the underlying corrosion processes and the factors
affecting it. This understanding will help in the, (i) development of the experimental programme in
Chapter 3 i.e. selection of variables, (ii) understanding the principles underlying the measurement
techniques used, and (iii) interpretation of experimental data collected in Chapter 4. It is important to
note that, in general, the electrochemical and kinetic processes of corrosion of metals (e.g. steel) in
ideal or standard conditions (such as in air, water or at a specific pH and temperature) are well
understood. However, because these governing principles are derived for ideal or standard conditions,
most of them are not directly applicable to other corrosion regimes. In such cases, the existing
governing principles are modified to suit the corrosion regime. In the case of steel corrosion in
concrete, much research has been carried out in the past and the governing principles are now
relatively well understood.

The review covered mainly chloride-induced steel corrosion in concrete which is the focus of this
study. Phenomena relating to chloride-induced corrosion such as corrosion initiation (chloride
threshold), macrocell corrosion, pitting and residual cross-section area, effect of cover cracking,
concrete quality and cover depth on chloride ingress and/or corrosion rate were reviewed, and the
effect of chloride ion concentration on corrosion process as well as artificial chloride-induced
corrosion acceleration were discussed.

The next part of this chapter presents a critical review of the available corrosion rate prediction
models.

59



Chapter 2 PART Il

Critical review of corrosion rate prediction models

2.10 Background

Corrosion rate, i, IS One of the most important input parameters in corrosion-induced damage
prediction models for reinforced RC structures. Its accurate assessment and/or prediction is therefore
required if the damage prediction models are to be reliably used to predict both the rate and severity of
damage and to plan for maintenance of these structures. However, it has not been assigned the level of
importance it deserves especially with respect to its prediction. In most cases, instantaneous
measurements or conservative values are used in damage prediction models. In other cases, salient
factors that affect corrosion rate such as cover cracking and concrete quality are not taken into
consideration during the model development. The consequence of this may be under-estimation or
over-estimation of the severity and the time to corrosion-induced damage such as for example cover
cracking, and hence incorrect estimation of the service life of the structure. This second part of
Chapter 2 presents a critical review of some of the available corrosion rate prediction models focusing
mainly on chloride-induced corrosion. In addition, general proposals, some of which may be outside
the actual scope of this study, for the improvement of these models are made.

2.11 Introduction

In the light of the paradigm shift to incorporate the corrosion propagation phase (t,) in the service life
of corrosion-affected RC structures [178-180], several models have been developed to predict times to
different corrosion-induced damages (i.e. limit states - defined in Chapter 1) such as cover cracking,
loss of steel cross-section area, loss of stiffness, etc. Even though these prediction models usually have
several input parameters, it is clear that the rate of corrosion governs their outcome either in terms of
the time to attainment of a pre-defined limit state or the level of damage at a given time. A sensitivity
analysis by Li et al. [181] showed that corrosion rate is one of the most important input parameters in
corrosion-induced damage models.

The success in incorporating t, in the service life of RC structures will therefore depend on how
accurately and realistically i can be predicted. As already mentioned, its current treatment with
respect to prediction does not match the level of importance it deserves. Instead, more focus has been
placed on the prediction of corrosion-induced damage, with little attention to the assessment and
prediction of i The result of this has been the development of several corrosion-induced damage
prediction models for a given limit state (e.g. time to corrosion-induced cover cracking). This makes
the task of selecting appropriate models difficult for practical application.

The number of available or published i prediction models is relatively small in comparison to that
for damage prediction models; this shows where the focus has been placed, as mentioned above. This
part of Chapter 2 reviews the literature on the available or published i, prediction models. It is sub-
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divided into two main sub-parts; the first sub-part presents a review of individual models while the
second one presents a summarising critique of the models.

Before proceeding, it is important to note the following:

(i) icorr is affected by many inter-related factors and can be expressed, using a factorial approach
[182], as follows:

icorr = (K KyyeonKyy) (2.48)
where ki, ko, ..., k, represent the factors affecting corrosion rate e.g. use of supplementary
cementitious materials, moisture content, cyclic wetting and drying, sustained loading, loading
history, concrete resistivity, concrete quality, cover depth, cover cracking, temperature, dissolved
oxygen concentration, chloride concentration and exposure conditions; these were covered in Part |
of Chapter 2. However, it is important to note that it may be impractical to incorporate each of

these factors explicitly in a model. Some can be incorporated indirectly in a prediction model e.g.

concrete resistivity can be indirectly used to account for temperature, concrete quality and moisture

content of the concrete.

(ii) icorr prediction models can be developed based on one or a combination of the following
approaches (a) electrochemical principles of corrosion of steel in concrete [e.g. 14], (b) statistical
analysis of experimental test results [e.g. 183], and (c) electrochemical principles of corrosion and
experimental testing [e.g. 184]. This study uses the second method to develop an empirical
corrosion rate prediction model, discussed later in Chapter 5.

(iii) The following factors should be considered in the development of i, prediction models:

— It should be (as far as possible) representative of the actual i, Characteristics in the RC
structure in its service environment.

— It should account for variability in both i.,,, and the model input parameters such as cover depth
and concrete quality. Furthermore, this variability should be taken into account using
probabilistic approaches.

— If developed based solely on either electrochemical principles of corrosion or accelerated
corrosion test results, its validation using natural corrosion data is important.

— It should be capable of being adjusted to suit the prevailing concrete and exposure conditions of
the RC structure.

The next section will present a general overview of the types of corrosion rate models and model
development techniques.

2.12 Types of corrosion models

Corrosion rate models can be grouped as either mathematical (numerical and analytical) or empirical
depending on the criterion used in their development. The following sections give an overview of the
different types of corrosion rate models, but without mention of specific available models; this will be
done in later sections.
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2.12.1 Empirical models

Empirical models are based on assumed direct relationships between corrosion and basic concrete

parameters such as w/b ratio, binder type, and also environmental conditions [185]. Such models are

usually developed using data from laboratory experiments that, by design, isolate other corrosion-

influencing parameters. Empirical models are sub-divided into three types namely [178]:

(i) Delphic oracle models: This is a systematic, interactive prediction method where corrosion rate
(and hence corrosion-induced damage) is estimated based on experts’ knowledge, usually based
on the practical experience gained from past years. However, it has not been used for chloride-
induced corrosion due to its complexity, both in terms of the process, its effects on the RC
structure and variability.

(if) Fuzzy logic models: In these models, sets of assumed relationships (e.g. between corrosion rate
and polarisation resistance) are defined hence allowing the calculation of corrosion rate using
fuzzy set theory which incorporates a simple rule-based ‘if x and y then z’ approach
(i.e. subjective uncertainty) to solving a problem rather than modelling the system mathematically
[186, 187]. It has been used to assess corrosion-induced deterioration and to estimate the
reduction in steel cross-sectional area [185]. Fuzzy set theory has been criticised in the past for its
inability to reflect different kinds of fuzzy phenomena in the natural world (e.g. corrosion
process) correctly but this has since been modified and it can therefore be applied to corrosion in
RC structures [188].

(iii) Models based on electrical resistivity and/or oxygen diffusion of concrete: These assume that
electrical resistivity and/or oxygen diffusion of concrete can, among other influencing factors, be
used to predict corrosion processes and hence corrosion-induced damage in corroding structures,
and hence RC structural performance. They indirectly take into account other corrosion-
influencing factors including exposure conditions, w/b ratio and binder type. Examples of
empirical models based on this approach include those by Scott and Alexander [16], Rodriguez
et al. [111] and Andrade et al. [189]. The model developed in this study follows this approach.

One of the main disadvantages of empirical models is that the selected variables under consideration
(for both concrete (material) and corrosion (process)) are commonly investigated in isolation from
other influencing parameters and/or the interaction thereof. Consequently such models may be limited
to the set of conditions under which they are developed. However, the limitations associated with the
models are commonly neglected. A common procedure is to carefully select and apply the most
convenient model, usually, based on the available or easily quantifiable input parameters. The
consequence could be a gross under- or over-estimation of the service life of the RC structure.

2.12.2 Numerical and analytical models

These models (also called mathematical models) comprise a set of mathematical equations which
when solved, gives approximate solutions of the subject parameter(s) over time [180]. Numerical
simulations can be used to estimate corrosion rates, the effects of changes in electrochemical
conditions, and structural response to corrosion-induced damage. One important aspect of
mathematical models is they need to be calibrated against experimental (laboratory and/or field) test
results before they can be applied. Three different approaches can be used to develop mathematical
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models namely: (i) finite element method, (ii) boundary element method and (iii) resistor networks
and transmission line method [190]. These are covered in the following sections.

2.12.2.1 Finite element method

The finite element method (FEM) is a process of approximation to continuum problems such that (i)
the continuum is sub-divided into a finite number of individual parts (referred to as elements), the
behaviour of which is specified by a finite number of parameters whose behaviour can be readily
understood, and (ii) the solution and/or understanding of the complete system is an assembly of its
individual elements i.e. the sum of sub-models [191].

With respect to RC structures, the concrete, steel and the concrete-steel interface can all be modelled
using FEM. Therefore, in FEM models, all the three aspects of interfacial properties, changes in
transport properties of the concrete with time, and the geometrical properties can be taken into
account. In FEM models, the objective is to satisfy the boundary conditions set for the problem, which
in the case of steel corrosion in concrete may include temperature, relative humidity, chloride ion
concentration (in the case of chloride-induced corrosion), concrete resistivity and the electrochemical
behaviour of both active and passive steel areas [14].

FEM models also provide the ability to easily vary the bulk concrete properties e.g. porosity.
However, the main drawback of these models is that for practical situations, the numerical size of the
model can be impractically large and hence expensive and time consuming [179, 192].

2.12.2.2 Boundary element method

Boundary element method (BEM) modelling technique requires that mesh elements, similar to those in
FEM, be created, but only on the boundary (or surfaces) of the element’s geometry. When the
approach is applied to corrosion, only the concrete-steel interfaces are modelled as opposed to FEM
models where the corrosion process is comprehensively described [179] with the objective to satisfy
the differential equations used to describe the corrosion system. Boundary conditions that can be
applied to the surface elements of the corrosion model include: (i) constant corrosion potential,
(if) constant current density and (iii) linear or non-linear relation between current density and
potential. The BEM approach is commonly used in analyses where galvanic steel corrosion is
expected to occur (e.g. where steel corrodes preferentially when in electrical contact with a different
type of metal) because of the advantage that only the surface and interface areas of the electrolyte, and
not the whole system, need to be subdivided into elements [180].

In comparison with FEM, BEM has the advantage that much fewer elements are required and that two
dimensional elements can be used to simulate a three dimensional problem. A further advantage of
BEM is the reduction of the problem dimension and hence the cost of pre-processing and mesh
generation is also greatly reduced. The main disadvantages of BEM are the requirements that the
electrolyte conductivity has to be constant and that within the electrolyte, results can only be
calculated at discrete points [180].
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2.12.2.3 Resistor networks and transmission line approach

In this approach, the relationship between the driving voltage (corrosion potential), the resistances of
the corroding system, and the electrical macrocell current, which is proportional to the corrosion rate,
can be calculated based on simplified electrical circuits (also referred to as Randle’s circuit); however,
the validity of the simple Randle’s circuit to adequately represent the steel-concrete interface is still
uncertain. Models developed using this approach consist of the driving voltage (Ue), the resistances of
steel (Rsteer), anode (Ranode), Cathode (Reatmode) and electrolyte (Reiecironyte), @and the electrical current (I¢)
flowing between the anode and the cathode (Figure 2.27).
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Figure 2.27: Simplified schematic electrical circuit model for corrosion of steel in concrete [144]

The galvanic current can be calculated using the following equation [144]:

UR,C_UR,a

o=
Ta , To | Pel (249)
A, Ac Kk

where I, is the corrosion current i.e. electrical current between the anode and cathode, Ug., Ur, are,
respectively, the equilibrium potentials at the cathode and anode, r, r. are, respectively, the specific
anodic and cathodic polarisation resistances, A,, A. are, respectively, the anodic and cathodic steel
surface areas, pe is the specific resistance of the electrolyte (concrete) and k is a cell geometry
constant. The resistance of the steel with respect to the transport of the electrons is usually ignored
because it is negligibly small compared to other active resistances.

A number of alternative electrical circuits have also been proposed incorporating additional
components such as concrete-steel interfacial capacitance in order to improve on the simulation or to
improve on the fit of the model to experimental data. The shortcoming of this approach is that a
number of influencing parameters are not taken into account e.g. the geometry of the corrosion cells,
i.e. the anode-to-cathode surface area ratio and the distance between the anode and cathode [193]. The
galvanic cell geometry determines the galvanic current and thus significantly influences the corrosion
behaviour. Although equivalent circuit model considers activation and resistance control mechanisms
of corrosion, its application to real corrosion situations in RC structures is very limited since the exact
distribution of the anodic and cathodic sites on the steel surface should be known in advance [194]

The next sections will now present a review of the available empirical corrosion rate prediction
models. Only empirical prediction models are reviewed because this study focuses on developing such
a model.
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2.13 Existing empirical corrosion rate prediction models

2.13.1 Alonso et al.’s model (1988)

The prediction model by Alonso et al. [195] is based on a statistical analysis of resistivity and
accelerated carbonation-induced i, results. Even though the focus of this study is chloride-induced
corrosion, this model is reviewed mainly because it incorporates concrete resistivity as the main input
parameter; concrete resistivity, as will be seen in Chapters 3 and 4, was one of the main parameters
measured in the experiments carried out in this study. Therefore, useful insights can be drawn from
Alonso et al.’s model. The experiments by Alonso et al. were carried out using 20 x 55 x 80 mm
mortar specimens made with various binders (plain Portland cement (PC), Sulphate resistant PC, slag
cement, Pozzolanic cement, and 70/30 PC/FA cement) with a w/b ratio of 0.50. Accelerated
carbonation was achieved by keeping the specimens in a 100% CO,-filled chamber at 50-70% relative
humidity. i Was assessed by linear polarisation resistance technique and later ascertained using the
gravimetric mass loss method. The experimental results are presented in Figure 2.28. The
mathematical expression for the trend-line in Figure 2.28 was adopted as the prediction model, with
concrete resistivity as the main input parameter, Egn. (2.50):

corr

i(:orr = (250)

ef

where K is @ constant with a value of 3 x 10* pA/cm?/kQ-cm (slope of graph in Figure 2.28) and pe
is the resistivity of the concrete at its actual degree of saturation. Alonso et al.’s [195] experimental
results show a clear relationship between i.,, and concrete resistivity.
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Figure 2.28: Corrosion rate vs. resistivity (for steel in carbonated mortars) [195]

The following can be noted with respect to this model:

— Even though accelerated tests were used without validation using natural corrosion test results,
recent studies [107] have shown a similar trend i.e. inverse relationship between corrosion rate and
resistivity.
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— The use of small (mortar) specimens (20 x 55 x 80 mm) may have a size-effect on the experimental
results [196].

— The nature of corrosion products at 100% CO, concentration may be significantly different from
that in natural exposure conditions.

— In addition to concrete resistivity, i in concrete can be affected by, among other factors, the
presence of cracks, concrete cover depth and concrete quality [197].

— Variability of factors influencing corrosion rate was not taken into accounted.

— Itis not clear whether the i, predicted by the model is a long-term/stable i, Or not.

However, even though shortcomings of this model can be cited, it provides a clear indication of the
possibility of using concrete resistivity as a potential corrosion indicator. The electrical resistivity of
concrete provides indications on the pore connectivity and therefore, on the concrete resistance to
penetration of fluids; it can therefore be related to reinforcement corrosion [198].

2.13.2 Morinaga’s model (1990)

Two empirical models, each for carbonation-induced and chloride-induced i, Were developed by
Morinaga [199]. Only the chloride-induced prediction model is presented here. Chloride-contaminated
specimens were exposed to outdoor environment for a 10-year period. The experimental variables
included cement (PC), w/b ratio (0.40, 0.55 and 0.70), admixed chloride content (0, 0.1, 0.5, 1.0, 1.5
and 3.0% as NaCl by mass of mixing water) and cover (4, 5, 6, 8, 9, 12, 13, 16, 20, 22, 27, 29 and
37 mm). Corrosion rate was determined by gravimetric mass loss method. Equation (2.51) represents
the model developed after a regression analysis (R? = 0.95) on the experimental results:

o =2 (- 0.51-7.60C, +44.97(/b)’ +67.95C, (w/b)’ ) (2.51)

corr

o |

where i is the corrosion rate (x 10 g/cm?/year), Cg is the chloride content in the form of NaCl
(% by mass of mixing water), dy is the diameter of reinforcing steel (mm) and d in the cover thickness
(mm). It is important to note that the model does not incorporate environmental parameters such as
temperature and relative humidity. In order to develop a more comprehensive model, the effect of
environmental parameters on the chloride-induced corrosion rate was investigated by exposing grout-
coated reinforcing steel to different environmental conditions of temperature (20 and 40 °C), relative
humidity (0, 51, 62, 100% and submerged) and O, concentration of air (0, 10 and 20%) for 8 years.
The improved model (R? = 0.85) was expressed as:

icorr = 2.59—0.05T — 6.89(h —0.45)— 22.87C5" —0.99C,, +0.14(h - 0.45) (2.52)
+0.51ITCS" +0.01TC,, +60.81(h —0.45);" +3.36(h — 0.45)C,, +7.323'C,

where T is the temperature (°C), h is the relative humidity (%) and Cgi; is the concentration of oxygen
in the air (%). However, in the ‘improved’ model (Eqn. (2.52)), there are still no parameters relating to
concrete quality (e.g. binder type and wi/b ratio), yet they can significantly affect the resulting
corrosion rate, as was seen in Part | this chapter.
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Even though Morinaga’s models can be considered to be quite comprehensive since they are built on
long-term data covering a large number of test variables, the parameters were considered
independently, and no guideline was provided for merging them. Under natural exposure conditions,
these parameters cannot be considered independently. It should also be noted that because grout-
coated reinforcing bars were used instead of steel embedded in concrete, extrapolating the results to
concrete may not be valid since many properties (e.g. porosity, water content, diffusivity) of grout
may be substantially different from those of concrete.

Finally, it should be noted that Morinaga’s models show that factors such as cover depth, concrete
quality (w/b ratio), chloride content, dissolved oxygen content, relative humidity and temperature
affect corrosion rate and should be taken into account depending on the exposure conditions.

2.13.3 Morinaga’s model (1996)

Morinaga [200] proposed a further model for predicting i, Of Steel in cracked concrete based on the
assumption that in cracked concrete, i, increases due to the abundant supply of oxygen and moisture.
Hence, it was assumed that steel in cracked concrete will corrode at the same rate as that exposed to
the atmosphere. An experiment was therefore carried out in which bare reinforcing steel specimens
were exposed to six different environmental conditions of temperature and relative humidity, and the
steel mass loss measured over a 3-year period. The relationship between the mass loss
(Meorr X 10 g/cm?), environmental parameters and exposure time was presented as:

My = Beoy t (2.53)

where t is the exposure duration (years) and B, is a corrosion rate coefficient and is a function of
exposure temperature and relative humidity (Figure 2.29). Although the presence of cracks on the
concrete cover has been found to affect i in RC structures [16, 33, 83, 142, 147], the hypothesis
used in the study by Morinaga (i.e. assuming that the i, in cracked concrete would be the same as
that in freely corroding steel) is subject to debate. For example the exposed steel surface areas and
exposure conditions in the two cases are significantly different. Further, the formation of anodes and
cathodes on the steel surface as well as the kinetics of corrosion can also be expected to be different.
Finally, it must also be mentioned that the data used to determine the corrosion rate coefficient, B,
in Figure 2.29 was scanty.
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Figure 2.29: Relationship between coefficient of i, in Eqn. (2.53) and temperature [200]
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2.13.4 Katwan et al.’s model (1996)

Katwan et al. [201] proposed an empirical model using corrosion rate data obtained using the
electrochemical noise (ECN) technique. Measurements were made on full-scale RC beams
(150 x 250 x 3000 mm) under dynamic (0.17 Hz) and static loading, and exposed to a corrosive
environment (3.5% NacCl solution). Results from short and long-term tests suggested that for a given
test condition, the i Can be predicted from the standard deviation (SD) of the half-cell potential
(HCP) readings obtained using the ECN method. Although Katwan et al. [201] did not provide a
mathematical expression for the relationship between corrosion current (I, wA) and SD of the HCP
from the ECN technique, it is similar to that obtained by Page and Lambert [202] as shown in
Eqgn. (2.54):

Log! =0.171+0.823.0g(SD ,cp ) (2.54)

The following can be noted with respect to this model:

The use of HCP to assess corrosion has been criticised in the past for its instability depending on the

prevailing measurement conditions; there is no general correlation between ic and HCP [28]. In

most cases, for practical applications, HCP measurements need to be complemented with other

corrosion assessment techniques e.g. corrosion rate measurement.

— The use of ECN technique in the field of RC is not common (or well established) and therefore
limits its practical applicability.

— In their work [201], Katwan et al. reported that the SD was sensitive to changes in the rate of
sampling by the ECN technique but no guidance was provided on how to account for this.

— Itis not clear whether the i, predicted by the model is a long-term/stable i, Or not.

2.13.5 Liu and Weyers’ model (1998)

Liu and Weyers [183] developed an empirical model based on statistical analyses of experimental
results obtained from a 5 year accelerated corrosion testing programme on 44 uncracked bridge deck
slabs (1180 x 1180 x 216 mm) with cover depths of 25, 51 and 76 mm, w/b ratios of 0.41, 0.42, 0.43
and 0.45 and binder contents ranging from 337 to 382 kg/m®. Different levels of accelerated corrosion
rates were achieved by varying the amount of admixed NaCl from 0 to 7.2 kg/m®. The specimens were
exposed to outdoor conditions during the test period. Corrosion rate was measured using the LPR
technique (3LP and Gecor devices were used). Liu and Weyers found that the dynamic corrosion
process of steel in in-service concrete is a function of the chloride content, temperature, resistivity of
the concrete and active corrosion time. The outcome of statistical analyses of the results was a non-
linear regression i, prediction model presented in Eqgn. (2.55):

3903896 29091

iy, =10247+10.09In(1.69CI) — 0.00150 — + (2.55)

where i is the 3LP corrosion rate (nA/cm?), Cl is the total chloride content at the steel level (kg/m®),
T is the temperature at the steel surface (K), p = e8030549INI+LECD g the resistivity of the cover concrete
(Ohm) and t is the corrosion time (years). The following can be noted with respect to Liu and
Weyers’s model:
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— Although concrete cover was a variable in the experimental set-up, it is not an input parameter in
the model. This was based on their statistical analysis of the results, but may also be partly due to
the use of admixed chlorides. The absence of cover as an input parameter in the proposed model
suggests that it has no influence on i this stands in contrast to results reported by various
researchers indicating that concrete cover affects both corrosion initiation and its propagation
[e.g. 16, 83].

— Similar to previous models discussed, it is not clear whether the i, predicted by the model is a
long-term/stable i, Or not.

— Similar to Morinaga’s models [199], Liu and Weyers’ model shows that factors such as chloride
content, concrete resistivity and temperature affect corrosion rate and should be taken into account
depending on the exposure conditions.

2.13.6 DuraCrete model (1998)

The DuraCrete model [203] is an attempt to improve on Alonso et al.’s model [195] and proposes the
incorporation of other i -influencing factors by the introduction of coefficients or correction factors
in the model as shown in Eqgn. (2.56):

k

icorr = ﬁ FCI Fgalv Foxide Foxy

pt)=p, f, f{ttjn

0

(2.56)

where ke is @ constant regression parameter (10%), Fq, Fgav, Foxide and Foy, are factors to take into

account the influence of, respectively, chloride content, galvanic effects, continuous formation and

ageing of oxides and availability of oxygen on i, p(?) is the resistivity of concrete (Q2-m) at time t, p,

is the resistivity of concrete (©2-m) at time t,, n is a factor which takes into account the influence of

ageing on p,, f. is a factor which modifies p, to take into account the influence of the exposure
environment and f; is a factor which takes into account the influence of the resistivity test method. The
following can be noted with respect to the DuraCrete model:

— Even though the DuraCrete model [203] attempted to improve on Alonso et al.’s model [195], it is
still inherently susceptible to criticisms similar to those for Alonso et al.’s model as they are based
on the same background. Furthermore, Alonso et al.’s model was based on carbonation-induced
corrosion and hence its extension to chloride-induced corrosion is questionable.

— Although a number of factors influencing i.. are suggested, no mention is made with respect to
their quantification i.e. no guidelines are given on how to obtain or predict the values.

— It is not clear whether the i, predicted by the model is a long-term/stable i, Or not.

— The DuraCrete model shows that factors such as chloride content, concrete resistivity, concrete
quality and oxygen availability affect corrosion rate and can be used in its prediction. However, this
should depend on other factors such as exposure conditions and concrete quality (binder type and
w/b ratio) which influences concrete resistivity and penetrability.
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2.13.7 Vu and Stewart’s model (2000)

Vu and Stewart [204] developed an i. prediction model based on the assumption that O, availability
at the steel surface (which depends on, among other factors, concrete quality, cover depth and
environmental conditions such as temperature and relative humidity) is the governing factor. This was
due to the consideration that for many locations in Australia, US, Europe and Asia, the average
relative humidity (RH) is > 70%. For an ambient RH of 75% and a temperature of 20 °C, the influence
of w/b ratio and cover depth (c, in cm) on corrosion rate up to 1 year (icorrq1), LA/cm’) after the end of
the corrosion initiation phase was expressed empirically as shown in Egn. (2.57):

37.8(1—w/b) Led (2.57)
c

corr(l) =

During the propagation phase i is expressed as follows (Eqgn. (2.58)):

icorr = lcorr() 0.851'50'29 = (32'13(1_\/\// b) ™ jtpo'zg (2.58)
Cc

where t, = t - t;, t is the time to which i is to be predicted and t; is the time to corrosion initiation.
Plotting Eqgn. (2.58) for a selected set of input parameters, as shown in Figure 2.30, indicates that the
model results in a decreasing i With time; this is contrary to the expected variability in ig
depending on the prevailing concrete and exposure conditions, which vary from time to time. In
addition, the initial i, is at the start of corrosion propagation is unexpectedly high. This trend is the
reverse of what should be expected i.e. corrosion rate in the propagation phase should initially increase
gradually with time but at a rate depending on the existing exposure conditions. It is unlikely that such
a trend and high initial corrosion rates are obtained in in-service RC structures. Furthermore, it is
necessary to note that the model does not take into account the variation in concrete quality with
change in binder type, at a constant w/b ratio.

15.0 Cover: 50 mm, w/b: 0.40

Corrosion rate (igorr, pA/cm?)

0 10 20 30 40 50 60 70 80 90 100

Time after corrosion initiation (years)

Figure 2.30: Variation of predicted ic, with time as per Vu and Stewart’s model [204]

Later in 2005, Vu et al. [205] attempted to improve Vu and Stewart’s model [204] to account for the
time-variant nature of ic by replacing the constants ‘0.85” and ‘-0.29’, respectively, with « and
(Egn. (2.59)) whose values depend on whether the ic iS time-variant or not. For time-variant ig, o
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and g are, respectively, 0.85 and -0.29 [204], while for time-invariant i, & and g, respectively, are
1.0 and 0 [205]. The issue of time-variant nature of corrosion rate will be discussed in detail later in
section 2.14.1.

. 37.8(1-w/b) ™%
leorr =[C aty (2.59)

Finally, it must be noted that the models by Vu and Stewart show that concrete quality (w/b ratio) and
cover depth are important parameters that should be taken into account in the prediction of corrosion
rate.

2.13.8 Scott’s model (2004)

Scott’s model [10] was developed using results from an experimental set-up comprising cracked beam
specimens (120 x 120 x 375 mm) with 0.2 and 0.7 mm crack widths, concrete cover depths of 20 and
40 mm, a constant w/b ratio of 0.58 and a variety of binder types: 25/75 PC/GGBS, 50/43/7
PC/GGBS/Silica fume (SF), 50/50 PC/GGBS, 70/30 PC/FA, 75/25 PC/GGBS and 93/7 PC/SF. The
proposed iqorr prediction model was expressed as shown in Eqn. (2.60):

3
: ccl 40-¢ ccl
icorr = (1.43f9°+ o.ozjex{( >0 jxl.Z[f%J } (2.60)

where f is a slag correction factor, f = 101*>595*S) (where S is the slag concentration expressed as a
decimal e.g. 0.25 for 25%), CClg is the 90-day chloride conductivity index value (mS/cm, see
Appendix D for test procedure) [206] and c is the concrete cover depth (mm). A plot of Egn. (2.60) for
a selected set of input parameters is presented in Figure 2.31.
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Figure 2.31: Plot of Scott’s prediction model (values from [33])

The following can be noted with respect to Scott’s model:

— Even though corrosion rate in blended cement concretes are usually relatively low (and virtually
constant with change in cover depth) compared to that in PC concretes, the predicted corrosion rates
for the GGBS concrete are unrealistically low.

— Although the model was developed using data from cracked specimens, it does not explicitly
incorporate crack width as an input parameter. The applicability of this model to different scenarios
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other than those used during its development has not been conclusively ascertained in subsequent
similar studies e.g. in Otieno et al.’s [33] study.

— Similar to other models already discussed, it is not clear whether the i, predicted by the model is a
long-term/stable ig, Or NOt.

— Scott’s model, similar to Alonso et al.’s [195], also underscores the possibility of using concrete
resistivity (or its inverse conductivity) as a potential corrosion indicator and hence a service life
prediction model input parameter.

— Even though concretes made using different supplementary cementitious materials (e.g. FA, GGBS)
can exhibit the same chloride conductivity index value but different diffusion coefficients mainly
due to differences in chloride binding capacities [30, 100], this does not seem to be incorporated in
the model.

2.14 Summarising critique of existing corrosion rate prediction models

A number of empirical corrosion rate prediction models have been presented, discussed and critiqued
in the previous sections. The following sections present a summary of the salient issues relating to
these models.

2.14.1 Temporal variability of corrosion rate

Corrosion rate in RC structures is affected by several factors that vary with time and with continued
ageing of the structure e.g. moisture content (relative humidity), temperature, O, concentration, CI”
concentration, OH™ concentration, concrete resistivity, concrete penetrability and pH. Consequently,
corrosion rate is also expected to show a similar variability and should be treated as such. This
phenomenon has been appreciated by some researchers [e.g. 183, 207, 208] but is yet to be
successfully incorporated in prediction models mainly because it requires prior knowledge of the
temporal and spatial distribution of the factors affecting corrosion rate at every time-step during the
propagation stage [14]. This is the main challenge towards incorporating the time-variant nature of
corrosion rate in prediction models, and more experimental and numerical studies are still needed.
Currently, the available empirical and mathematical (numerical and analytical) models are valid for
predicting corrosion rate only up to a time equivalent to the age of the experimental data used to
either, respectively, develop or validate them.

Temporal variability of corrosion rate can be accounted for by taking into account the variation of the
factors that affect it directly or indirectly (see Section 2.7 on factors affecting corrosion propagation).
The main challenge with this is that it requires accurate forecasting and quantifying the factors
affecting corrosion rate, a task which is currently not possible due to the heterogeneous nature of
concrete properties and variations in environmental exposure conditions. Some numerical-based
studies [e.g. 13] have attempted to overcome these challenges but the practical application is still
limited.

2.14.2 Influence of cover cracking on corrosion rate

Pre-corrosion load-induced cracking and crack characteristics can significantly influence both
corrosion initiation and its propagation; its influence should certainly be taken into account when
dealing with corrosion in RC structures. The effect of crack width and concrete quality (binder type
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and w/b ratio) on iqr, Obtained from experimental studies by Scott [10] and Otieno et al. [33] were
summarised in Figure 2.23 and Figure 2.24. To demonstrate the significance of the effect of crack
width, concrete quality and resistivity on i, Alonso et al.’s model [195], Egn. (2.50), is compared
with results obtained by Otieno et al. [112] (Figure 2.32).

1.2 1 PC-40: 100% PC with w/b ratio, 0.40
oC.55 PC-55: 100% PC with wib ratio, 0.55
H SL-40: 50/50 PC/GGCS with w/b ratio, 0.40
1o ot | PC-40 SL-55: 50/50 PC/GGCS with wib ratio, 0.55
: y =2.70x°7 & I
R?=0.88 I~ | Concrete cover: 40 mm
RN |
& 0.8 - S
£ : 1.
< y = 2.12x%% E ..
= 2 : .
S 06 - RE=078 I . sL-s5, 40
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8 04 1 NG 3 !
_ - | |
y: 1.86x°% E | 0.4 mm cracked
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Figure 2.32: Effect of cracking, concrete quality and resistivity on icor
(comparison of Alonso et al.’s model [195] and Otieno’s results [67])

Even though the corrosion mechanisms (chloride-induced corrosion for Otieno et al. and carbonation-
induced corrosion for Alonso et al.) in the two studies are different, this comparison shows that crack
width, concrete quality and resistivity are important factors when predicting icr. Concluding from the
data presented in Figure 2.32, a general relationship between i, and concrete resistivity (p) may be
expressed as (Eqgn. (2.61)):

—m

icorr = Ko (2.61)

where k and m are coefficients depending on crack width, concrete quality and/or resistivity. It is
therefore important that, among other factors that affect corrosion rate, cracking is incorporated in icor
prediction models. However, it is important to note that both Alonso et al.’s and Otieno et al.’s data
were obtained from accelerated tests and should be verified with natural corrosion results.

Based on the discussion here, and on the review presented earlier in Section 2.7.8 (i.e. effect of

cracking on corrosion), it is therefore important to appreciate the influence of load-induced cracking

on corrosion rate when developing prediction models so that they can be representative of real

structures [33]. The following should also be noted:

(i) The effect of cracking and concrete quality should be directly or indirectly accounted for in
corrosion rate prediction models.

(if) Inasmuch as corrosion rate prediction models for uncracked RC concrete structures cannot be
applied to cracked ones, the reverse is also not applicable.
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2.14.3 Corrosion rate measurement techniques

Different assessment techniques and instruments can be used to quantify i, both in the laboratory and
in the field. However, significant differences have been reported between different instruments when
used to measure icor under the same conditions [183, 209]. For example, Liu and Weyers’ [183, 210]
reported that the difference among three iy, assessment techniques (gravimetric mass loss, three
electrode linear polarisation device (3LP) and Gecor 6) was more than an order of magnitude; up to a
factor of 17 with the 3LP being highest. Furthermore, in addition to the i, values differing from one
measurement technique to another, they also differed from the actual (gravimetric) values. The Gecor
and 3LP i., values were, respectively, conspicuously higher (up to 261%) and lower (up to 84%) than
the gravimetric results (which are usually used in the laboratory to depict actual ic). It is therefore
important that the assessment technique to obtain the iy, data used during the model development
stage is reported. In this way, adjustments can be made to obtain relevant i values for use in the
model.

In addition to different assessment techniques giving different results under the same measurement
conditions, other techniques such as half-cell potential (HCP) measurement have been reported to give
varied results depending on the measurement conditions. With respect to HCP, studies have shown
that there is no general correlation between i.,, and HCP [28]. Furthermore, the HCP values can only
be interpreted to give the likelihood or expected severity of corrosion in the structure. The use of such
a measurement technique as the only source of data for model development (for example as done by
Katwan et al. [201]), may therefore not be ideal.

In general, i results from different corrosion assessment techniques should be carefully interpreted
and/or compared bearing in mind the technique employed.

2.14.4 Reinforced concrete versus reinforced mortar specimens

Prediction models developed using data obtained from corrosion tests carried out using reinforced
mortar (RM) specimens [e.g. 175, 195, 211] may not be representative of in-service RC structures,
mainly because the properties of mortar are different from those of concrete and can neither be used
nor claimed to simulate the latter. For example, use of mortar minimises the effect of aggregate on
crack propagation [211], influences chloride ingress [62] and may also result in different mechanical
or interfacial properties. Further, previous studies have shown that the presence of aggregates
influences chloride ingress [212]. It is therefore recommended that RC specimens are used as opposed
to RM ones, in a bid to close the gap between in-service and laboratory specimens. Tuutti [76] stated
that corrosion studies of steel embedded in concrete should be carried out in concrete, and that
experiments in which a different ‘environment’ (such as mortar or simulated pore solutions) is used
entail a further variable whose effect can be misinterpreted. In fact conflicting research results which
have previously been reported on this subject may be due to the use of non-concrete environments.

2.14.5 Accelerated laboratory tests

The use of accelerated galvanostatic or potentiostatic corrosion tests in the laboratory has become a
common technique to simulate corrosion-induced damage in RC structures, mainly because results can
be obtained within a short period of time. However, this technique has been criticised for not being
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representative of the natural corrosion process and hence the results obtained from such tests may not
be reliably extended to real structures [158, 159]. Furthermore, previous studies [e.g. 158] have shown
that the use of Faraday’s law to obtain corrosion rates from such tests may not be valid and leads to
over- or under-estimation of mass losses. In most studies, 100% current efficiency is assumed i.e. all
the applied or resulting current is assumed to be consumed in the dissolution of steel [158]. However,
this may not be the case because (i) acidification (to a pH of approximately 3) developed by the
progressive corrosion may induce a simultaneous additional corrosion [158], (ii) there are parts of the
metal that may not dissolve electrolytically but that spall from the metal surface when the surrounding
material is oxidised [158], (iii) heat generation may cause losses in current [159], and (iv) some of the
current may be lost to corrosion of metallic support pedestals (if present) [160]. For example, results
by Ballim and Reid [160] in an accelerated corrosion study to investigate the effect of corrosion on
beam deflection, showed that Faraday’s law over-estimated mass loss and that the current efficiency
was less than 100%; some of the results are presented in Table 2.7. Ballim and Reid [160] further
suggest that the difference between the extent of corrosion determined by the two methods also
confirms that, while the anodic reaction may be the dominant reaction, it may not be the only reaction
taking place at the corrosion sites.

Table 2.7: Comparison of gravimetric and Faraday’s law to quantify corrosion rate [data from 156, 160]

Current efficiency Mass loss (%) Difference between mass loss obtained by
(%) Gravimetric Faraday's law gravimetric method and Faraday's law (%)
69.6 5.61 8.06 44
63.6 5.88 9.24 57
69.5 6.38 9.18 44
71.1 6.56 9.23 41
720 7.98 11.08 39
75.0 8.47 11.30 33

Further, EI Maaddawy and Soudki [156] found that the degree of variation between predicted (based
on Faraday’s law) and measured mass loss is also dependent on the amount of impressed current
density applied (see Figure 2.33). Similar results were also obtained by Malumbela [174]. It is
therefore important that results from accelerated tests are used with care to validate humerical and
analytical models e.g. by using acceleration factors to obtain equivalent natural corrosion rates [205,
213].
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Figure 2.33: Comparison of predicted vs. measured mass losses for different current densities [156]
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It is also important to note that there is no standard acceleration test method for steel corrosion in
concrete. In most cases, specimen geometry and test parameters are selected to suit the investigation at
hand. In the case of chloride-induced corrosion, the accelerated ASTM G-109 [171] test method,
which was originally developed for testing the performance of corrosion inhibitors in concrete, is
usually modified and used to carry out experiments on steel corrosion in concrete [214-216]. However,
despite being an accelerated test, it has been criticized for its long testing periods especially when
good quality concrete is used, for example, due to low w/b ratio or use of supplementary cementitious
materials such as FA and GGBS [217].

2.14.6 Model input parameters

One of the major drawbacks of existing corrosion rate prediction models is the difficulty in obtaining
accurate and easily quantifiable input parameters. Most of the existing models have input parameters
(e.g. temperature, oxygen content and chloride concentration) which, due to the inability to easily
obtain actual values, are usually estimated based on laboratory tests. Take for example the DuraCrete
model, Egn. (2.56), where corrosion rate is presented as a parameter depending on a number of input
variables such as chloride content, galvanic effects, continuous formation and ageing of oxides, and
availability of oxygen, but no mention is made with respect to their quantification i.e. no guidelines
are given on how to obtain or predict the values. Further, a critical examination of some corrosion rate
prediction models [e.g. 10, 218, 219, 220] indicated that they are not universally applicable and that,
for accurate results to be obtained, it is necessary that the models are validated and/or calibrated using
long-term results. However, the universal applicability of a prediction model, especially an empirical
one, should not be taken as a model weakness so long as, at least, it is reasonably accurate and
practically applicable to RC structures in exposure conditions similar to those used to obtain date used
in its development.

2.14.7 Size of test specimens and sample size

It is common that (accelerated) laboratory tests, and even field tests, are carried out using small-sized
as opposed to real-sized RC specimens mainly due to cost, space and testing equipment constraints
[10, 159]. Specifically, accelerated corrosion damage tests carried out using such specimens may not
be representative of the real RC structure with respect to its response to applied loads and corrosion-
induced damage. These models are usually developed based on isolated RC specimens [159, 221],
which in most cases are beams. It is important to appreciate that the response of an isolated RC
member may not be the same as that of the same member when considered as a part of the RC
structure as a whole. However, due to the complications that may be associated with carrying out tests
on real structures, the use of isolated elements may be justified. The interpretation of the isolated
member behaviour should therefore be clearly distinguished from that of the structure.

The sample size used to obtain data, especially for the purposes of model validation, is also an
important aspect to consider. The need for a statistically sufficient number of test specimens, even
though costly, is paramount if the data collected are to be considered reliable [222]. A good factorial
experimental design can limit the number of test specimens while still achieving the requirements for a
statistically representative sample size.
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2.14.8 Validation of models

Performing accelerated corrosion experiments is a common technique to simulate corrosion-induced
damage in RC structures. Consequently, most of the existing i prediction models (see Section 2.13)
have been developed using results from accelerated experiments. Such models should be validated
using natural i, data. This is an important stage in ensuring that the model is representative of the
actual performance of in-service RC structures.

2.14.9 Accounting for variability

Variability of model input parameters is important and should be modelled in such a way that realistic
results, and hence decisions, can be derived from the model. In order to adequately account for the
variability in iy, it is important that the variability of the ico-influencing factors such as cover depth,
cracking and concrete quality are taken into consideration. The outcome of such an approach should
be ranges of expected i.,r and not single point ones.

However, accounting for variability should not only be taken to mean a statistical analysis of i, data,
regardless of how rigorous the process may be. It requires availability of not only a representative
sample but also accurate data. None of the available models that were reviewed in Section 2.13 is
based on probabilistic analysis. The development of a probabilistic model has been hindered mainly
by lack of adequate data to determine relevant statistical distributions for the various factors affecting
icorr [203]. Further, it is important to ensure that if a data-set comprising results from different sources
is used, the sub-sets must be compatible especially with respect to, for example, the measurement
techniques.

Taking into consideration the critique on the use of accelerated corrosion experiments discussed
earlier, it may be debatable as to whether a stochastic model developed using data from an accelerated
corrosion testing regime is valid or not for application to real structures. The use of natural i, data
would be ideal but in its absence, using data from accelerated tests appears acceptable subject to the
model being validated in future as natural i.,, data become available.

2.15 Closure - review of corrosion rate prediction models and the need for further research

This part of the literature review covered various existing corrosion rate prediction models, and it was
shown that there are still significant challenges that need to be addressed. Notwithstanding this,
tremendous strides have been made in the recent decades with respect to understanding the corrosion
propagation process, its effects on RC structural performance and prediction. Furthermore, the
improvements have enabled the advancement of steps towards the development of pro-active
maintenance strategies for the management of corrosion-affected RC structures even though more
work still needs to be done to make the process both optimal and sustainable. The review presented
demonstrated that:

(i) The inherent variability of both the corrosion process and its governing factors should be
accounted for in the prediction models. Attempts to achieve this have been made although more
work is still required.

(if) Service load-induced cracking, crack properties (width, density, orientation, self-healing potential
and activity or dormancy) and the mechanical damage at the steel-concrete interface have been
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acknowledged to have an effect on corrosion propagation. This study focuses on the influence of
crack width on corrosion rate even though the other crack characteristics can be equally
important.

(iii) Much research on model development and/or validation is carried out using data from laboratory
accelerated corrosion tests as opposed to data from in-service RC structures. Furthermore, there is
a need to find a correlation between accelerated and natural corrosion rate. This will enable the
use of accelerated corrosion rate results in a more confident way than is now the case. In this
study, both accelerated and natural corrosion experiments were carried out in parallel in an
attempt to overcome this shortcoming.

In summary, even though the existing corrosion rate prediction models have been critiqued in the
review presented in this chapter, it is important to acknowledge that effort has been made by various
researchers to predict corrosion rate in order to facilitate the quantification of the propagation phase.
These are summarized in the following three points:

1. It is difficult to obtain a universally applicable corrosion rate prediction model. This is because
corrosion rate of steel in concrete depends on a variety of inter-related factors some of which are
additive, synergistic, or opposing. In any given situation, of importance is to identify the corrosion
rate governing parameters depending on the exposure environment and other factors such as
whether the cover concrete is cracked or not, concrete resistivity, concrete quality, and so on.
Specifically, in the case of empirical models which rely on experimental data, it is only possible to
consider a limited combination of factors affecting corrosion rate at a time. This makes such
models have limited application with respect to the experimental set-up used in their development.
However, because of their simplicity in form and ease of quantification of the input data in in-
service RC structures, they are very common.

2. Even though corrosion rate is affected by many inter-related factors, the empirical prediction
models reviewed showed some similarity with respect to input parameters. These are summarized
in Table 2.8. From this summary, it is clear that most of the input parameters such as concrete
resistivity, cover depth, concrete quality (binder type, w/b ratio and ageing) and chloride
concentration at the steel level can be easily measured in in-service RC structures. Even though
some input parameters such as oxygen concentration and temperature are also used in some
models, they are not easily quantifiable in in-service RC structures. However, the ease of
guantification should not be explicitly used to determine which parameters to incorporate in a
prediction model - but it can serve as a rough guide especially for experimental design purposes. It
is important that other factors such as type of corrosion (carbonation-induced or chloride-induced),
exposure conditions and the presence of cover cracking are also taken into account if necessary. It
is also important to note that with respect to the development of empirical models, which is the
approach used in this study, easily quantifiable parameters are usually selected. This may be the
reason why some parameters such as concrete resistivity, quality and cover, in addition to being
important corrosion rate-governing parameters, are also the most common input parameters in the
prediction models.

3. Following on (2), is it also important to note that even though empirical corrosion rate prediction
models may be limited to the experimental set-up used in their development, useful insights can be
drawn from these models in respect of the input parameters used in the models and the general
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relationship between corrosion rate and these parameters. This can in turn help in the selection of
design parameters such as cover depth, concrete quality (binder type and w/b ratio) and limiting
cover crack widths for new structures. For example, it can be seen from the review carried out in
this chapter that corrosion rate is, in general, inversely proportional to concrete resistivity, concrete
quality and cover depth. Therefore, even though these models may be limited in their scope of
application, they can still provide useful information for the selection of suitable combinations of
corrosion-influencing parameters.

Table 2.8: Summary of common input parameters for empirical corrosion rate prediction models

Reference Co'nc.re.te wlsonCI:;elerjamy .| Temperature Cover Chloridg Oxygen' RthC I I‘i)r:izif:’enr
resistivity ratio | type Ageing depth |concentration | concentration (:(‘;:ez; itation

Alonso et al . (1988) v - - . - _ _ _ _ _

Morinaga (1990)" v v - _ v _ _

Morinaga (1996)" - - - - v _ _ _ v

Liu and Weyers' (1998)° v - - - v - v _ _

Duracrete (1998)° v - - v - v _ _

Vu and Stewart (2000)° - v - - - v _ _ _

Scott (2004)° - % _ _ v _ _ _ _

& Carbonation-induced corrosion rate prediction model
®: Chloride-induced corrosion rate prediction model
% Relative humidity
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Chapter 3

Laboratory and field investigations

3.1 Introduction

This chapter presents details of the laboratory-based and field-based corrosion experiments, and the
related tests carried out in this study. The underlying objective is to establish empirical correlations
between cracking, crack width, concrete quality, cover depth and concrete resistivity on chloride-
induced corrosion rate. In Chapter 2, it was shown that corrosion rate (i) is affected by several inter-
related factors whose quantification still presents a challenge in the development of corrosion rate
prediction models (see Equation (2.48), Chapter 2). The different possible combinations of the factors
affecting corrosion rate is evidence of how challenging it is to model corrosion rate. However, under
natural conditions, only some of these factors may prevail with only a few being dominant
(i.e. corrosion rate-governing). Therefore, the main problem is the selection and replication of the
salient corrosion rate-governing factors (or isolation of the ‘less influential” ones) in either laboratory-
based tests or mathematical models. There is still no clear guidance in the literature on how it should
be handled. In this study, the main corrosion-affecting factors investigated are concrete quality (binder
type and w/b ratio), concrete resistivity, cover depth and surface crack width. The criteria used to
select these parameters are covered in this chapter.

The literature review in Chapter 2 not only pointed out positive developments in the modelling of steel
corrosion in RC structures, but also highlighted some of the challenges associated with the
development and application of corrosion rate prediction models. However, as was mentioned in
Chapter 2, it is not within the scope of this study to provide redress to all those issues. Attempt was
made to address only those that are in line with the objectives, and within the scope of this study.

3.2 Selection of the experimental corrosion rate-affecting factors

As stated in the previous section, corrosion rate of steel in concrete is a multi-factor dependent
phenomenon. Further, and more importantly, it is an electrochemical process in which three
mechanisms may be used to limit it: anodic control, cathodic control and resistivity control (these were
covered in Chapter 2). A combination of these can also be used. These forms of corrosion control
played an important role in selecting the concrete parameters to include in the experimental set-up.

Cathodic control is mainly concerned with oxygen availability at the cathode and hence becomes
dominant when the concrete is highly saturated (e.g. in submerged conditions or in saturated soil) or
when the concrete cover is sufficiently thick to ensure that oxygen concentration at the steel level is
very low [1]. Anodic control occurs when the steel is still in the passive state i.e. when the passive
protective film on the steel surface is still present. This passive film limits further dissolution of iron
resulting in very low reaction rates despite the availability of oxygen to sustain higher reaction rates.
In chloride-induced corrosion, the dissolution of the passive film occurs when the chloride content at
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the steel reaches a threshold concentration. As stated in Chapter 2, the chloride threshold is not a
universal value for all concretes; it is affected by, among other factors, cover thickness and quality,
and chemistry of the binder [2]. Finally, resistivity control is the main corrosion rate-controlling factor
in non-saturated or semi-saturated concrete conditions. It limits the corrosion rate by hindering the
mobility of hydroxyl ions (OH") between the anode and cathode. Concrete resistivity, as was discussed
in Part | Chapter 2, is affected by a variety of factors including level of moisture saturation, presence
of chlorides in the pore solution and binder type. The inclusion of supplementary cementitious
materials, which greatly affect the concrete pore structure and solution and its chloride binding
capacity [3], also has a major influence on concrete resistivity. Therefore, both the pore solution
chemistry and physical properties of the cover may have an influence on the corrosion rate of steel in
concrete.

In summary, based on these fundamental corrosion rate control mechanisms, the following factors
were considered relevant and hence included directly or indirectly in the experimental set-up: concrete
resistivity (by varying both binder type and w/b ratio), concrete penetrability (by varying both binder
type and w/b ratio), cover depth, and condition of the cover (by incorporating flexural cracks). It is
important to mention that in addition to these fundamental corrosion rate-controlling factors, other
factors such as temperature [4], chloride content at steel level, degree of concrete saturation, oxygen
availability and loading level [5] are also important. However, in this study, these were not
incorporated in the experimental programme but can be inferred from literature. For example the
influence of temperature on corrosion rate (and even concrete resistivity [6]) can be taken into account
using the Arrhenius law (see Chapter 2 Part I).

The following sections present both the experimental variables and set-up used for both the laboratory-
based and field-based experiments. Before proceeding it is important to mention that both the
laboratory-based and field-based experiments were carried out in parallel.

3.3  Experimental variables

3.3.1 Binder types

Three binder types, PC (CEM | 42.5N), GGBS and FA, were used. Except for concrete used to make

reference specimens using 100% PC, PC was blended with either GGBS or FA based on commonly

used replacement ratios in the (South African) construction industry for marine concrete. These are
summarized below:

(i) 50/50 PC/GGBS blend: Blast furnace slag is a non-metallic material consisting essentially of
silicates and alumina-silicates of calcium. It is a latent hydraulic binder and is typically used to
replace between 35 and 65% of PC in concrete. However, previous studies have shown that a
50/50 replacement ratio provides optimum results with respect to resistance to chloride
penetration in concrete [7].

(i) 70/30 PC/FA blend: Fly ash, a by-product from the combustion of pulverized coal, is a
pozzolanic material. Its pozzolanicity is more related to its fineness, mineralogy and glassy nature
than its chemical nature. Common replacement levels of FA range between 15 and 35% by mass
of total cementitious material [8]; with 30% being the most commonly used in South Africa. It
improves workability, lowers the water demand but adversely affects early-age strength [9].
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100% PC, which is not recommended for marine concrete due to its relatively high chloride
penetrability [10], was used to make reference (i.e. control) specimens. The use of PC can also be
justified considering that it was the most common binder used to make concrete for construction of
old/deteriorated (age > 30 years) RC structures and that the development and application of
maintenance and repair strategies for these structures relies on knowledge of its expected long-term
durability performance.

The compressive strength development (7, 14, 21, 28, 56 and 90 day) and tensile strengths (28 and
90 day) for the various concretes used in this study are presented in Appendix A. The measured oxide

composition and mineralogical analyses of the binders used are presented in Table 3.1.

Table 3.1: Measured oxide composition and mineralogical analyses of binders used (%)

Oxide PC GGBS FA Mineralogy* (PC) %
CaO 64.12 36.42 4.14 CsS 64.2
SiO; 20.75 37.06 54.87 C,S 111
ALO; 4.17 12.83 3134 CA 5.6
Fe,0s3 321 0.72 3.70 C,AF 9.8
SO, 2.30 2.24 0.19 |* By Bogue formulae

MgO 0.74 8.13 1.00 C,S: 3Ca0-Sio,

K,0 0.73 1.07 0.71 C,S: 2Ca0-Sio,

TiO; 0.28 0.59 1.67 CsA: 3Ca0-Al,0;

Mn, 05 0.05 0.98 0.06 C4AF: 4Ca0-Al,03-Fe,03
Na,O 0.04 0.50 0.36

P,0s 0.08 0.00 0.49

Note: Oxide composition by x-ray difraction method.
Data provided by supplier (PPC Cement Ltd)

3.3.2 Water-binder ratio

Eurocode EN206-1 [11] specifies a maximum w/b ratio of 0.45 for marine exposure Class XS
(subclass XS3a, see Table 1.1, Chapter 1). In this study, two w/b ratios, 0.40 and 0.55, were used for
each of the binders mentioned in Section 3.3.1. The 0.40 w/b ratio meets the requirements for marine
concrete but a higher w/b ratio of 0.55 was also used to simulate comparatively low quality concrete
which, even though not recommended for marine structures, can be achieved due to poor construction
practices such as addition of water to concrete during placement, poor or lack of curing, etc. However,
0.55 w/b ratio was not used with plain PC concrete because it is seldom used for marine structures
owing to its poor durability performance i.e. high chloride penetrability. Blended cement concretes are
usually preferred. If PC is used, a w/b ratio as high as 0.55 is unacceptable. This type of concrete (i.e.
PC with w/b ratio of 0.55) was therefore omitted from the study.

3.3.3 Concrete cover to steel

Both Eurocode EN 1992 1-1[12] and the South African concrete design code [13] specify a minimum
cover of 40 mm for normal density concrete (2200 to 2500 kg/m?) exposed to severe environmental
conditions such as tidal marine conditions. In this study, two concrete covers, 40 and 20 mm were
used to simulate, respectively, normal and adverse practical cover depths for marine RC structures.
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3.3.4 Crack widths

This study focused on pre-corrosion load-induced cracks that are present before the onset of corrosion.
Crack widths investigated in this study were limited to zero mm (uncracked), incipient crack, 0.4 mm
and 0.7 mm. The uncracked specimens served as a reference for the respective combinations of binder
type, w/b ratio, cover depth, crack width and exposure environment. An incipient crack refers to a
crack just induced by 3-point loading of beam specimens and thereafter unloading (details are given in
Sections 3.4 and 3.7). A 0.4 mm crack width has, in the past, been taken as the threshold crack width,
below which corrosion may proceed similar to uncracked concrete [14]. However, results by
Otieno et al. [15] have showed that adopting a universal crack width threshold for all concrete types
and qualities is not valid - other factors such as concrete quality and cover depth also need to be
considered. Consequently, 0.4 mm crack width was investigated. The 0.7 mm crack width was used to
simulate adverse crack widths which are rarely encountered but may pose corrosion threat to RC
structures. Even though previous research has shown that crack widths < 0.3 mm are prone to self-
healing [16-18], it was neither possible to ascertain nor quantify crack self-healing in the incipient-
cracked specimens due to lack of test equipment. Further, for deep cover depths (say 40 mm) coupled
with susceptibility to crack healing, it can be expected that incipient cracks will have negligible effect
on corrosion rate. The incipient-cracked specimens were therefore made only for the laboratory and
field specimens with 20 mm cover. However, future studies should look into quantifying the effect of
these types of cracks on corrosion rate taking into account their self-healing potential.

3.4  Concrete mix proportions, specimen type and sample size

A modified version of the ACI volumetric concrete mix design method [19] was used to determine the
various mix proportions. The modifications in the ACI method [20] are carried out to suit South
African practice [21]. A summary of the concrete mix proportions and selected properties is given in
Table 3.2.

Table 3.2: Summary of concrete mix proportions and selected properties

Binder composition| 100 % PC 50/50 PC/GGBS 70/30 PC/FA

w/b ratio 0.40 0.40 0.55 0.40 0.55
Material (kg/m3) Mix label PC-40 SL-40 SL-55 FA-40 FA-55
PC (CEM 1 425N)? 500 231 168 324 236
GGBS" - 231 168 - -
FAC - - 139 101
Fine aggregate: Klipheuwel sand ( 2 mm max) 529 749 855 749 855
Coarse aggregate: Granite (13 mmmax) 960 1040 1040 1040 1040
Water 200 185 185 185 185
Superplasticizer (SP) (litres/m°)" 2.1° (0.4) 18(04) 0.3(0.1) 0.4(0.1) -
Slump (mm) 120 105 150 85 200
28-day compressive® strength (MPa) 582 (3.0)" | 481(20) 35.3(0.9) 50.7 (0.9) 286(L9)
28-day tensile’strength (MPa) 3.7(0.3) 2.8(0.2) 2.3(0.3) 34(0.4) 2.3(0.1)

% Supplied by PPC Ltd ( Riebeek West)
b. Supplied by AfriSam, South Africa
¢ Supplied by Ash Resources (Pty) Ltd
d: See Appendix F for product details

® Tests performed on 100 mm cubes

f: 100 mm cube splitting tensile strength

g. Percentage of SP by mass of total binder

h: Standard deviation
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Crushed granite stone (13 mm max., consolidated bulk density: 1760 kg/m® and relative density: 2.65)
was used as coarse aggregate. Granite rocks are composed of crystalline igneous and metamorphic
minerals of differing grain sizes, consisting essentially of quartz and feldspar together with differing
amounts of silicates (mica and amphibole) and iron oxides. The 13 mm granite stone was used because
of its availability, and should not be taken to represent the use of mortar specimens that was discussed
in Chapter 2, Section 2.14.4. The high cement content of the concrete mixes used (> 300 kg/m®) posed
a threat of alkali aggregate reaction (AAR) and hence granite was preferred to other readily available
coarse aggregates such as greywacke which are prone to AAR attack [22]. Specifically, it is important
to note the high binder content that was used for PC-40 concrete; even though it was not explored in
this study, the use of an increased dosage of the superplasticizer would have decreased the binder
content. Siliceous Klipheuwel pit sand (2 mm max., fineness modulus: 2.5 and relative density: 2.7)
was used as fine aggregate. These sands have a very high percentage of fines - up to 20%
minus-150-um and 15% minus-75-um [22]. The grading curves for the fine and coarse aggregates
used, and detailed compressive and tensile strength results for the various concrete mixes are given in
Appendix A.

Three corrosion beams were cast per binder, per specimen type (w/b ratio, cover depth, crack width,
and exposure environment). A total of 210 beams (120 x 130 x 375 mm, see Figure 3.1) were cast. It is
important to note that even though the extent to which specimen size influences the results and
progress of the corrosion process is seldom discussed, it is generally considered to be of minor
importance from an electrochemical point of view for localized corrosion, provided that adequate
cathode area is available [23]. However, for specimens with highly active anodes and a comparatively
small cathode area, cathodic control may be dominant and limit the corrosion rate. In this study, it was
assumed that the latter case did not apply.

For each concrete mix, companion 100 mm cube specimens were cast for strength and chloride
conductivity tests (covered later in Sections 3.12 and 3.13). Although it has already been mentioned in
Section 3.3.2, it is necessary to reiterate that the 0.55 w/b ratio was not used for PC specimens.

In-built reservoir (280 x 90 x 20 mm deep)

S/
g 4
S O %°)

| 375 mm |

Figure 3.1: Sketch and photograph of a typical 120 x 130 x 375 mm beam specimen

3.5 Casting and curing of specimens

High yield strength ribbed deformed steel reinforcement bars (nominal diameter: 10 mm, average
yield strength (f,): 520 MPa (std. dev.= 3 MPa)) complying to SANS 920 [24] were used for all the
beam specimens. It is the most common type of reinforcing steel used in South Africa and is therefore
preferable for investigating corrosion. A single bar was embedded in each beam. Prior to casting, the
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reinforcing bars were wire-brushed to remove mill scale and thoroughly cleaned with acetone. A wire
was attached to one end of each steel bar for the purposes of (i) inducing active corrosion using
impressed anodic current (covered in Section 3.6) and, (ii) monitoring both corrosion rate and half-cell
potential (covered in Section 3.12). Both ends of the bars were covered with electroplating tape and
epoxy-coated to provide an effective exposed surface area of approximately 86 cm? (approx. 27.5 cm
long circumferencial steel surface). Just before casting, the bars were again cleaned and de-greased
with acetone. A 10 mm diameter x 150 mm long stainless steel bar was placed in each beam during
casting (see Figure 3.2 in Section 3.6) to act as a counter electrode for corrosion rate measurements.

A pan mixer was used for concrete mixing. Both the beams and companion cube specimens were
compacted on a vibrating table immediately after placing the concrete in the moulds (in three
successive layers), and thereafter covered with polythene sheets for 24 hours in the laboratory at
ambient conditions (approximately 25 + 2 °C), after which they were de-moulded and placed in a tap-
water bath at approximately 23 £+ 2 °C for curing. The beam specimens were cured for 28 days while
the cube companion specimens were cured to their respective testing ages (for strength and chloride
conductivity tests).

3.6 Acceleration of corrosion initiation and propagation

After 28-days curing and 10 days air-drying in the laboratory, and prior to cracking the beam
specimens, anodic impressed current (IC) was used to eliminate the corrosion initiation phase (i.e.
t; = 0) for both the laboratory-based and field-based specimens. Cyclic wetting and drying was
thereafter used to accelerate corrosion in the laboratory-based specimens while the field-based
specimens were exposed to a natural environment (described in Section 3.9). The initiation phase was
eliminated because this study focused on the corrosion propagation phase. The set-up used to initiate
active corrosion in the specimens using IC is shown in Figure 3.2.

Power supply
(Constant current)

U oox130xatsmm A T g
i 120x 130 x 375 mm i
i
i
i

i ’
1 beam specimen 5% NaCl solution

JEO mm
L
| 10 mm diam. reinforcing steel bar (anode)

| 20 or 40 mm cover

|

' 60 or 80 mm
Stainless steel rod (cathode)

| 375 mm |
) |

Figure 3.2: Schematic of set-up to induce active corrosion in the specimens

_______

120 mm

X

The theoretical time (tswel 1ever) and amount of IC required to drive the chlorides through the cover depth
to the steel level was estimated using the Nernst-Planck Equation that was presented in Chapter 2 (see
Eqn. (2.47)) in the following form, Eqn. (3.1):

1
F \( cE
Lsteet tevel = C [_ D(;_Tj (&JJ (3.1)
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where c¢ is the cover depth (20 or 40 mm), and D is the diffusion coefficient obtained from the
measured 28-day chloride conductivity index (CCI, obtained from the chloride conductivity test)
[25, 26] for each of the concrete mixes summarized in Table 3.2. The diffusion coefficients presented
in Table 3.3 were determined based on an empirical relationship between CCI and diffusion
coefficient [27] — see Appendix D.

Table 3.3: 28-day Chloride conductivity index (CCI) and corresponding diffusion coefficients

Mix label 28-day CCI (mS/cm) | Corresponding diffusion coefficient, D* (cm?/s) x 107
PC-40 1.24 25.7
FA-40 0.37 19
FA-55 0.89 3.2
SL-40 0.26 14
SL-55 0.59 1.9

* Determined based on an empirical correlation between CCl and D - see AppendixD

In order to determine the anodic IC required to induce active corrosion rate in the specimens of a given
cover depth for each of the five concrete mixes, and after a series of iterations (of time and IC), the
time to apply the IC was fixed at 1.5 hours to limit the effective applied current to less than
2.0 Amperes. The term ‘effective applied current’ is used here to refer to the actual applied current
taking into account the corresponding 28-day measured resistance of the (water-saturated) concrete.
The current was limited to less than 2.0 Amperes to ensure chlorides reach the steel and to minimize
the steel mass loss, if any. The effective currents applied to the various concretes are presented in
Table 3.4. It is important to note that the effective applied currents were theoretically not expected to
cause any steel mass loss; these currents were only meant to drive the chlorides to the steel level
within approximately 1.5 hours (taking into account cover depth and concrete quality). Beam
specimens of the same binder type, w/b ratio and cover depth were connected in series, and the
appropriate anodic IC (Table 3.4) applied continuously for 1.5 hours after which all the 72 beams were
connected in series and an effective current of 8.6 pA applied for a further 2 hours — this was expected
to result in a corrosion rate of approximately 0.1 pA/cm? in all the specimens (assuming the whole
exposed steel surface of 86 cm? was polarized). A corrosion rate of 0.1 pA/cm? is conventionally taken
to denote the transition from passive (initiation) to active (propagation) corrosion [28, 29].

Table 3.4: Summary of anodic impressed currents applied to the specimens for 1.5 hours

Mix label Cover depth (mm) Effective applied current (A)
PC-40 20 0.03
40 0.13
FA-40 20 044
40 1.67
FA-55 20 0.25
40 101
SL-40 20 0.57
40 1.70
SL-55 20 0.44
40 1.67
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It is important to note that the estimation of the anodic IC required to induce active corrosion was
based on the assumption that the polarized steel surface area is equal to the uncoated steel surface area
of approximately 86 cm?. In reality, the polarized steel surface area may be less, leading to a higher
corrosion current density than the active corrosion rate threshold of 0.1 pA/cm?® Current commercial
instruments such as Gecor 8® employ the use of an annular guard ring to confine the polarized steel
surface area (Figure 3.3). Even though the objective of this approach is to limit gross errors in the
estimation of the polarized area of steel by ensuring that a measurement is taken from a defined area of
steel, its accuracy cannot be ascertained. This issue will be discussed further in Chapter 4.

Half-cell response

Control box
Data logger

Half-cell

Concrete  paif.cell electrode  COUNtEr  glactrode

surface (e.g. Cu/CuSO,) electrode

7 O
% .

Guard ring
control

Annular
guard ring

i 77 I 77 é Connection to reinforcement

(Working electrode)

PLAN CROSS-SECTION

Figure 3.3: Schematic of corrosion rate measurement with a guard-ring incorporated [30]

3.7 Crack inducement, measurement and loading criteria

To facilitate the formation of a transverse (flexural) crack at approximately the longitudinal centre of
the beam specimens during machine loading, a 1.0 mm thick x 4 mm deep PVC sheet was placed at
the centre of each beam (transversely) during casting as shown in Figure 3.4. The PVC sheet was
embedded in the beam mould, and did not remain in the beam specimen at de-moulding 24 hours after
casting.

120 x 130 x 375 mm
beam specimen

J2omm

10 mm diam. reinforcing steel bar 1‘\1 mm thick x 4 mm deep PVC sheet 20 or 40 mm cover

60 or 80 mm

120 mm

\ Stainless steel rod

| 375 mm |
I 'l
Figure 3.4: Schematic of a beam specimen with 1.0 mm thick PVC sheet

The PVC sheet acted as a notch to increase the probability of obtaining a more or less centrally placed
flexural crack under 3-point loading. After inducing active corrosion (see Section 3.6), the beams were
pre-cracked under 3-point flexural machine loading. It is important to note that even though the cover
depth at the crack in the cracked specimens was effectively either 16 or 36 mm (due to the 4 mm deep
cast-in PVC sheet), and not, respectively, 20 or 40 mm as in the uncracked ones, this difference was
considered negligible with respect to the corrosion process. In cracked concrete, the cathodes will in
most cases be located away from the crack (where the cover depth was not altered) as opposed to the
anodes which are located at the crack region. The travel path for O, ingress, which controls the
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cathodic reaction process, can therefore be assumed to be the same in both the cracked and uncracked
specimens.

During the loading process, crack width was measured using a crack width detection microscope with
a magnification of X40 and accuracy of £0.02 mm. The incipient cracks were produced by load
application until a crack was visually detected using a hand-held lens (magnification X40) and then
unloading after which the crack was no longer visible. Before releasing the load, the load required to
attain a given crack width for each specimen was recorded; these are given in Appendix A.

All the cracks closed when the load was removed. Thereafter, the respective crack widths (except the
incipient crack) were re-opened and maintained using the 3-point manual loading rig shown in
Figure 3.5 and Figure 3.6. All the 0.4 and 0.7 mm cracked specimens remained in individual loading
rigs for the duration of the experimental programme.

< 375
l 1625 9 162.5 |
130 | | ! |
i M14 nut
9 20 | 260 N
f— — I In-built salt solution reservoir L and bolt
~ » - A
ep— i ey S ——— =
COVEF—{ N ] + 10 mm diam. reinforcing steel bar =L }:20 or 40
= =
= =] BEERP
é‘ '\10_mm diam. x 150 mm long g
- stainless steel counter electrode —! !
Beam cross-section 3 mm thick steel plates <:I<—20 mm diam. steel rod

11T

Figure 3.5: Beam loading set-up for 0.4 and 0.7 mm cracked specimens (dimensions in mm)

5 M14 nut and bolt "
T

g s s ! e e

s s . o &\-Cr'ack'

/ \ 3 mm thick
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Figure 3.6: Photograph of a typical cracked beam loading rig set-up

Even though previous studies have shown that the loading (or stress) level plays an important role in
corrosion propagation [5, 31], it was not a variable in this study but future studies may need to
incorporate it and if possible, extend the corrosion rate prediction models proposed in Chapter 5; high
stress levels (in the concrete) lead to increased number, size and interconnectivity of cracks and hence
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increased penetrability of the concrete. Furthermore, these studies also reported that high steel stresses
result in higher corrosion rates.

3.7.1 Crack width monitoring

To ensure that the 0.4 and 0.7 mm crack widths remained more or less constant, demountable
mechanical (demec) studs were placed on the concrete surface across the crack and the distance
between the studs monitored bi-weekly using a 100 mm demec gauge (see Figure 3.7 and Figure 3.8).
The loading rig shown in Figure 3.5 was then used to adjust the crack widths as required (via the bolts
and nuts).

375 .
l 280 |
) ]
¥
_Zfo_ A Ao % M14 nut and bolt
nut and bo
g Demec study M Crlack Demec stud ﬁ z'/ (for 0.4 and 0.7 mm
130 @ ] \b @j/ @ cracked specimens)
20 N 100 mm gauge ™~ Beam specimen
. W e
y t -
\ In-built reservoir ,\ Epoxy coating (on beam

surfaces of field specimens)

Figure 3.7: Location of demec studs for monitoring crack width in cracked specimens

In-built reservoir

(a) Position of demec studs

(b) Measurement using demec gauge

i 5 50 )
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& 14 2%  1av2. @D EF WE T b

Figure 3.8: Photographs showing position of demec studs and measurement using demec gauge
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3.8 Epoxy-coating of the field specimens

Prior to field exposure, all the faces of the field-exposed beams, except that with the specified cover
depth, were coated with epoxy (Sikafloor®-261 ZA, see Appendix F for product details) to prevent
ingress of corrosion agents (CI7, O, and H,0), and drying from those surfaces (see Figure 3.9). In
essence, this ensured that chlorides penetrate the concrete only from the face with the specified cover
depth. A similar treatment has been used by previous researchers [32, 33].

It is important to note that even though the intention of the epoxy-coating of the field-based specimens
was to simulate chloride ingress in the laboratory-based specimens, an unintended secondary effect is
that it prevented drying through the sealed surfaces. This was not the case in the laboratory-based
specimens, and because the moisture content of the concrete was not monitored in this study, its effect
on the corrosion process was not quantified. More discussion on this will be presented in Chapter 4
with the experimental results.

Uncoated (exposed) top

/ surface of the beam

Figure 3.9: Photo showing a typical field-exposed specimen with epoxy-coated sides

3.9  Exposure conditions

3.9.1 Field exposure

The classification of marine environments, for example in EN 206-1 [11], as tidal, splash, spray
(atmospheric), splash/spray and submerged is usually based on the aggressiveness of chloride-induced
corrosion i.e. in terms of the corrosion-induced damage over a given period of time. As was mentioned
in Chapter 1, RC structures in the tidal, splash and spray zones are considered the most affected by
corrosion i.e. exposure class XS3. The field-based specimens were therefore exposed to tidal marine
zone in Cape Town (Table Bay); see Figure 3.10 (also see Figure 1.3, Chapter 1 for details of the
exposure site location).

The salinity (chloride content) of the sea-water at the exposure site is approximately 2% (average of
10 samples, standard deviation = 0.02%). This was determined from samples taken at random time
intervals during the experimental period. The temperature and relative humidity of the exposure site
ranged between 1 and 37 °C, and 65 and 83% respectively. The monthly variation of temperature and
relative humidity is given in Appendix C.
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It is important to note that all the specimens in this exposure condition were located within an
approximately 5 m long zone between the seaward and inland specimens, and between the high and
low water tide-marks (see Figure 3.10). They were therefore assumed to be exposed to similar tidal
conditions.

Figure 3.10: Photograph showing the field-based specimens in the tidal zone

3.9.2 Laboratory exposure

The laboratory-based specimens (see Figure 3.11) were subjected to cycles of 3-day wetting with
5% NaCl solution followed by 4-day drying (temperature: 25 + 2 °C and relative humidity: 50 + 5%)
throughout the experimental period. A 5% NaCl solution was used, based on the consideration of
previous studies [e.g. 33, 34]. The equivalent chloride content in the 5% NaCl solution is 3%; this is
50% higher than the measured chloride content of the sea-water at the exposure site i.e. 2%.

In-built
reservoir

Cracked beams
in loading rigs

Figure 3.11: Photograph showing some of the laboratory-based specimens

The process of setting-up the beam specimens in the field and laboratory exposure environments was
completed 15 days after inducing active corrosion rates in the specimens, and cracking (if required).
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3.10 Corrosion assessment and monitoring

Corrosion rate, half-cell potential, concrete resistivity and crack width were monitored. These are
detailed in the sub-sections following.

3.10.1 Corrosion rate measurement

Corrosion rate was measured using the coulostatic technique (a linear polarisation resistance method)
whereby a small charge is applied to the steel and the relaxation of potential monitored over a short
period of time, to determine the polarization resistance (Rp). A typical potential transient monitored
over 25 seconds is shown in Figure 3.12. The theoretical development and principles of the coulostatic
method is available in the literature [35, 36]. A brief summary is presented here.

Potential shift (mV)
N w B
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'

0 5 10 15 20 25
Time (seconds)

Figure 3.12: Typical potential transient of steel after application of a small perturbation charge

Theoretically, corrosion rates are related to the time constant (z.) describing the corrosion potential
decay induced by a small current perturbation as the time constant is related to R, through the double
layer capacitance (C) [35, 37]. The potential transient is described by the equation [36]:

n, =n, exp[_—tj 3.2)
Z-C

where n, is the potential shift at time t and n, is the initial potential shift. The polarization resistance,
Ry, is then obtained:

R =’ (3.3)
PC

c=ds (3.4)
Ny

q. = tpulse x Iapplied (3.5)
) A

where g, is the applied charge density, touse (MS) is the pulse duration, lapies (MA) is the applied
current and A is the (polarized) steel surface area. As already mentioned in Section 3.6, the polarized
steel surface area, A, was assumed to be equal to the exposed steel surface area of approximately
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86 cm? due to the difficulty in determining the actual polarized steel surface area. The consequences of
this assumption will be discussed in Chapter 4.

Experimentally, R, values are obtained by fitting Equation (3.2) to the results for a curve such as that
shown in Figure 3.12. The value of n, is obtained from the fitted equation. Potential measurements are
taken 0.1 seconds after the cessation of the charge which allows many of the very earlier to dissipate.
The potential readings were taken for at least 30 seconds. The length of the charge (i.e. pulse period)
effects the shape of the relaxation transient but marginal differences have been reported for relaxation
curves for perturbations of approximately 35 ms and 4.65 ms [37]. The charge was delivered by means
of a pulse generator capable of supplying from 1 to 30 mA and from 1 to > 100 ms. Most of the pulses
used in this study were less than approximately 35 ms.

Measurements were taken at a rate of ten readings per second both before and after the application of
the charge. The pre-perturbation potential was monitored until reasonable stability was achieved at
which point a known charge was sent to the working electrode (embedded reinforcing steel) by means
of an embedded stainless steel counter electrode (see Figure 3.13). Any underlying potential trend
determined prior to the application of the charge was removed from subsequent value after the
perturbation thus ensuring only the true change in potential was used for curve fitting Equation (3.2).
Potential data was collected using a HP 34970A data acquisition unit and analysed using a MATLAB®
program. A schematic of the set-up is shown in Figure 3.13.

. Datal
Current pulse Multimeter (Hpa;f%gf&)
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I N Stainless steel counter electrode 80 or 60 mm

| Working electrode N 120 x 130 x 375 mm
(Reinforcing steel) beam specimen
375 mm

< »
< P

I 5% NaCl or sea-water £<— Reference electrode (Ag/AgCl)

Figure 3.13: Schematic diagram of the coulostatic corrosion rate measurement set-up

The polarization resistance is related to the corrosion current density (icorr) by means of the Stern-
Geary coefficient B as shown in Equation (3.6) [38, 39].

i -8B (36)

corr —
RP

where B is the Stern-Geary coefficient varying between 13 and 52 mV depending on the corrosion
state of the steel (i.e. passive or active). A value of 26 mV for corroding (active) steel and of 52 mV
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for passive steel in the case of concrete has been established and used by a number of researchers
[40-42]. In this study, therefore, a value of 26 mV was used.

The specimens were monitored bi-weekly for corrosion rate.

3.10.2 Half-cell potential measurement

This is one of the most widely used electrochemical methods for the assessment of corrosion in RC
structures. It was introduced in the early 1970s to locate corroding steel bars in concrete structures
[43, 44]. It is based on the measurement of the potential difference between the embedded
reinforcement and a reference electrode (also called half-cell) such as Cu/CuSO, and Ag/AgClI as
shown in Figure 3.14 [45, 46].

—0.100 v | | Digital voltmeter

Insulated electrical
lead wires \ + COM
. W ® ©F------ .
Contact to i H
! Reference electrode
exposed steel !
' \: / Drilled hole ﬂ/e~9- Cu/CusO,, Ag/AgCI
’%W L~ Reinforced concrete
cross-section

\ Reinforcing steel

Figure 3.14: Schematic of half-cell potential measurement circuitry [47]

The technique is used to evaluate the probability of corrosion before damage is evident at the concrete
surface. Half-cell potential (HCP) measurements only give an indication of corrosion risk and are
linked empirically to the probability of corrosion. The numerical value of the potential between the
embedded steel and the reference electrode depends on the type of reference electrode used and the
corrosion condition of the steel in the concrete [47]. It is therefore important to report the reference
electrode used for HCP measurements. The ASTM C876-91 [48] criterion for interpreting HCP
readings is presented in Table 3.5.

Table 3.5: Criteria for interpretation of half-cell potential measurements [48]

Cu/CuSO0;, electrode

Ag/AgCl electrode

Likely corrosion condition

>-200 mvV
-200 to -350 mV
<-350 mvV

>-106 mV
-106 to -256 mV
<-256 mV

Low (10% risk of corrosion)

Intermediate corrosion risk

High (>90% risk of corrosion)
<-500 mV

<-406 mV Severe corrosion

It is important to note that there is no general correlation between corrosion rate and half-cell
corrosion potential, because both parameters respond differently to the same variables, particularly
moisture content (or oxygen availability), temperature and concrete resistivity [49]. Consequently, it is
recommended that HCP measurements be complemented with other corrosion assessment methods,
because although reliable relationships between potential and corrosion rate can be found in the
laboratory for well-conditioned experiments, such relationships may not be generalised, since wide
variations in the corrosion rate are possible in a narrow range of potentials [50].
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HCP readings were taken simultaneously during corrosion rate measurements using Ag/AgCl
reference electrodes (see Figure 3.13). The specimens were monitored bi-weekly for HCP.

3.10.3 Concrete resistivity measurement

A four-point Wenner probe was used to measure surface concrete resistivity. The apparatus consists of
four probes equally spaced (Figure 3.15). A small alternating current of low frequency is applied
between the outer probes and potential drop measured between the inner probes [51]. This approach,
to some extent, eliminates any effects due to surface contact resistances.

N
U
a a a a is the probe spacing

Current (Outer probes)‘% Voltage (Inner probes)

Equipotential lines

(a) Schematic drawing of resistivity measurement (b) Photograph of the 4-point Wenner probe
used (www.proceq.com)

Figure 3.15: Resistivity measurement using 4-point Wenner probe [52]

Using this technique, the apparent resistivity of concrete, p, in Q-cm is expressed as:

p= Zﬂ(VTja 3.7)

where V is the voltage drop (volts), | is the applied current (amperes) and a is the probe spacing (cm).
In this study, a probe spacing of 50 mm was used based on the recommendations by Gowers and
Millard [52] whose experimental results showed that in order to limit measurement errors, the probe
spacing should either be > 1.5 x maximum aggregate size or > 40 mm, whichever is greater. In this
study, maximum aggregate size = 13 mm, hence a > 19.5 mm. Therefore, the lower limit (a > 40 mm)
was adopted. The Resipod® 4-point Wenner probe resistivity meter supplied by Proceq® was used (see
Figure 3.15 (b)). This device has a fixed probe spacing of 50 mm, operates within the range of 0 to
1000 kQ-cm at a frequency of 40 Hz, and has a resolution of up to + 2 kQ-cm [details from 53].

Similar to corrosion rate and HCP, concrete resistivity was monitored bi-weekly. No surface pre-
wetting was required for the laboratory-based specimens as it was carried out at the end of the 3-day
wetting period (see Section 3.9.2). For the field-based specimens, surface pre-wetting was done, if
necessary, by spraying tap-water prior to taking the resistivity measurements.

3.11 Chloride content measurements

After 73 weeks of exposure in the respective environments (laboratory and field), 20 £ 2 mm cores
were taken from specimens to facilitate chloride content measurements (at the steel level). The age at

104 | Chapter 3: Laboratory and field investigations



chloride content measurement (after 73 weeks) was informed by the measured corrosion rates in the
field-based specimens which, despite the inducement of active corrosion (see Section 3.6), showed
significantly low (< 0.2 puA/cm?®) corrosion rates after 73 weeks of exposure. Chloride content
measurement was therefore more of an exploratory exercise to establish the reasons for the corrosion
state in the field-based specimens than a planned one. The cores were taken on one side of the crack at
two locations: 30 mm and 90 mm from the crack (see Figure 3.16). After extraction of the core
samples, the holes in the beam specimens were sealed using epoxy. The chloride content was
detemined by potentiometric titration using a 0.1M AgNO; solution. The chloride content determined
by this method reflects the total chlorides in the concrete i.e. acid-soluble chlorides [54].

375
L 280 |
’ F Locations for/c\lrilling cores Crack |
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A M16 nut and bolt
20 nut and bo
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20 72 ™ Beam specimen
S~
- Epoxy coating
. 60 | 30 (on beam surfaces of
In-built | field specimens)
reservoir 50 90 140

Figure 3.16: Locations for core extraction for chloride content measurements (dimensions in mm)

The test procedure, in summary, involves using the following reagents: 0.1M AgNO; (silver nitrate),
1.0M HNO; (nitric acid) and sodium acetate solution (abbreviated NaOAc). First, the concrete sample
mechanically ground to fine powder. The powdered concrete sample is sealed in a Ziploc® bag.
Approximately 2.1-2.5 g of the powdered concrete is then measured (to the nearest milligram) and
placed in a 100 mL plastic titration beaker and dispersed with a little distilled water just to cover the
sample. 2.0 mL of 1.0M HNOs acid is then slowly added to the sample as the beaker is slowly swirled
to bring the concrete powder into suspension. The solution is then left to stand in the laboratory
(temperature: 25 + 2 °C, relative humidity: 50 £ 5%) for at least 30 minutes after which 2.5 mL of
NaOAc is added. The beaker is then filled up to the 60 mL mark with distilled water and titrated using
0.1M AgNOs. The equivalence point is determined by measuring the electrical potential between a
silver ion-specific electrode (silver ring in a 1.0M KNO; electrolyte) and a reference electrode
(Ag/AgCl) as the titration progresses. A commercially available system (Mettler Toledo®
DMi141-SC) in which both the silver ion-specific and reference electrodes are conjoined in a glass
shaft was used. The titration was performed using a commercial Mettler Toledo® DL50 automatic
titration machine. The total chloride content expressed as a percentage relative to the mass of cement
(%Cl) is calculated using the following expression:

M x x P B
%Cl = m <| = %100 3.9)
mx Eq D,

where M is the molar mass of chlorine (35.453 g/mole), Qaq is the volume of AGNO; added (L), Pag is
the molarity of the AgNO; solution (i.e. 0.1 M), m is the mass of the concrete sample portion (g), Eq is
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the equivalence number of chloride ion (Eq = 1), B, is the binder content in the concrete (kg/m°) and
D. is the density of concrete (kg/m?).

3.12 Chloride conductivity index test

The chloride conductivity index (CCI) test is one of three (South African) durability index (DI) tests
used to characterize concrete cover quality with respect to penetration of corrosion species (O,, CO,,
CI” and H,0); the other tests are oxygen permeability and water sorptivity index tests [55]. Each of the
DI tests is linked to a transport mechanism relevant to a particular deterioration process. Even though
the DI tests were developed, and are carried out on uncracked concrete, their applicability to cracked
concrete is questionable and the results will be critically examined in Chapter 4. Furthermore, even
though it will be discussed in detail in Chapter 4, it is important to mention that the CCI was used to
obtain the chloride diffusion coefficients of the concretes used (see Section 3.4). The diffusion
coefficients were used to characterize the relative penetrabilities of the different concretes to
corrosion-sustaining agents and not to quantify a specific transport parameter as is usually the case in
Fickian-based corrosion initiation prediction models.

The CCI test procedure and its empirical relationship with chloride diffusion coefficient is given in
Appendix D but in summary [55], nominally 70 £ 2 mm diameter, 30 + 2 mm thick concrete discs are
prepared (usually at 28 days), four specimens for the test. The specimens are then conditioned in a
50 £ 5 °C oven for 7 days prior to testing. The specimens were obtained by coring from 100 mm
companion concrete cubes prepared during casting of the beams. The concrete specimens are vacuum-
saturated with a 5M NaCl solution. The saturated specimen is then placed in a test rig with a cell filled
with the same salt solution on either side. Applying a voltage across the specimen and measuring the
current that results allows the conductivity to be calculated. The actual voltage across the specimen is
measured by the use of probes within the solutions contained in the test chambers, rather than taking
the voltage applied by the power supply [26].

3.13 Other tests

In addition to the corrosion rate, half-cell potential, resistivity measurements and tests mentioned in
the previous sections, compressive strength [56] and tensile strength [57] tests were also carried out on
companion 100 mm concrete cube specimens.

3.14 Summary of experimental set-up and corrosion assessment timeline

The experimental programme used in this study was presented in this chapter. A summary of the
experimental variables is summarized in Table 3.6. The sequence of events prior to commencement of
corrosion measurements is summarized in Table 3.7.
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Table 3.6: Summary of experimental variables

Mixlabel BExposure w/bratio Cover (mm) Uncracked Incipient cracked 0.4 mmcracked 0.7 mm cracked
PC-40  Lab®and Field® 040 gg : )‘(/ : :
) 40 v X v v
SL-40  Lab and Field 0.40 20 v v v v
. 40 v X 4 v
SL-55  Lab and Field 0.55 20 v v v v
] 40 v X v v
FA-40 Lab and Field 0.40 N . v v v
. 40 v X v v
FA-55  Lab and Field 0.55 20 v v v v

PC: Plain Portland cement concrete - 100 % CEM 1 42.5N (PC)

SL: Slag concrete - 50/50 PC/GGBS

FA: Fly ash concrete - 70/30 PC/FA

& Laboratory accelerated corrosion by cyclic 3-days wetting (with 5% NaCl) and 4-days air-drying (25 °C, 50% RH)

b . .. . .
: Field natural corrosion in marine tidal/splash zone

Table 3.7: Summary of sequence of events prior to commencement of corrosion assessment

Duration (days)
Event -
For each event | Cumulative
Specimen in mould after casting 1 1
Curing under water (23 + 2 °C) 27 28
Air-drying (25 £ 2 °C, 50 + 5 % relative humidity) 10 38
Active corrosion inducement (using anodic impressed current) 10 48
3-point load-induced cracking of cracked specimens 2 50
Set-up in laboratory (25 + 2 °C, 50 £ 5 % RH) and field (tidal/splash marine exposure) 15 65
Time before first corrosion measurements - i corr &, HCP® and resistivity (after set-up)°© 14 79

a .
- Corrosion rate

b: Half-cell potential

“ 80 days after casting of the specimens
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Chapter 4

Experimental results, analyses and discussion

Influence of crack width, cover depth and concrete quality on corrosion rate

4.1

Introduction

This chapter presents the results and analyses of the laboratory-based and field-based corrosion
assessments carried out in this study. It explores in detail the influence of the various experimental
variables on corrosion rate of steel in 120 x 130 x 375 mm beam specimens made using different
binders, w/b ratios, concrete cover depths and surface cover crack widths as was presented in the
previous chapter. Analysis and discussion of the field-based and laboratory-based corrosion results is
presented. In addition, correlations between corrosion rate (i) and the various experimental
variables are explored.

Note the following:

1.

The corrosion rate, half-cell potential and resistivity results presented in this chapter refer to those
collected during exposure of the beam specimens in their respective environments for up to
122 weeks (approximately 2% years).

The specimen notation used in the presentation of the experimental results in this chapter (and in
other parts of this thesis) is given in Figure 4.1.

PC-40-40-0.4-L

‘ TExposure environment - L: laboratory, F: field (marine tidal zone)
Crack width (mm), The letter 'U" is used for uncracked specimens
Cover depth (mm) - 20 mm or 40 mm
w/b ratio (%) - 40% or 55%
Binder type - PC: 100% PC, SL: 50/50 PC/GGBS, FA: 70/30 PC/FA

Figure 4.1: Specimen notation used in the presentation of experimental results

For any corrosion rate vs. time, half-cell potential vs. time or resistivity vs. time plots presented,
‘week zero’ corresponds to the time when the specimens were placed in their respective exposure
environments (laboratory or field); the first measurement was taken 14 days after exposure to the
respective environments.

For a given exposure and test parameter, three specimens were monitored bi-weekly for corrosion
rate and half-cell potential, and concrete resistivity. For each combination of binder type, cover
depth and crack width, three individual specimen readings were taken and then averaged to obtain
one result. Before averaging the three readings, outliers were detected and consequently rejected
based on Grubb’s outlier test. This test is summarized in Appendix E.

‘Average corrosion rate’, ‘average half-cell potential’ and ‘average resistivity’ as used in this
chapter refer, respectively, to the arithmetic mean of the measured corrosion rates, half-cell
potentials and concrete resistivities between weeks 104 and 120. This duration was selected
because the time-development trends of the respective parameters (especially the (laboratory-
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based) corrosion rate and half-cell potential) showed a relatively more or less plateau phase. It
should be noted that even though the average corrosion rates for the field-based specimens were
also determined between weeks 104 and 120, these are not taken as the long-term stable corrosion
rates similar to those for the laboratory-based specimens. The time development trends for
corrosion rate in these specimens showed negligible increases but this was mainly attributed to
the seasonal weather changes, in this case, from summer (with maximum temperatures of
approximately 27 °C) to winter (with maximum temperatures of approximately 15 °C) — see
Figure C.1, Appendix C. The term pseudo-plateau is used in the chapter to refer to this phase in
the field-based specimens.

6. A ‘2-point moving average’ was used to represent all the corrosion rate, half-cell potential and
resistivity vs. time plots in order to minimize sharp kinks and make the trends distinct, but
without changing the actual trends. A moving average smoothes data by replacing each data point
with the average of the neighbouring data points. The procedure for calculation of moving
average is presented in Appendix E. A ‘2-point’ moving average was used to avoid averaging the
measured results over a long period of time (> 2 weeks), taking into account that the
measurements were taken bi-weekly.

7. The term concrete quality is used to refer the ease of ingress of corrosion-sustaining agents
(chlorides, oxygen and moisture). It was varied by using different binder types and w/b ratios, and
guantified using the chloride diffusion coefficient obtained empirically from the conductivity
index (see Appendix D). Therefore, the diffusion coefficients of the concretes will be used to
solely depict the relative penetrabilities of the different concretes to corrosion-sustaining agents
and not to quantify a specific transport parameter of concrete as is usually the case in Fickian-
based corrosion initiation prediction models. Concrete quality will be used interchangeably with
the term concrete penetrability.

4.2  Objective of the chapter

The main objective of this chapter is to analyse and synthesize the laboratory and field corrosion
assessment results in order to understand the relationship between corrosion rate and the different test
variables namely crack width, binder type, w/b ratio, cover depth, concrete resistivity, half-cell
potential and chloride content at the steel level. Empirical correlations between corrosion rate and
these parameters are derived from the results. These will be used in Chapter 5 to develop chloride-
induced corrosion rate prediction models. A general outlook of the results summarizing the main
findings is given at the end of the chapter. Detailed results relating to corrosion rate, half-cell
potential, resistivity chloride concentration and durability indices are presented in the Appendices.

4.3 Corrosion rate results

4.3.1 General overview of corrosion rate results

Typical time-development trends for corrosion rate obtained during the experimental period
(approximately 2¥, years) are shown in Figure 4.2(a) to (f) - see Appendix B for a complete set of
time-development results. A general overview of the average corrosion rates (week 104-120) is given
in Figure 4.3 to Figure 4.6. These figures depict the influence of exposure environment (i.e.
accelerated laboratory vs. natural field corrosion), crack width, cover depth and concrete quality
(binder type and w/b ratio). These will be discussed in detail later in this chapter. The corrosion rate of
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0.1 pA/cm? is highlighted in Figure 4.3 to Figure 4.6 because it is conventionally taken to depict the
transition from passive to active corrosion.
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Figure 4.2: Typical corrosion rate time-development graphs
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Figure 4.5: Average corrosion rates (week 104-120) for field specimens with 20 and 40 mm cover
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In summary the following general trends were noted in the corrosion rate results obtained during the

experimental period:

(i) In some specimens (both field-based and laboratory-based), after exposure to the respective
environments, corrosion rates reverted to passive state (icor < 0.1 pA/cm?®) but later regained
active state; the field-based specimens took a longer time to regain active corrosion state than the
laboratory-based ones. At the end of the experimental period, all the specimens were actively
corroding with the lowest average corrosion rates of 0.4 and 0.2 uA/cm® being in, respectively,
the laboratory-based and field-based uncracked SL-40 specimens (40 mm cover).

(if) Regardless of the exposure environment, corrosion rates increased with time but at a much slower
rate in the field-based specimens than in the laboratory-based specimens (see Figure 4.2(a) to (f),
and Appendix B for complete time-development results). The same trend was observed with the
half-cell potential results where the field-based specimens became more negative with time but at
a much slower rate than the laboratory-based ones.

(iii) Regardless of the exposure environment (laboratory or field), for a given cover depth and
concrete quality, corrosion rate increased with increase in crack width. However, the corrosion
rates for the field-based specimens were significantly lower than the corresponding laboratory-
based ones. Furthermore, the effect of cover cracking on corrosion rate was, in most cases, higher
in the laboratory-based specimens than in the field-based ones.

(iv) Regardless of the exposure environment, for a given crack width and concrete quality, corrosion
rate increased with decrease in cover depth from 40 to 20 mm (see Figure 4.5 and Figure 4.6).

(v) Regardless of the exposure environment, for a given crack width and cover depth, corrosion rate
increased with decrease in concrete quality. Specimens made using plain PC concrete (PC-40)
had the highest corrosion rates compared to those for blended cement concretes (SL-40, SL-55,
FA-40 and FA-55).

(vi) Up to approximately week 74, corrosion rates in the uncracked and cracked field-based
specimens did not show a good correlation with half-cell potential as opposed to the laboratory-
based ones where a good correlation was observed. During this period, corrosion rates in the
field-based specimens were unstable (high fluctuation with time) as opposed to the laboratory-
based ones which were stable. After this period (week 75-124), the field-based corrosion rates
gradually increased and became more or less stable, and showed a relatively good correlation
with half-cell potential.

(vii) At the end of the experimental period, no corrosion-induced cover cracking was observed in both
the uncracked and cracked specimens.

4.3.2 Induction and sustenance of active corrosion, and early-age corrosion rate trends

The term early-age is used here to refer to corrosion rate trends up to week 32. Figure 4.7 to
Figure 4.11 present corrosion rate results measured 5 hours after withdrawal of the anodic impressed
current (IC) used to induce active corrosion in the specimens, and a measurable corrosion rate in the
specimens after 2 weeks exposure in the respective environments. These results show that the
specimens displayed corrosion rates in the range 0.10 < g < 0.13 MA/cmz; an indication that active
corrosion was successfully induced in the specimens. However, there were no general trends between
corrosion rate and either cover depth (20 or 40 mm), w/b ratio (0.40 or 0.55) or binder type (PC,
GGBS, FA).
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The results also show that two weeks after exposure to the respective environments, corrosion rates in
all the specimens dropped relative to those measured after withdrawal of the anodic IC (Figure 4.7 to
Figure 4.11). Therefore, despite corrosion rates in all the field-based (tidal) and laboratory-based
specimens being active (> 0.1 pA/cm?®) 5 hours after withdrawal of the anodic IC, after exposure in
either the laboratory or tidal zone for two weeks, they all dropped, with some specimens reverting to
passive corrosion state. No general trend was evident in the drop in corrosion rate in the specimens;
the drop varied from specimen to specimen regardless of initial corrosion rate measured 5 hours after
withdrawal of the anodic IC, concrete quality (binder type and w/b ratio) or cover depth. However,
significant decreases were noted in the blended cement concrete specimens with 40 mm cover where
the corrosion rates decreased to a passive state (by up to 60% in SL-40 uncracked field specimens with
40 mm cover i.e. SL-40-40-F) and in those with 20 mm cover (up to 50% in FA-40 uncracked field
specimens with 20 mm cover i.e. FA-40-20-F). The effect of supplementary cementitious materials
(SCMs) will be discussed in detail in Section 4.5.
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Figure 4.7: Corrosion rates measured 5 hours after withdrawal of impressed current — PC-40
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Figure 4.8: Corrosion rates measured 5 hours after withdrawal of impressed current — FA-40
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Figure 4.11: Corrosion rates measured 5 hours after withdrawal of impressed current — SL-55
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The drop in corrosion rates in the field-based and laboratory-based specimens after withdrawal of the
IC and exposure to the respective environments can be attributed to one or a combination of the
following phenomena:

(i) Decrease in the availability of corrosion agents such as dissolved oxygen (especially in the
uncracked specimens) to sustain the cathodic reaction. In the laboratory-based specimens, oxygen
supply (if deficient) was enhanced during the drying period, and also due to a constant
temperature (25 = 2 °C) and relative humidity (RH, 50 £ 5%).

(i) Tendency of the steel to revert to a passive corrosion state if the chloride content at the steel level
is less than the chloride threshold. Even though the chloride concentration at the steel level was
not measured after withdrawal of the IC due to the destructive nature of the test, it is plausible
that after the 3.5 hours application of anodic IC, the chloride contents in some concretes may
have not reached the threshold level.

(iii) Tendency of the corrosion rate (and potential) to decay and revert to equilibrium conditions (not
necessarily passive corrosion state) after withdrawal of the IC. It would have been beneficial to
continuously record the decay phase of the corrosion current in the specimens after the
withdrawal of the anodic IC to see how long it took before reverting back to equilibrium.
However, this was not possible due to unavailability of data-capture equipment, and should be
explored in future studies.

Before proceeding, it is important to note that similar results depicting reduction in corrosion rate of
steel with time (but in saturated concrete i.e. oxygen-deprived conditions) have been reported in the
past by Raupach [1]. Similar trends were observed in the laboratory-based half-cell potential (HCP)
measurements (i.e. decrease to less negative values) where temperature and relative humidity were
controlled (see Appendix B for HCP vs. time trends). The field-based HCP measurements, as
expected, were quite unstable and no general trend could be deduced from the early-age results. This
unstable nature of HCP and its lack of a clear correlation with corrosion rate in the field-based
specimens is due to the fact that both parameters respond differently to the same variables, particularly
moisture (or oxygen availability), temperature and concrete resistivity. It must also be noted that past
studies have shown that there is no general correlation between corrosion rate and half-cell potentials
[2], and that although reliable relationships between corrosion rate and HCP can be obtained in the
laboratory for well-conditioned experiments, such relationships cannot be generalized because wide
variations in corrosion rate are possible in a narrow range of potentials. Typical HCP vs. time trends
will be presented in Section 4.8.

After exposure in the respective environments for 20 weeks, some specimens that had displayed a

passive corrosion state regained an active state with time. In general, after 20 weeks exposure:

(i) all the uncracked field-specimens except FA-55 (20 mm cover) remained in passive state (i.e.
icorr < 0.1 pA/cm®).

(if) all the laboratory-based specimens that reverted back to a passive state after withdrawal of IC
were actively corroding after 20 weeks, with the exception of uncracked SL-40 and FA-40
specimens with 40 mm cover. These concretes had the lowest chloride conductivity values
(presented later in Section 4.6) depicting low penetrability to chlorides and, in general, corrosion
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species (O,, H,0). This, together with the high cover depth (40 mm) and uncracked state of these
specimens, probably also contributed to the prolonged passive corrosion state in these specimens.

At the end of the experimental period (2% years), all the specimens exhibited an active corrosion state
(see Figures B.1 to B.17 in Appendix B for igr Vs. time trends).

4.3.3 Temporal stabilization of corrosion rates

Over the experimental period (122 weeks), nearly all the field-based specimens did not show
significant increases in corrosion rate until around week 80 when notable steady increases were
recorded (see Figure 4.2). Even though it was expected that corrosion rates in these specimens would
significantly increase due to increase in temperature [3] during the first summer period between weeks
12 and 30 (see Figure C.1, Appendix C) when the maximum and minimum environmental
temperatures increased from, respectively, 21 and 11 °C in week 12 to 26 and 16 °C in week 30, this
was not the case. Most of the specimens continued to show passive corrosion states
(icorr < 0.1 uA/0m2) which later became active but at varied times - corrosion rates in the uncracked
and incipient cracked specimens took longer (up to 86 weeks after field exposure in the uncracked
SL-40 specimens with 40 mm cover) to become active than in the 0.4 and 0.7 mm cracked ones (up to
16 weeks in the 0.7 mm cracked FA-55 specimens with 20 mm cover). The results showed that the
time to re-gaining an active corrosion state was partly dependent on the cover depth, concrete quality
(binder type and wi/b ratio) and crack width - these will be discussed in detail later in this chapter.
After gaining an active corrosion state, corrosion rates in the field-based specimens showed negligible
increases up to around week 80 (end of a summer season, see Figure C.1 in Appendix C) when steady
increases were experienced up to approximately week 100 (during a winter season, see Figure C.1 in
Appendix C) when most specimens showed a pseudo-plateau phase. This phase was experienced in
most of the specimens until the end of the experimental period (just after the commencement of a
summer season, see Figure C.1, Appendix C). A typical plot of the seasonal variation of corrosion rate
in the field-based specimens is shown in Figure 4.12.
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Figure 4.12: Typical trend of corrosion rates with time and seasonal changes in the field specimens

In the laboratory-based specimens, corrosion rates generally increased with time up to between weeks
100 and 122 when they gradually stabilized - see typical plots of corrosion rate vs. time in Figure 4.2.
Corrosion rates in the uncracked specimens stabilized earlier than those in the cracked ones.
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In summary, the following can be inferred from the temporal variation of corrosion rates in the field-

based and laboratory-based specimens:

(i) Corrosion rates in the field-based specimens did not show a close correlation with the seasonal
variations up to around week 70 when most specimens started to actively corrode. However, after
week 70 when most field-based specimens were actively corroding, corrosion rates in these
specimens showed a slight correlation with the seasonal variations, especially temperature
changes.

(i) The stabilization of corrosion rates in the laboratory-based specimens between weeks 100 and
122 can be attributed to the accumulation of corrosion products around the steel hence limiting its
access to oxygen from the concrete surface. This also explains why the corrosion rates in the
cracked specimens took a slightly longer time to stabilize compared to those in the uncracked
ones. In the cracked specimens, corrosion products (at the anode) are exuded through the cracks
hence exposing (to some extent) the non-corroded steel to corrosion agents leading to continued
corrosion. In the laboratory-based specimens, rust stains were seen in the crack area in the
cracked specimens (except the incipient-cracked). Rust stains were not observed in the uncracked
specimens.

Temporal variations were also experienced in the resistivity and half-cell potential results. These will
be discussed in, respectively, Sections 4.7 and 4.8.

4.4  Effect of crack width on corrosion rate

The literature reviewed in Chapter 2 showed that crack width (w) affects corrosion rate - with
increasing w,, leading to increased corrosion rates but to an extent dependent on concrete cover,
quality and resistivity. The latter mainly affects corrosion rate in blended cement concretes, which will
be covered in subsequent sections. Both the laboratory and field corrosion rates followed this trend.
Detailed results showing the variation of corrosion rate with time are given in Appendix B. Typical
plots are shown in Figure 4.13 - note that Figure 4.13(a) does not have data for incipient-cracked
specimens because these were only made for 20 mm cover.
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Figure 4.13: Typical plot — effect of crack width on corrosion rate
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It is important to note that the results discussed here should be viewed taking into consideration that
other crack characteristics such as frequency/density, self-healing potential and whether the crack is
active or dormant may also influence corrosion rate. These crack characteristics were not considered
as they were outside the scope of this study.

A comparison of the average corrosion rates (week 104-120) for specimens of the same exposure
environment (laboratory or field), cover depth and concrete quality (binder type and w/b ratio) but
different crack widths are presented in Figure 4.14 to Figure 4.18. The maximum and minimum i,
presented in these figures were obtained from a statistical analysis of the measured results
(icorrmax = lcorraverage + 1.960, and icorr,min = lcorr,average — 1.960 Where ¢ is the standard deviation - the
value 1.96 is obtained from a standard t-distribution table at a 95% confidence interval). These results
are discussed in conjunction with the detailed ones presented in Appendix B.
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Figure 4.14: Average corrosion rates in uncracked vs. cracked - PC-40 specimens (L: lab, F: field)

Note on Figure 4.14(b): Corrosion rate for incipient-cracked PC-40 specimen with 20 mm cover was unexpectedly higher than
for 0.4 mm cracked specimens. This was inexplicable and hence not used in the analyses.
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Figure 4.16: Average corrosion rates in uncracked vs. cracked - FA-55 specimens (L: lab, F: field)

Note on Figure 4.16(b): The trend between the average corrosion rate for incipient-cracked and uncracked FA-55 specimen with

20 mm cover was inexplicable, and ascribed to experimental anomalies.
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Figure 4.17: Average corrosion rates in uncracked vs. cracked - SL-40 specimens (L: lab, F: field)

Note on Figure 4.17(d): The statistical analysis shows that the average corrosion rates for incipient-cracked and 0.4 mm cracked
SL-40 specimens with 20 mm cover were equal. This was unexpected taking into account the trends obtained in other specimens.

Corrosion rate (LWA/cm?)

Corrosion rate (LA/cm?)

13
SL-55-40-L
11 1 Maximum i, k 3
Average gy,
09 1 Minimum i, -
0.7 I
0.5 T
Uncracked 0.4 mm 0.7 mm
(@)
0.6
SL-55-40-F
0.5
0.4 z I
0.3
0.2 T

Uncracked 0.4 mm

(©

0.7 mm

1.7
SL-55-20-L
T 15 3
3
3 1.3
[
s 11
c
2 0.9 3
e 3
807 k3
0.5 T T T
Uncracked  Incip. 04mm 0.7mm
(b)
0.6
SL-55-20-F
;: i
S 05
g
£ 04 { i
c
R=]
w
03 T
8 !
0.2 T T T
Uncracked Incip. 04mm  0.7mm
(d)

Figure 4.18: Average corrosion rates in uncracked vs. cracked - SL-55 specimens (L: lab, F: field)
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The results show that regardless of the exposure environment (laboratory or field), for a given binder
type, w/b ratio and cover depth, corrosion rates generally increased with increase in crack width (wg)
in the order uncracked — incipient-cracked — 0.4 mm cracked — 0.7 mm cracked. However, for a
given exposure environment, corrosion rate at a given crack width varied depending on the cover
depth, binder type and wi/b ratio - these are covered in the subsequent sections. In the presence of
cover cracking, the impact of increasing cover depth may be substantially reduced. This was the case
especially in the field-based specimens with 0.4 and 0.7 mm crack widths where, for a given concrete,
corrosion rates in the specimens were similar regardless of the cover depth (the influence of cover
depth on corrosion rate is discussed in detail in the next section). This observation motivates the need
to consider both cover depth and crack width simultaneously at the design stage of a RC structure, as
will be seen in Section 4.10. It also suggests that in in-service RC structures, for a given binder type,
w/b ratio and cover depth, variations in crack width within a given range (not quantified in this study),
for example 0.4 to 0.5 mm, may increase corrosion rate to similar extents relative to uncracked
concrete; this will be explored further in Chapter 5 when a sensitivity analysis is carried out on the
proposed corrosion rate prediction model. Further studies are required to verify this observation but
the design implication of this finding is that depending on the concrete quality and cover depth, a
given range of crack widths may have similar corrosion risks.

A summary of the effect of crack width on corrosion rate is presented in Table 4.1. The summary
shows that in general, the presence of incipient cracks as opposed to uncracked specimens had a
similar effect on corrosion rate in both the laboratory-based and field-based specimens. This was also
the case for laboratory-based and field-based specimens where crack width increased from 0.4 to
0.7 mm. However, the results show that generally, increase in crack width from incipient-cracked to
0.4 mm had a relatively lesser effect on corrosion rate in the field-based specimens than in the
corresponding laboratory-based ones. Even though not quantified in this study, it can be expected that,
to a given degree, crack healing occurred in the incipient-cracked specimens. However, the results
presented in Table 4.1 indicate that generally, this phenomenon may have occurred to a higher degree
in the field-based specimens than in the laboratory-based ones. This can be attributed to the sealing of
the cracks with debris in the sea-water. This was believed, to some extent, to have sealed the incipient
cracks and limited the penetration of corrosion agents (mainly O, and H,0) to the steel level hence
leading to a reduction in corrosion rate in these specimens compared to the corresponding uncracked
ones. However, further studies are necessary to ascertain and quantify the assumption of crack healing
and its effect on decreasing corrosion rate. The 18%, 13% and 1% reductions in corrosion rates in,
respectively, the laboratory-based PC-40 specimens with 20 mm cover, field-based FA-55 specimens
with 20 mm cover and field-based SL-40 specimens with 20 mm cover due to the presence of 0.4 mm
cracks are inexplicable. They were therefore not included in the general trends and conclusions drawn
relating to the effect of cracking on corrosion rate. Based on this comparison (Table 4.1), no general
trend on the effect of crack width on corrosion rate could be drawn between the laboratory-based and
field-based specimens; in some cases, the percentage change was higher in the laboratory-based
specimens while in other cases, the reverse was true.
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Table 4.1: Summary of the effect of cracking and crack width on corrosion rate

c Percentage change in corrosion rate due to increase in w¢, (%)
over
Mix label Uncrack.—Incip. crack | Incip. crack—0.4 mm 0.4 mm—0.7 mm
(mm)
Lab Field Lab Field Lab Field
PC.0 20 +50 +47 *xD +9 +38 +28
40 —* - - - +30 +15
2 +1 + +2 ¢ +51 +
SL-40 0 5 8 5 *x 5 30
40 - - - - +15 +23
20 +14 +25 +20 +6 +56 +26
SL-55
40 - - - - +27 +15
20 +21 +20 +31 +2 +27 +13
FA-40
40 - - - - +22 +31
2 a + + + + +
FA-5S 0 *x 11 51 13 33 21
40 - - - - +25 +23

* Note: Incipient-cracked specimens only made for 20 mm cover
** 06 change in i oy Notincluded because a reduction in i, due to increase in w, was obtained

3 _13%, °: -18%, ©: -1%

From a practical point of view, it was necessary to investigate whether the corrosion rates in both the
laboratory and field specimens were sensitive to the crack widths that were used. To achieve this, a
statistical analysis at a 95% confidence interval was carried out based on the average corrosion rates
(presented in Figure 4.3 and Figure 4.4). The results have already been presented in Figure 4.14 to
Figure 4.18. These results show that in general, regardless of the exposure environment, for a given
binder type, w/b ratio and cover depth, differences in average corrosion rates in specimens with
different crack widths were not negligible. In a previous study by Scott and Alexander [4], corrosion
rates for specimens of the same binder type, w/b ratio and cover depth but different crack widths (0.2
and 0.7 mm) were averaged even though a statistical analysis on their results clearly showed the
averaging was not valid. The analyses presented here disapprove of averaging corrosion rates for the
specimens with 0.4 and 0.7 mm crack widths (with a 75% difference). Even in the field-based
specimens where corrosion rates were highly unstable, the 0.7 mm cracked specimens still had higher
corrosion rates than the corresponding 0.4 mm cracked specimens. Based on this, these crack widths
were dealt with separately. Furthermore, even from a practical or service life prediction point of view,
taking into account that corrosion rate is an important input paramater in corrosion-induced damage
prediction models, the decision on whether the corrosion rates in 0.4 and 0.7 mm cracked concrete
should be averaged or not should be based on whether the limit state adopted (e.g. loss in steel cross
section) is sensitive to change in corrosion rate due to slight change in crack width (e.g. from 0.4 to
0.7 mm), or not. The subject of quantification of the propagation phase will be covered in detail in
Chapter 5 after a corrosion rate prediction model taking into account the influence of cover depth,
crack width and concrete quality, and using the results presented in this chapter, is presented.

In order to compare the relative sensitivity of the different concretes (binder type and w/b ratio) with
respect to the effect of increasing crack width on corrosion rate, the percentage increases in corrosion
rates (due to increase in crack width) presented in Table 4.1 were plotted as shown in Figure 4.19 to
Figure 4.22. In these figures, average i in PC-40 specimens was used as a reference except in the
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case of change in crack width from incipient-cracked to 0.4 mm cracked where PC-40 could not be
used as a reference because of the inexplicable negative changes in i due to increase in we, in some
specimens (see Table 4.1). From these figures, it is evident that the increase in corrosion rate due to
increase in crack width, regardless of the binder type, w/b ratio and cover depth, was higher in the PC
concrete specimens than in the blended cement concrete specimens. In 71% and 64% of, respectively,
the laboratory and field specimens, PC-40 showed a higher increase in corrosion rate due to increase
in crack width than in the blended cement concrete specimens. However, considering the field-based
specimens with 40 mm cover (Figure 4.22), it is evident that the effect of increasing crack width was
higher in the blended cement concrete specimens than in the PC specimens. This trend was not
observed in the field-based specimens with 20 mm cover (Figure 4.19). Even though a direct
comparison cannot be made due to the variations in w/b ratios because PC concrete was only made
using 0.40 w/b ratio, it can be inferred that, for high cover depths, the increase in increase in crack
width had a higher effect on corrosion rate in the blended cement concretes than in the PC concrete
ones. In the PC specimens, the relatively high penetrability of the concrete even in the absence of
cracks seems to diminish the effect of increased crack width. On the contrary, in the blended cement
concretes, their relatively low penetrability in the uncracked state is significantly increased in the
presence of cracks, and further, due to increase in crack width. Concrete quality (binder type and w/b
ratio) will be discussed in detail in Section 4.6. From Figure 4.19 to Figure 4.22, no specific trend on
the effect of increase in crack width on corrosion rate is evident in the blended cement concretes.
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4.5 Effect of cover depth on corrosion rate

Cover depths of 20 and 40 mm were used in this study. The incipient-cracked specimens were made
using only 20 mm cover. A comparison of the average corrosion rates for laboratory-based and field-
based specimens with 20 and 40 mm cover depths is presented in Figure 4.23 to Figure 4.25. Even

though these figures also depict the influence of binder type and w/b ratio, these will be discussed in
Section 4.6.
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Figure 4.25: Comparison of ic,, for 20 and 40 mm cover — 0.7 mm cracked lab and field specimens

The results show that for a given combination of binder type, w/b ratio and crack width, corrosion
rates in both the laboratory-based and field-based specimens increased with decrease in cover depth
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(from 40 to 20 mm). Similar results have been obtained by Akatsuka et al. [5] and Scott and
Alexander [4]. This trend is attributed mainly to the limited oxygen availability (as cover depth
increases) to support the cathodic reaction during corrosion by increasing its travel path from the
concrete surface to the steel level. This phenomenon is applicable to both the uncracked and cracked
specimens because even in cracked concrete, the cathodes are mainly located in the uncracked
concrete regions [6]. This was covered in detail in Chapter 2. The results also show that for a given
combination of crack width, binder type and w/b ratio, even though increasing cover depth was
expected to have a significant impact in the uncracked specimens, this was not the case.

Table 4.2 summarizes the impact of increasing cover depth on corrosion rate. These results are similar
to those obtained by Scott and Alexander [4]; the results of Scott and Alexander [4] were presented
and discussed in detail in Chapter 2. In general, in the laboratory-based specimens, the highest
reductions in corrosion rates as a result of increased cover depth were recorded in the blended cement
concrete specimens. This contradicts previous findings in the study by Scott and Alexander [4] where
the highest reductions in corrosion rates as a result of increased cover depth were recorded in the plain
Portland cement concretes (see Table 4.2). It is not clear why this trend was reversed in this study.
However, this trend was not observed in the field-based specimens where no specific trend was
evident. The 17% increase in corrosion rate due to increase in cover depth from 20 to 40 mm in the
uncracked field-based FA-55 specimens was inexplicable. Comparing the effect of increasing cover
depth in the laboratory-based and field-based specimens, Table 4.2, shows that in both the 0.4 and
0.7 mm cracked specimens, there was no consistent trend. However, in the uncracked specimens, the
field-based specimens exhibited higher reductions in corrosion rate than the corresponding laboratory-
based ones. Remember that previously in Section 4.4, we saw that in the field-based specimens with
20 mm cover, increase in crack width from 0 (uncracked) to incipient-cracked showed the highest
percentage increase in corrosion rate compared to either an increase from incipient-cracked to 0.4 mm
or 0.4 to 0.7 mm (see Figure 4.19). These results show a dominating influence of cover depth in these
specimens and that even incipient-cracks can significantly increase corrosion rate.

Table 4.2: Effect of increasing cover depth on corrosion rate

% reduction in i ¢y due to change in cover
Crack width | Mixlabel from 20 to 40 mm (at constant w )
Lab specimens Field specimens
PC-40 2 10
SL-40 21 33
Uncracked SL-55 12 24
FA-40 10 30
FA-55 43 -17
PC-40 6 25
SL-40 27 7
0.4 mm SL-55 8 10
FA-40 23 16
FA-55 34 25
PC-40 11 33
SL-40 45 12
0.7 mm SL-55 25 17
FA-40 25 3
FA-55 38 24
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4.6  Effect of binder type and w/b ratio on corrosion rate

Concrete quality (binder type and w/b ratio) was quantified using the chloride diffusion coefficients
determined from the rapid chloride conductivity index (CCI). CCI is used as a measure of the
resistance of concrete to chloride ingress by diffusion, with an increase in the CCI value depicting a
decrease in chloride penetration resistance. It is an indirect measure of concrete resistivity and can
therefore be correlated to corrosion rate. It is empirically correlated to the chloride diffusion
coefficient (see Appendix D for details of the empirical model) taking into account the effect of
marine exposure environment, concrete ageing and binder type [7, 8] i.e. the empirical model has a
capability of estimating the time- and exposure-dependent apparent chloride diffusion coefficient for
commonly used binder types and marine exposure environments in South Africa.

The empirical model is currently used for service life prediction defined based on the time to corrosion
initiation [9, 10] but recent studies have also shown that it exhibits a good correlation with corrosion
rate [11, 12]. The good correlation between CCI and corrosion rate can be attributed to the fact that,
(i) it is theoretically the inverse of concrete resistivity which is inversely proportional to corrosion rate
[13], and (ii) through the chloride diffusion coefficient, it can fundamentally be used to depict relative
penetrabilities of concretes made using different binder types and w/b ratios. Concrete penetrability
determines the ease of ingress of corrosion-sustaining agents (mainly oxygen and moisture) through
non-saturated concrete during the propagation period.

Concretes made using different supplementary cementitious materials (e.g. FA, GGBS) can exhibit the
same CCI but different diffusion coefficients mainly due to differences in chloride binding capacities
[7, 14]. This poses a major challenge if the CCI is to be used as an input parameter in a corrosion
initiation or propagation prediction model. In this study, the objective was to characterize concrete
quality so that it can be incorporated in the corrosion rate prediction model which will be presented in
Chapter 5. Therefore, in order to differentiate between the different binders, the equivalent diffusion
coefficients of the CCl values of different binders were determined using the empirical relationship (in
Appendix D) between the two parameters. It is important to underscore that the diffusion coefficients
of the concretes, even when correlated to corrosion rate (later in Section 4.6.1), was be used to solely
depict the relative penetrabilities of the different concretes to corrosion-sustaining agents and not to
quantify a specific transport parameter as is usually the case in Fickian-based corrosion initiation
prediction models.

Both the 28-day and 90-day CCI values were measured for all the concretes. The results obtained
(Figure 4.26) show that both binder type and w/b ratio affect the CCI value and hence the penetrability
of the concrete. The trend in diffusion coefficient values (Dgo) presented in Table 4.3 (obtained from
the 90-day CCI values) for the various concrete mixes, in increasing order i.e. decreasing concrete
quality, was as follows: SL-40 — SL-55 — FA-40 — FA-55 — PC-40. The diffusion coefficients
obtained from the 28-day CCI were presented in Chapter 3, and follow the same trend. The diffusion
coefficients obtained from the 90-day CCI were used here to account for the slow rate of maturity of
the FA and GGBS concretes. In general, for a given binder, diffusion coefficient values decreased with
decreasing w/b ratio (from 0.55 to 0.40) and with increasing age (from 28 to 90 days). Furthermore,
the blended cement concretes had lower diffusion coefficients than PC concrete. This trend is
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attributed to the refined microstructure and higher chloride binding capacity in the blended cement
concretes than in plain PC concrete [15, 16]. These results depict the effectiveness of the different
SCMs used i.e. fly ash (FA) and GGBS. The diffusion coefficient values for GGBS concretes (SL-40
and SL-55) were lower than those for fly ash concretes (FA-40 and FA-55). This means that for the
replacement levels used, GGBS concrete can be expected to have better durability performance than
FA concrete with respect to ingress of chlorides and other corrosion agents (moisture and oxygen).
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Figure 4.26: 28 and 90-day chloride conductivity index results

Table 4.3: Chloride diffusion coefficients for the concretes used

Mix label Diffusion coefficient (cm?/s) x10™°
(determined from 90-day chloride conductivity index)

PC-40 47.4

FA-40 9.6

FA-55 14.8

SL-40 7.0

SL-55 8.4

For a given cover depth and crack width, corrosion rate generally increased with decrease in concrete
quality in the order SL-40 — FA-40 — SL-55 — FA-55 — PC-40. This trend is similar to that
obtained for the diffusion coefficients already presented. However, these results show that in cracked
RC, quality alone cannot be used to predict durability performance with respect to reinforcement
corrosion. A similar conclusion was arrived at in a similar experimental study by Otieno [11, 17]. In
cracked concrete, corrosion of steel depends on the availability of oxygen, not in the crack region
(which mainly hosts the anodes [18-20]), but in the surrounding concrete away from the crack (which
hosts mainly the cathodes) and hence, on the rate at which oxygen can diffuse through the cover
concrete. Furthermore, the influence of concrete resistivity, covered in Section 4.7, is also important.

For both cracked and uncracked specimens, the results show that concrete quality influences corrosion
rate and can be used to control its propagation. Specifically, the use of blended cement concretes is
more effective in controlling steel corrosion than plain PC concretes as was mentioned previously -
see Figure 4.27 to Figure 4.30. These figures also show that there was a significant difference between
the corrosion rates for specimens made with plain PC concrete (PC-40) and those made with blended
cement concrete (SL-40 and FA-40) in comparison to those for blended cement concretes.
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Figure 4.27: Comparison of average ico for PC-40, and SL-40 and FA-40 specimens (20 mm cover)
(Note: average icor for PC-40 used as reference)

3.0 T 40 mm cover - lab specimens e 0.8 1 40 mm cover - |§1b specimens L
A A e .
’ , s
26 0.7 - . 45° line
—~ . . .
& -7 45° line L7
g 22 — . 4 0.6 L’
2 d ‘ /,
S0 18 f o L’ 0.5 © e
i . L’
30 e .
o 14 Pl 0.4 Nt
? L+ ®PC-40vs. SL-40 (Uncracked) 7 ®PC-40 vs. SL-40 (Uncracked)
2 10 L7 ©PC-40 vs. FA-40 (Uncracked) 0.3 e ©PC-40 vs. FA-40 (Uncracked)
< P WPC-40 vs. SL-40 (0.4 mm cracked) L’ ’ BPC-40 vs. SL-40 (0.4 mm cracked)
0.6 I OPC-40 vs. FA-40 (0.4 mm cracked) ) 5 e OPC-40 vs. FA-40 (0.4 mm cracked)
' L’ APC-40 vs. SL-40 (0.7 mm cracked) : L7 A PC-40 vs. SL-40 (0.7 mm cracked)
02 A APC-40 vs. FA-40 (0.7 mm cracked) 01 £ APC-40 vs. FA-40 (0.7 mm cracked)
02 06 10 14 18 22 26 30 01 02 03 04 05 06 07 08
Average i, (WA/CM?) Average i, (WA/CM?)
SL-40, FA-40 SL-40, FA-40

Figure 4.28: Comparison of average i for PC-40, and SL-40 and FA-40 specimens (40 mm cover)
(Note: average icor for PC-40 used as reference)
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Figure 4.29: Comparison of average iqo, for blended cement concrete specimens (20 mm cover)
(Note: average icorr for PC-40 used as reference)
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Figure 4.30: Comparison of average ic for blended cement concrete specimens (40 mm cover)
(Note: average icor for PC-40 used as reference)

In addition, Figure 4.23 to Figure 4.25 presented previously in Section 4.5 showed a distinct trend in
corrosion rates for both the laboratory-based and field-based specimens made with blended cement
concretes regardless of the w/b ratio. In both cases, corrosion rates for the blended cement concretes
were in most cases clustered together and isolated from those of PC concretes. These results also show
that for a given supplementary cementitious material (SCM), even though reducing the w/b ratio
further increases the concrete’s quality and hence decreases corrosion rate, the effect is small
compared to that of the presence of the SCM itself. This suggests that the high concrete resistivity in
blended cement concretes has a major influence on corrosion rate than concrete quality due to change
in w/b ratio (resistivity results will be presented in Section 4.7).

A summary of the influence of concrete quality on corrosion rate is presented in Table 4.4 and
Table 4.5. The effect of concrete quality on corrosion rate is compared by considering both the change
in binder type for a given wi/b ratio, crack width and cover depth (Table 4.4), and the change in w/b
ratio for a given binder type, crack width and cover depth (Table 4.5). The latter comparison is only
carried out for the fly ash and slag specimens because PC concrete was only made using 0.40 w/b
ratio.

Table 4.4: Effect of change in binder type on corrosion rate

) Percentage reduction in i ¢ due to change in binder type (at a constant w/b ratio and cover)
Crack width and
PC-40 — FA-40 PC-40 — SL-40
exposure
20 mm 40 mm 20 mm 40 mm

Lab 68 71 73 78
Uncracked | .

Field 48 60 48 62
Incipient  |Lab 74 —* 79 -
crack Field 57 - 62 —

Lab 59 66 68 75
0.4 mm .

Field 60 55 65 57

Lab 62 68 65 78
0.7 mm .

Field 65 49 65 54

* Incipient-cracked specimens were only made with 20 mm cover
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Table 4.5: Effect of change in w/b ratio on corrosion rate

. Percentage reduction in i . due to change in w/b ratio (for a given binder type and cover)
Crack width and
FA-55 — FA-40 SL-55 — SL-40
exposure
20 mm 40 mm 20 mm 40 mm

Lab 53 27 29 36
Uncracked |

Field 32 60 12 23
Incipient Lab 35 _k 28 _
crack Field 27 - 24 -

Lab 44 27 25 41
0.4 mm .

Field 34 35 29 27

Lab 46 22 27 47
0.7 mm .

Field 38 22 26 22

* Incipient-cracked specimens were only made with 20 mm cover

Table 4.4 shows that regardless of the exposure environment, for a given w/b ratio, cover depth and
crack width, partial replacement of PC with either FA (30%) or GGBS (50%) led to significant
reductions in corrosion rate. The results also show that there was no marked difference in the changes
in corrosion rate between the field-based and laboratory-based specimens due to partial replacement of
PC with either FA (30%) or GGBS (50%). These results show that accelerated corrosion by cyclic
wetting (with a chloride-based salt solution) and drying that was used in this study is sensitive to
change in concrete quality due to replacement of plain PC with blended cements (or change in w/b
ratio as will be seen later) - this may not be the case with other accelerated corrosion techniques such
as the use of anodic impressed current (see Chapter 2, Part 1l where accelerated corrosion techniques
were reviewed).

With respect to effect of change in concrete quality due to change in w/b ratio on corrosion rate, the
analysis presented in Table 4.5 shows that both the blended cement concretes generally respond to
changes in w/b ratio in a similar manner. Similar results have been reported in previous studies by
Otieno et al. [11] and Somma et al. [21].

These results also suggest that for a given cover depth, there can be a number of possible combinations
of corrosion-influencing parameters (e.g. crack width and concrete quality) that can be used to control
corrosion rate hence the need to simultaneously consider their influence. This aspect is covered in
Section 4.10. The effect of crack width is also evident in the analyses presented in Table 4.4 and Table
4.5, especially for the 0.4 and 0.7 mm cracked specimens, but these were discussed in detail in
Section 4.4.

4.6.1 Correlation between concrete quality and corrosion rate

Even though both 28-day and 90-day chloride conductivity tests were carried out, only the 90-day CCI
values, Cq, (and consequently the chloride diffusion coefficients determined from the 90-day CCI,
Dqo) were used in the correlation analyses between corrosion rate and concrete quality. This was done
to account for the slow rate of maturity of the FA and GGBS concretes; a study by Mackechnie [8]
also found out that the CCI of these concretes are reasonably stable at this age. Concrete quality was
therefore represented using Dgy. Correlations of average corrosion rate and concrete quality (Dgo) are
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presented in Figure 4.31 to Figure 4.34. The trendlines shown in these figures were obtained by
regression analysis (least squares method) to find the line of best fit (see Appendix E for details).
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Figure 4.31: Average corrosion rate vs. diffusion coefficient (lab specimens, 40 mm cover)
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Figure 4.32: Average corrosion rate vs. diffusion coefficient (lab specimens, 20 mm cover)
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Figure 4.33: Average corrosion rate vs. diffusion coefficient (field specimens, 40 mm cover)
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Figure 4.34: Average corrosion rate vs. diffusion coefficient (field specimens, 20 mm cover)

The analyses show that in both the field-based and laboratory-based specimens, irrespective of binder
type, there exists a reasonably good correlation (R® generally > 0.7)* between the Dgy and corrosion
rate for a given crack width and cover depth. For a given binder type and the corresponding Dg, Value,
corrosion rate increases with increasing crack width. However, even though there is a high correlation
between corrosion rate and Dy, the latter cannot be used in isolation to predict durability performance
especially in cracked concrete. Other factors affecting corrosion rate such as cover depth and crack
width must also be taken into account. The trends shown in Figure 4.31 to Figure 4.34 between
corrosion rate and Dy, (concrete quality) can be expressed as follows:

e = ke P29 [uavem?]

(4.1)

where k; (uA/cm?) and A, (slcm?) are coefficients whose values are dependent on cover depth (20 or
40 mm), crack width (0.4 or 0.7 mm) and exposure environment (laboratory and field). As mentioned
previously, the chloride conductivity value used to determine the diffusion coefficient, Dy, is obtained
using uncracked concrete specimens, and even though high correlation factors can be obtained
between corrosion rate and Dy, even in the cracked specimens, the influence of cracking (and cover
depth) should be taken into account to predict a realistic durability performance. Therefore, even
though these results show that Dy, can be used as an input parameter in corrosion rate prediction
model (to depict concrete quality), the effect of cracking and cover depth should also be incorporated.
This will be discussed further in Section 4.10 and in Chapter 5.

4.7  Concrete resistivity results

Concrete resistivity is also an important factor that influences corrosion rate of steel in RC structures.
Previous studies have shown that high concrete resistivity can stifle the cathodic reaction process by
limiting the flow of OH™ ions in the concrete pore solution [4, 16, 22, 23]. Concrete resistivity is

* R? gives a measure of the goodness of the fit. In a sense, it is a measure of how much of the variability in the
y-axis values can be accounted for by changes in the x-axis values.
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mainly influenced by the moisture content, binder type (especially the presence of SCMs) and w/b
ratio but other factors such as temperature and chloride content are also important [24].

The 2-point moving average laboratory and field resistivity results obtained for the different concretes
used in this study are presented in Figure 4.35 and Figure 4.36 (see Appendix E for calculation of
moving average). The resistivities for the cracked and uncracked concretes were found to have
negligible differences in both the laboratory-based and field-based specimens. This is because the
resistivity measurements (using the 4-point Wenner probe) in the cracked specimens were taken only
in the uncracked concrete portions; no measurements were taken across the cracks. The results were
therefore averaged and analysed in terms of binder type and w/b ratio. Average resistivities
(week 104-120) of the various concretes (both field-based and laboratory-based) are presented in
Figure 4.37. Detailed results are presented in Appendix B. The error bars shown in Figure 4.37 are
calculated in the same way as those that were presented in Figure 4.26 for chloride conductivity
results. A comparison of the concrete resistivity values for laboratory-based and field-based specimens
is presented in Figure 4.38(a) and (b).
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Figure 4.35: 2-point moving average resistivity for laboratory-based specimens
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Figure 4.36: 2-point moving average resistivity for field-based specimens
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Figure 4.38: Comparison of resistivities for field-based and laboratory-based specimens

From these results, it is evident that resistivity increased with time irrespective of the binder type and
w/b ratio. This phenomenon is attributed to continued hydration of the binder with time which leads to
refinement of the concrete microstructure [25] and a lower ionic concentration [24] even though the
latter may not be the case for concretes exposed to chlorides as was the case in this study. The results
also show that the presence of SCMs (FA and GGBS) in concrete increases concrete resistivity. The
PC concrete had the lowest resistivity while FA concrete had higher resistivity than GGBS concrete.

It is also important to note the unstable nature (i.e. random fluctuation with time) of the field-based
concrete resistivities in comparison to the laboratory-based ones. This unstable nature is mainly
attributable to, even though not measured, the relatively high variations in the moisture content and
temperature (especially in the upper 10 - 20 mm concrete surface layer [26-28]) as opposed to the
laboratory-based specimens where exposure conditions (relative humidity and temperature) were
controlled throughout the experiment duration. The comparison of the concrete resistivity values for
laboratory-based and field-based specimens (Figure 4.38(a) and (b)) shows that the field resistivities
were higher than the corresponding laboratory ones. This trend can possibly be attributed to one or a
combination of the following two factors:
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(i) Lower moisture contents in the field-based concretes (especially in the upper 10 - 20 mm
concrete surface layer) in comparison to those in the laboratory. Resistivity measurements in the
laboratory-based specimens were taken at the end of the 3-day wetting (with 5% NaCl solution),
which probably resulted in saturation of the specimens. The issue of low and highly variable
moisture content is one of the major challenges to using in-situ surface resistivity measurements
to assess the corrosion risk in RC structures.

(i) Formation of a dense insoluble layer of Mg(OH); (i.e. brucite) on the concrete surface [29]. This
should not be misinterpreted to mean high resistivity concrete [27, 28]. Brucite crystallizes on the
exposed concrete surface as small compact crystals that clog concrete pores and can retard the
diffusion of oxygen to the steel surface. The reaction involves reaction of Ca(OH); in the concrete
pore solution with Mg?* ions in the sea water [29]. However, the presence of brucite on the
concrete surfaces of the field-based specimens could not be ascertained because it was not
assessed. Further work will be needed to ascertain this assumption.

Overall, despite the differences between field-based and laboratory-based concrete resistivities, the
resistivities of both the field-based and laboratory-based specimens increased in the following order:
PC-40 — FA-55 — SL-55 — SL-40 — FA-40. This trend is closely the reverse to that for diffusion
coefficients (obtained from chloride conductivities) presented earlier in Section 4.6 except for SL-40
and FA-40 (which are reversed). The similarity in the trends for concrete resistivity and diffusion
coefficient is attributed to the fact that conductivity which was used to determine diffusion coefficient
is theoretically the inverse of resistivity, or vice versa.

In the cracked specimens made using blended cement concretes (with high resistivities), relatively
high corrosion rates were still recorded. This shows that in the presence of cracks, the high resistivity
of blended cement concretes cannot solely be relied on to inhibit corrosion, and brings to question the
validity of interpreting resistivity measurements using guidelines such as the one proposed by
Polder et al. [30] (see Chapter 2, Table 2.5). The results clearly show that, if the influence of cover
cracking on corrosion rate is to be appreciated, such guidelines have to be used carefully, or revised to
allow for the influence of cover cracking. Other factors such as crack width, concrete quality and
cover depth should be taken into account - these have already been discussed in previous sections.
Furthermore, even for the field-based specimens (both uncracked and cracked), the relatively high
concrete resistivities could not be relied on to quantify the corrosion risk. This is because despite the
high resistivity measured on the concrete surface (using the 4-point Wenner probe), as already
mentioned, due to either the drying effect of the outer concrete layer or presence of brucite layer on
the concrete surface [29], the interior regions closer to the steel surface may still have relatively
adequate moisture contents to sustain corrosion rate, especially for specimens with low cover depths
i.e. 20 mm [31-33]. A study by Chrisp et al. [34] showed that the effect of drying or wetting on
concrete conductivity (the inverse of resistivity) decreases with depth up to about 50 mm where drying
and wetting will have little or no effect.

4.7.1 Relationship between concrete resistivity and corrosion rate
The correlations between average corrosion rate and average resistivity (week 104-120) for both the
laboratory-based and field-based specimens are given in Figure 4.39 to Figure 4.42. The trendlines
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shown in these figures were obtained by regression analysis (least squares method) to find the line of
best fit (see Appendix E for details).
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Figure 4.39: Average corrosion rate vs. average resistivity (lab specimens, 40 mm cover)
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Figure 4.42: Average corrosion rate vs. average resistivity (field specimens, 20 mm cover)

From the results, the general trend is an inverse relationship between concrete resistivity and corrosion
rate:

. 1
loorr = kz(Fj [UA/C”‘Z] (4.2)

where k; ((nA/cm?)/kQ-cm) and A, (-) are coefficients whose values are dependent on cover depth (20
or 40 mm), crack width (0.4 or 0.7 mm) and exposure environment (laboratory and field).

The inverse relationship between concrete resistivity and corrosion rate conforms to findings from
previous studies such as that of Alonso et al. [35] (see Chapter 2 on literature review). The difference
between Alonso et al.’s model and the one presented here lies in the coefficient k,; in Alonso et al.’s
model, the coefficient k, has a constant value while in the relationship presented in this study, for a
given exposure environment, it varies depending on cover depth and crack width. Equation (4.2) is
therefore an improvement to Alonso et al.’s model. The results show that generally, for all specimens,
higher corrosion rates were observed in those with lower resistivities and vice versa. The trend for
cracked specimens showed that for a given concrete resistivity, corrosion rate increased with
increasing crack width. This was the case for both the field and laboratory specimens. Previous studies
by Scott and Alexander [4] and Otieno et al. [11] have shown that corrosion rate is not a function of
resistivity alone, but also depends on the limiting availability of oxygen at the cathode, particularly
when resistivity is fairly low, and availability of moisture [36, 37]. These results motivate the need for
provision of adequate cover in low-resistivity concretes, and underscore the previous statement that
resistivity alone, even though important, cannot be used alone to control corrosion in RC structures.
However, the provision of adequate cover depth alone may not suffice to control corrosion. In
Section 4.5, we saw that increase in cover depth in the PC concrete specimens (with relatively low
resistivities) did not necessarily result in low corrosion rates. A holistic approach taking into
consideration the factors influencing corrosion rate is therefore needed. This will be discussed further
in Section 4.10.
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Finally, these results illustrate the limitation of using resistivity (measured using 4-point Wenner
probe) as a tool to assess the susceptibility of cracked RC structures to steel corrosion. Even though
the dominating effect of high resistivity (in the blended cement concretes) on corrosion rate is still
evident, the performance of the different concretes with respect to corrosion can still be distinguished
by the different crack widths. This was the case in both the field-based and laboratory-based
specimens. It can therefore be concluded that resistivity measurements (using the 4-point Wenner
probe) cannot be reliably used to assess the susceptibility of cracked RC to steel corrosion.
Nevertheless, resistivity can still serve as a good first indicator for corrosion activity in cracked RC
structures but further complementary assessments such as corrosion rate and half-cell potential
measurements are necessary. As stated by Otieno et al. [38], what is required is a means of also
allowing for the effects of cracking. With sufficient data from long-term studies, a relationship
between corrosion rate and resistivity for both uncracked and cracked concrete can be established.

However, based on the results of this study, a hypothetical approach is proposed (see Figure 4.43)
where the influence of cover cracking is taken into consideration when interpreting resistivity
measurements. In the proposed framework, corrosion risk of the RC structure is assessed taking into
account the influence of both the concrete resistivity and pre-corrosion cover cracking on corrosion
rate. However, for such an approach to be used, it is necessary to determine, for a given range of
resistivity values (say 10-50, >50-100 and >100 kQ-cm), the corresponding values of the crack widths
or crack width ranges that define the boundaries between the different corrosion risk levels. These
resistivity ranges are based on the current ones used to interpret resistivity measurements [30] - see

Table 2.5, Chapter 2. At present, the crack widths ranges shown in the proposed framework (Figure

4.43) are based on the experimental results of this study and those of Otieno et al. [11] and Scott and

Alexander [4], and should therefore be taken as rough empirical guidelines (see Figure 2.23 and

Figure 2.24 in Chapter 2). The results of Otieno et al. and Scott and Alexander were presented in

Chapter 2. Further work is still required in this area. The reasons for adopting the proposed crack

width (w,,) ranges are as follows:

(i) 0 <wg <0.2 mm: the experimental results showed that the presence of incipient cracks resulted
in relatively higher corrosion rates than in uncracked concrete. A measurement of the incipient-
crack widths in some specimens after unloading showed that the surface cracks widths ranged
between 0.03 mm to 0.15 mm. However, the corrosion rates in specimens of the same cover
depth, binder type and w/b ratio, and with crack widths within this range did not show significant
differences (max. standard deviation: 0.03 pA/cm?). An upper limit of 0.2 mm was therefore
adopted in the framework.

(if) 0.2 mm < wg, < 0.4 mm: the upper limit of 0.4 mm was adopted because the corrosion rates in the
0.4 mm and 0.7 mm cracked specimens of the same binder type, w/b ratio and cover depth
showed stark differences (see Figure 2.24 in Chapter 2).

(iii) wg > 0.4 mm: even though the maximum crack width used in the experimental studies reported in
this paper was limited to 0.7 mm, it was not adopted as the upper limit because it is deemed that
for crack widths > 0.4 mm, the influence of resistivity on corrosion rate, even though still evident,
will be decreased (especially for resistivities < 50 kQ-cm).
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It is important to acknowledge that even though the proposed framework presented here is limited to
single transverse (flexural) cracks based on the experimental data used, and in addition to crack width,
the influence of other crack characteristics such as density (or frequency), activity or dormancy,
orientation with respect to reinforcing steel, geometry (tortuosity, depth and surface roughness) and
self-healing capacity on corrosion rate should, in future, also be quantified and taken into account.

Corrosion risk level
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3: Moderate to high

4: Very high

5: Corrosion risk is only a function of crack width
(other factors being constant)

W, > 0.4 mm 7 @
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| MWW 7%, e
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' Increasing crack width
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0<w,<0.2mm

cr =

r Uncracked concrete

100 Resistivity (kQ-cm)

Figure 4.43: Hypothetical schematic for interpretation of resistivity measurements in cracked concrete

At the moment, considering that in-service RC structures are usually in a cracked state, and in addition
to its sensitivity to moisture content variations in concrete, surface resistivity measurements using the
4-point Wenner probe should not be relied on as the sole basis to make decisions with respect to their
susceptibility to steel corrosion. Nevertheless, it can still serve as a good first indicator for corrosion
activity in cracked RC structures but further complementary assessments such as chloride content at
steel level, corrosion rate and half-cell potential measurements are necessary.

4.8  Half-cell potential results

4.8.1 General trends in half-cell potential results

Typical time-development trends for HCP obtained during the experimental period are shown in
Figure 4.44(a) to (f). A general overview of the average HCP (week 104-120) is given in Figure 4.45
and Figure 4.46. Detailed results are given in Appendix B. In Figure 4.45 and Figure 4.46, the
-256 mV (Ag/AgCIl) HCP mark is highlighted because according to ASTM C876-91 [39] guidelines
(see Table 3.5, Chapter 3), values equal to or more negative than -256 mV (Ag/AgCl) are interpreted
to mean a high (> 90%) probability of active corrosion, which is conventionally depicted by
iorr > 0.1 pA/ecm? [40, 41], while those less negative than -256 mV (Ag/AgCl) are generally
interpreted as intermediate corrosion risk.

Fundamentally, a HCP value depicts the corrosion condition of the embedded steel in concrete [42]
and should therefore, for specimens with the same binder type, w/b ratio, cover depth, crack width and
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exposure environment, have similar trends to those for corrosion rates already presented in previous
sections. The results presented in Figure 4.44 to Figure 4.46 show the following trends:

(i)

(i)

(iii)

for a given exposure environment (laboratory or field), cover depth and crack width, average
HCP became less negative in the following order: PC-40 — FA-55 — SL-55 — FA-40 — SL-40.
This trend is similar to the correlation between corrosion rate and concrete quality that was
discussed in Section 4.6.

HCP values for the field-based specimens were lower (less negative) than the laboratory-based
ones (Figure 4.45 and Figure 4.46). This trend corresponds to that for the corrosion rate results
already discussed Section 4.4.

the HCP trends with respect to time over the entire experimental period show that the HCP values
for both laboratory-based and field-based specimens became more negative with time (as
expected) but at a relatively slower rate in comparison to that for corrosion rate as should have
been the case. Notably, the corrosion rate trends for laboratory-based specimens showed
remarkable increases (more negative) in HCP with time in comparison to corresponding field
specimens. This difference in trends is partly attributed to the corrosion rate measurement
technique used in this study i.e. coulostatic linear polarization resistance technique, as was
mentioned in Chapter 3. In applying this technique to obtain corrosion rate, the polarized steel
surface area was assumed to be equal to the exposed surface area of approximately 86 cm? (steel
diameter of 10 mm, length approximately 27.5 cm - see Chapter 3 for details). This value was
used to calculate the corrosion current density, iy However, it is important to acknowledge that,
even though the temporal evolution of surface morphology of corroded steel was not assessed, it
can be expected that the anodic steel area was not constant throughout the test duration as
assumed, and that it increased with time. Consequently, as the corrosion current (and hence
cumulative steel mass loss) increases with time, there is also a corresponding increase in the
anodic surface area (or formation of new anodes on the steel surface). Depending on the level of
increase in the anodic steel area, the corrosion current density (icorr) Can be expected to remain
more or less constant, or have significant changes only after long periods of time. This trend was
not evident in the results reported in this study due to the use of a constant polarized steel surface
area to calculate the corrosion current density.
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Figure 4.44: Typical half-cell potential time-development trends
(Note: see Appendix B for full results)
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Figure 4.45: Average half-cell potentials for lab and field specimens with 20 mm cover
(Note: Full size figure is provided in Appendix B)
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Figure 4.46: Average half-cell potentials for lab and field specimens with 40 mm cover
(Note: Full size figure is provided in Appendix B)

(iv) week 0 to 74: during this period, HCP results for the field-based specimens were quite unstable
(i.e. random fluctuation with time) compared to the corresponding laboratory-based ones but later
became relatively stable (see Figures B.18 to B.34 in Appendix B). In this period, no distinct
trends in HCP were observed in the field-based specimens for different cover depths, binder
types, w/b ratios or crack widths. This trend of fluctuating HCP values bearing no correlation
with corrosion rate that was observed in the field-based specimens during this period was not
experienced in the laboratory-based specimens where HCP values showed a good relationship
(more negative HCP values for higher corrosion rates, and vice versa) with corrosion rate
throughout the experimental period, and was attributed to the controlled exposure conditions
(temperature and relative humidity) in the laboratory. These results imply that the use of HCP
measurement as a corrosion assessment technique can be quite unreliable for field applications

145



v)

especially for RC structures that have just started to corrode actively (say 0.1-0.2 pA/cm?) when
corrosion rates are, in most cases, unstable. In such cases, once-off instanteneous HCP point-
measurements, which is the common procedure in practice, can be misleading unless they are
complimented with other corrosion assessment techniques such as corrosion rate measurement.
This problem can also, to some extent, be overcome by taking consecutive HCP measurements
over an extended period of time.

week 75 to 122: after week 74, the differences in HCP values for specimens with different cover
depth, crack width and concrete quality were visible and correponded to trends of more negative
values with (a) increase in crack width (Figure 4.47 to Figure 4.51) - the maximum and minimum
HCP presented in these figures were obtained from a statistical analysis
(HCPrax = HCPayerage + 1.960, and HCPpin = HCPayerage — 1.960 where o is the standard deviation -
the value 1.96 is obtained from a standard t-distribution table at a 95% confidence interval) of the
measured results, (b) decrease in cover depth, and (c) decrease in concrete quality. The HCP
trends obtained during week 75 to 122 were similar to those for corrosion rate already presented
in Sections 4.4, 4.5 and 4.6 i.e. the HCP values became more negative as the corrosion rates

increased with time.

(c) PC-40 field, 40 mm cover

(d) PC-40 field, 20 mm cover
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Figure 4.47: Comparison of average HCP for uncracked and cracked PC-40 specimens (L: lab, F: field)
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Figure 4.48: Comparison of average HCP for uncracked and cracked FA-40 specimens (L: lab, F: field)
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Figure 4.49: Comparison of average HCP for uncracked and cracked FA-55 specimens (L: lab, F: field)
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Figure 4.50: Comparison of average HCP for uncracked and cracked SL-40 specimens (L: lab, F: field)
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Figure 4.51: Comparison of average HCP for uncracked and cracked SL-55 specimens (L: lab, F: field)

Finally, for a given exposure environment, cover depth, crack width and w/b ratio, a comparison of the
average HCP results (Figure 4.52 to Figure 4.53) showed a similar trend to that for concrete quality
and resistivity that were presented in previous sections - the HCP values of blended cement concrete
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specimens were less negative than those of plain PC concrete (PC-40) specimens. However, even
though specimens made with fly ash concretes (FA-40 and FA-55) showed more negative HCP values
than those made with GGBS concretes (SL-40 and SL-55), the differences were not as high as those
between PC-40 and SL-40 specimens. These differences are attributed to the reasons already given in
Sections 4.6 and 4.7 where, respectively, concrete quality and resistivity were discussed.
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Figure 4.52: Comparison of average HCP for PC-40 and SL-40 specimens (40 mm cover)
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Figure 4.53: Comparison of average HCP for blended cement concrete specimens (40 mm cover)
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Figure 4.54: Comparison of average HCP for blended cement concrete specimens (20 mm cover)

4.8.2 Correlation between half-cell potential and corrosion rate

The relationships between average corrosion rate and average HCP (week 104-120) for the laboratory-
based and field-based specimens are given in Figure 4.55 and Figure 4.56. The trendlines shown in
these figures were obtained by regression analysis (least squares method) to find the line of best fit
(see Appendix E for details). These results show that HCP values for both the field-based and
laboratory-based specimens showed a good correlation (R?> > 0.9) with corrosion rate i.e. higher
corrosion rates corresponded to more negative HCP values. The good correlation between HCP and
corrosion rate in the laboratory-based specimens is not surprising because the specimens were in a
well-controlled environment, and similar results have been obtained in past studies [4, 38]. However,
for the field-based specimens, even though it was expected that, compared to the laboratory-based
specimens, the HCP measurements would show a poor correlation with corrosion rate due to in-situ
variations in temperature and relative humidity, as has been reported in the literature [43], this was not
the case. As already mentioned, HCP in these specimens only showed a poor correlation with
corrosion rate up to about week 74 when high temporal fluctuations in HCP and corrosion rates were
observed. The good correlation between HCP and corrosion rate in the field-based specimens can be
attributed to the stabilization of corrosion rate (after week 74), and means that temperature and relative
humidity did not (to a large extent) affect HCP values. This is inferred from the laboratory where these
parameters were controlled, and similar results were obtained i.e. good correlation between HCP and
corrosion rate. As already mentioned, these results show that HCP measurements were only reliable
(i.e. showed good correlation with corrosion rate) after stabilization of corrosion rate.

Finally, these results also show that HCP measurements are more reliable than resistivity (4-point
Wenner probe) measurements when used to assess corrosion of steel in cracked concrete. This is
because the value of HCP measured reflects the corrosion state of the anode-cathode system of the
steel in concrete [39].
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4.9 Chloride content measurements at steel level

After 73 weeks of exposure in the respective environments, chloride content measurements at the steel
level were made by taking 20 £ 2 mm cores from the laboratory-based and field-based specimens at
two locations, on one side of the crack i.e. 30 mm along the steel and 90 mm along the steel from the
crack, see Figure 3.16 in Chapter 3. This action was taken to ascertain whether the chloride
concentration at the steel level, especially in the majority of field-based specimens which were
passively corroding (icor < 0.1 pA/cm?), was high enough to induce active corrosion. The results are
presented in Figure 4.58 to Figure 4.61 (see Appendix B for detailed results). The chloride contents
referred to here are total (acid-soluble) chlorides determined by acid potentiometric titration.
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Figure 4.58: Comparison of total chloride content (at steel level) for different concretes and cover depths

From the results, the following observations can be made:

(i) In both the field and laboratory exposure environments, for a given crack width and cover depth,
the chloride contents in the plain PC concrete (PC-40) specimens were higher than those in the
blended cement concrete (SL-40, SL-55, FA-40 and FA-55) specimens. This trend is attributed to
the high penetrability of the PC-40 concretes in comparison to the blended cement concretes as
was discussed earlier in Section 4.6.

(if) In both the field and laboratory exposure environments, for a given concrete quality and crack
width, chloride concentrations in the specimens with 20 mm cover were higher than that in the
corresponding specimens with 40 mm cover (Figure 4.58). For a given concrete type (binder
type and wi/b ratio) and crack width, this trend was attributable to the shorter travel (diffusion)
path in the specimens with 20 mm cover relative to those with 40 mm cover. However, for
different concrete types (e.g. SL-40 and SL-55) and crack widths in a given exposure
environment, this trend was not evident mainly because of the differences in concrete
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penetrability. It is also important to note that, even though not investigated in this study, the trend
of decreased chloride content at the steel level with increased cover depth may not be the case if
the crack intersects the steel (i.e. the crack depth is greater that the cover depth). In such a case,
the cover depth may effectively be considered to be zero, and the chloride concentration at the
steel level will depend on, if present, the virtual resistance of the uncracked concrete ligaments
[44] in the crack profile. This is especially important in blended cement concretes which have
high resistivities.

(iii) The chloride contents in the laboratory-based specimens were higher than those for the field-
based specimens (see Figure 4.59 - this figure is plotted using the chloride contents at both
30 mm and 90 mm from the crack). This was the trend for chloride contents at 30 mm and 90 mm
from the crack. Up to 164% difference was recorded for corresponding chloride contents between
the field-based and laboratory-based incipient-cracked SL-40 specimens with 20 mm cover. This
trend was not surprising mainly because the chloride content in the 5% NaCl solution (i.e. 3%)
was 50% higher than that of sea-water (i.e. 2%).
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Figure 4.59: Comparison of total chloride content at steel level in field and laboratory specimens
(Note: Figure plotted using the chloride contents at both 30 mm and 90 mm from the crack)

(iv) In the cracked specimens, the chloride contents at 30 mm from crack were higher than those at
90 mm from crack; up to a maximum of 144% difference was recorded in the laboratory-based
0.4 mm cracked PC-40 specimens with 40 mm cover, see Figure 4.58. This trend is not surprising
because contrary to uncracked concrete (i.e. 90 mm from crack) where chloride ingress is mainly
a diffusion process and is governed by the penetrability of the cover concrete, close to the crack
(i.e. 30 mm from crack), chlorides penetrate the concrete not only from the exposed concrete
surface but also from the crack surfaces. Similar trends have been reported by Scott [12] and
Audenaert et al. [45]. Exceptions to this trend of decreasing chloride concentration with distance
from the crack were incipient-cracked SL-40 and SL-55 field-based specimens with 20 mm cover
and 0.7 mm cracked FA-55 field-based specimens with 20 mm cover. No specific trend can be
seen in these specimens but this observation can be attributed to either:

a) ease of chloride penetration along the steel-concrete interface especially if there was damage
of the steel-concrete bond e.g. due to slip during the initial 3-point loading to crack the beams
and (especially in the case of the 0.7 mm cracked specimens which required higher crack
width opening loads) subsequent tightening and/or loosening of the rigs to maintain the
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required surface crack width; the penetration of chloride along the steel in cracked concrete
has been reported in past studies such as the one by Win et al. [46], or
b) the presence of microcracks other than the ‘single crack’ that was intended at the longitudinal
centre of the beam specimen due to 3-point loading. However, a visual inspection of these
specimens using a hand-held lens (magnification X40) showed that this was not the case.
In comparison to the difference in chloride contents between uncracked and incipient-cracked
specimens, there was little difference between the chloride contents in the laboratory-based and
field-based 0.4 mm and 0.7 mm cracked specimens (see Figure 4.60(a) to (f) - these figures are
plotted using the chloride contents at 30 mm from the crack). This observation can also be
attributed to the reasons already given in (iv)(a) and (b). Maximum percentage differences in
chloride contents of up to 49% and 114% in, respectively, the field-based and laboratory-based
specimens were recorded between the uncracked and incipient-cracked specimens while
differences of only up to 15% and 10% were recorded in, respectively, the field-based and
laboratory-based specimens between the 0.4 mm and 0.7 mm cracked specimens.
The general trend in the laboratory-based specimens is that higher chloride contents correspond to
higher corrosion rates — see Figure 4.61(a) to (d) which are plotted using average corrosion rates
between weeks 52 and 72 (given in Appendix B, to correspond to the time when the chloride
contents were measured i.e. week 73) and average chloride concentration i.e. average of chloride
concentration at 30 mm and 90 mm away from the crack.

This trend is, to some extent, as expected. However, it is interesting to note that in the case of 0.4
and 0.7 mm cracked field-based and laboratory-based specimens, despite having similar chloride
contents (see Figure 4.61(c) and (d)), the 0.7 mm cracked specimens showed higher corrosion
rates than the corresponding 0.4 mm cracked ones. This trend shows that in addition to chloride
content in these specimens, other factors including crack width affected corrosion rate. The
literature reviewed in Chapter 2 showed that as the chloride ion concentration increases, the
corrosion rate should also be expected to increase due to decrease in pitting (transpassive)
potential and increase in electrolyte conductivity. At the same time, the oxygen solubility
progressively decreases and hence its limited availability at the cathode stifles the cathodic
reaction. In the laboratory-based specimens, oxygen deficiency was reduced by virtue of not
epoxy-coating the specimen faces as was the case in the field-based specimens. This facilitated a
relatively faster drying (during the 4 days air-drying period) and consequently easy ingress of
oxygen to sustain cathodic reaction. In the field-based specimens, the high chloride
concentrations measured at the steel level did not correspond to high corrosion rates, and is
attributed to the oxygen deficiency to support the cathodic reaction. Low oxygen concentration
can be attributed to two possible causes; (i) its decreased solubility in salt solution [47], and (ii)
the high moisture content of the field-exposed specimens due to the epoxy coating which
prevented drying from the specimen sides (during low tides). Even though oxygen solubility was
also expected to have decreased due to presence of chloride salts in the concrete pore solution, the
4-days air-drying of the laboratory specimens counteracted this by allowing oxygen ingress
during this period.

154 | Chapter 4: Experimental results



In this study, as already discussed, no valid trend was not obtained between corrosion rate and chloride
concentration in the field-based specimens. An attempt to fit lines-of-best fit to the data presented in
Figure 4.61(a) to (d) resulted in trend-lines for the field-based data having high R® values but small
positive slopes (maximum of 33% for the field-based incipient-cracked specimens with 20 mm cover).
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Figure 4.60: Comparison of total chloride content at steel level for different crack widths
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Figure 4.61: Corrosion rate vs. total chloride content at steel level (lab and field specimens)

4.10 The concept of c/w,, ratio vs. concrete quality and corrosion rate

The results obtained in this study underscore those of previous studies [e.g. 4, 11, 48] showing that
crack width (wg,), cover thickness (c) and concrete quality affect corrosion rate. This motivates the
need to shift from the conventional approach of considering each of these parameters in isolation, to
one where the combined effect of these parameters is considered in order to obtain a suitable
combination during design to meet the desired durability performance.

A study by Gowripalan et al. [49] showed that if concrete quality is kept constant, the probabilities of
corrosion initiation and corrosion rate are increased as the as c/w,, ratio decreases and vice versa. They
suggested that it is desirable to maximize c/w,, ratio as opposed to only limiting the crack width.
However, their study did not incorporate the influence of concrete quality on corrosion rate in the
presence of cracking. If this is taken into account, as was the case in this study, a general trend similar
to the one proposed by Gowripalan et al. may not be applicable. In addition to considering the
c/wg, ratio, concrete quality should also be taken into account. The objective should also shift from
maximizing the c/w,, ratio, to determination of a suitable combination of c/w, ratio and concrete
quality to meet the desired durability performance. To facilitate the application of such a criterion in
the durability design of cracked RC structures, it is necessary to develop a framework to objectively
select a suitable combination of c/w,, ratio and concrete quality. This is covered later in this section.
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In this study, the quantified crack widths were limited to 0, 0.4 and 0.7 mm while two cover depths, 20
and 40 mm, were used. The respective c/w,, ratios for the crack widths and cover depths used are
summarised in Table 4.6. The incipient-cracked specimens (see Chapter 3) are not used here because it
was not possible to quantify the crack widths. The c/w,, ratio is also not applicable to uncracked
concrete where cover depth and concrete quality are the only variables to be considered with respect to
corrosion. A comparison of the different c/w,, ratios and their respective average corrosion rates is
presented in Figure 4.62(a) to (h).

Table 4.6: Cover depth/crack width (c/wg,) ratios

c/w, ratio
Cover depth —
Uncracked | Incipient crack | 0.4mmcrack | 0.7 mmcrack
20 mm - - 50 29
40 mm — — 100 57

The results show that using c/w,, ratio as opposed to only w,, provides a more objective way to
compare corrosion rates for specimens with similar concrete qualities (binder type and wi/b ratio) but
different cover depths and crack widths e.g. comparison of i, for a specimen with 40 mm cover and
0.4 mm crack width with that for a specimen with 20 mm cover and 0.7 mm crack width (see
Figure 4.62(e) and (f)). This is very useful from a design point of view. However, a general conclusion
similar to that reported by Gowripalan et al. [49] that corrosion rate increases as the c/w,, ratio
decreases cannot be made based on the results of this study; some of the comparisons (see
Figure 4.62(g) and (h)) do not follow such a trend. This can be attributed to the incorporation of
concrete quality in the analyses; a factor that Gowripalan et al. did not consider in their work. The
relationship between corrosion rate and c/w,, ratio is presented in Figure 4.63 and Figure 4.64. The
trendlines shown in these figures were obtained by regression analysis (least squares method) to find
the line of best fit (see Appendix E for details).

The results show a similar trend between corrosion rate and c/wg, ratio for both the laboratory-based
and field-based specimens. For a given c/w, ratio, a range of corrosion rates are possible depending on
the concrete quality. These graphs also underscore the superior performance of blended cement
concretes in comparison to PC concretes discussed earlier. The results show that it is possible to
objectively use the c/w ratio in the selection of cover depth, crack width and concrete quality to
control corrosion rate.

The trends shown in Figure 4.63 and Figure 4.64 between corrosion rate and c/w, ratio can be
expressed as follows:

—A,
i = k{WiJ [WA/em?] @3)

cr

where k; (uA/cm?) and A; () are coefficients whose values are dependent on binder type and w/b ratio
(PC-40, FA-40, FA-55, SL-40 and SL-55), and exposure environment (laboratory and field).
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The trends presented in Figure 4.63 and Figure 4.64 are similar to a proposed relationship between
corrosion rate, oxygen availability and resistivity by Scott and Alexander [4], Figure 4.65. However,
their proposal did not incorporate the influence of cover cracking on corrosion rate even though it was
investigated.
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»
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corrosion rate at a given depth
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Corrosion rate and availability of O,
m
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Figure 4.65: Schematic relationship between corrosion rate, oxygen availability and resistivity [4]
(PC: plain Portland cement, SCM: supplementary cementitious materials)
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In Figure 4.65, the availability of oxygen at a given cover depth is defined by curve ACE. The same
curve is also used as a representation of the corrosion rate since oxygen is required for the cathodic
reaction. Concrete resistivity however also controls the maximum possible corrosion rate even if there
is sufficient oxygen and moisture to support a higher reaction rate. The resistivity controls are shown
as horizontal lines ‘PC resistivity’ and ‘SCM resistivity’, where PC would be representative of plain
PC concretes, and SCM of concretes produced with blended cements. The horizontal lines (for
‘PC resistivity’ and ‘SCM resistivity’) should be thought of as conductivity lines, where conductivity
is the inverse of resistivity; also, the lines would likely be sloped somewhat to account for the
variation in resistivity with cover depth. As noted by Scott and Alexander [4], more research is
required to define the slopes of these lines. For a concrete resistivity given by ‘PC’, the possible
corrosion rate curve is given by the composite line FBCE. The expected corrosion rate (on the left
hand vertical axis of Figure 4.65) is very sensitive to cover depth, particularly for low cover. These
rates are oxygen-availability dependent. Conversely, for a slag concrete (resistivity ‘SCM’), the
corrosion rate curve is given by the line GDE. In this case, corrosion rate is relatively insensitive to
cover depth, and will be mainly resistivity-controlled (although cover depth will exercise a secondary
influence). Before proceeding, it is important to note that in their work, Scott and Alexander [4] did
not make direct measurements of oxygen at the depth of the steel; their proposal of the limiting effect
of oxygen was based on a synthesis of the measured corrosion rates, resistivity values, the assumption
that the cathodic process is dependent on the availability of oxygen, and available literature.

An extended framework of this model incorporating the influence of cover cracking on corrosion rate
was later proposed by Otieno et al. [11] as shown in Figure 4.66. In their study, Otieno et al.
investigated the influence of cover cracking and concrete quality (binder type and w/b ratio) but cover
depth was not varied. Its influence was therefore not objectively incorporated in the improved model.
In their framework, they proposed that; (i) the maximum crack width (represented by line HK in
Figure 4.66 (b)) should be set to a crack width that is tolerable with respect to corrosion, taking into
consideration both the cover depth and concrete quality, (ii) other factors such as crack self-healing
can also be considered depending on whether they increase or decrease corrosion rate, and that
(iii) corrosion rates for crack widths between zero (uncracked, line HJ) and the maximum crack width
(line HK) can be obtained by interpolation using sound engineering judgment.
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Figure 4.66: Revised schematic relationship between corrosion rate, oxygen availability, resistivity and

crack width [11]
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The proposals by Scott and Alexander [4] and Otieno et al. [11] pose major challenges to the designer,
and an objective way to select a suitable combination of the parameters (concrete quality, cover depth
and crack width) in cracked concrete is required. To overcome these challenges, this study proposes a
framework that takes into account the inter-relationship between cover cracking, concrete quality
(binder type, w/b ratio), resistivity and cover depth on corrosion rate. A schematic presentation of the
framework is shown in Figure 4.67.
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Figure 4.67: Proposed schematic relationship between corrosion rate, crack width, cover depth, concrete

quality and resistivity

The shapes of the curves A-B, C-D and E-F are based on the trends obtained between ic,r and c/wy,
ratio from the experimental results of this study (see Figure 4.63 and Figure 4.64). In Figure 4.67, for a
given c/wg, ratio, corrosion rate varies depending on the concrete quality and resistivity. For example,
at a c/w,, = 30, it is possible to obtain icorr,1 < icorr2 < icorr3. These corrosion rates correspond to the
respective iso-quality (or iso-resistivity) curves as shown in Figure 4.67. If a nomogram of
iso-quality and iso-resistivity curves is developed, it can be useful in the selection of a suitable
combination of concrete quality, cover depth and crack width. In service life design, such a nomogram
can be applied by first establishing the required time to a pre-defined corrosion-induced damage such
as loss in steel cross section area. The corrosion-induced damage is then expressed in terms of an
equivalent corrosion rate based on the selected time to maintenance or repair. Once the design
corrosion rate is known, a suitable combination of c/w,, ratio and concrete quality can be obtained
from the nomogram. For example, in Figure 4.67, for corrosion rate icr,», it is possible to select either
a c/wg, ratio of 98 (e.g. ¢ = 39 mm, w, = 0.4 mm) or 30 (e.g. ¢ = 21 mm, W, = 0.7 mm) - both lie on
different iso-quality curves. However, the shift from c/w,, ratio of 98 to 30 requires an improvement of
concrete quality e.g. by using blended cements. At present, the main challenge in the development of
such a nomogram is the construction of the iso-quality curves. This requires long-term data for
different combinations of corrosion rate, cover depth, crack width and concrete quality or resistivity.
Even though the cover depths (20 and 40 mm) and crack widths (0.4 and 0.7 mm) used in this study
were limited to c/w,, ratios ranging between 30 and 100, in the proposed schematic framework
(Figure 4.67) it has been assumed to be applicable beyond these boundaries. This assumption needs to
be investigated in further studies to check its validity.
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Finally, even though this study proposes the use of c/w, ratio in conjunction with concrete quality
(or resistivity) as durability design parameters for cracked concrete, it is important to acknowledge
that this proposal is based on the crack width measured on the concrete surface. This is the most
common approach for in-service RC structures. However, cracks may have different profiles (depth
and shape). In the case of wedge-shaped cracks which are most common for flexural cracks, it is
expected that the crack width at the steel level will be smaller than that measured on the concrete
surface. At present, it is not clear how the crack profile (in combination with depth) may affect the
application of the c/w,, ratio but taking into account that in this study, all crack widths were measured
on the concrete surface as has been done in most past studies [4, 11, 48, 50-52], it can be expected that
this factor should not have an effect on the trends obtained in this study, and on which the proposed
schematic nomogram (Figure 4.67) is based. Nevertheless, further studies are required to (i) ascertain
if crack profile has a significant effect on corrosion rate (if any) and hence on the c/w,, ratio, and (ii)
understand the effect of steel-concrete interface damage on corrosion rate in cracked flexural RC
members.

4.11 Summary of experimental results

Experimental results were presented and discussed in detail in this chapter. In this section, a summary
of these findings is presented, and a number of trends and conclusions are generalized to draw useful
insights. In addition, areas that need further research are highlighted.

The (laboratory and field) results obtained in this study, and in previous studies, have shown that cover
depth, concrete quality, resistivity, cracking and crack width all affect corrosion rate. In summary, the
following general conclusions can be made with respect to the results obtained in this study:

1. Crack width

(a) For a given binder type, w/b ratio and cover depth, corrosion rate increased with increase in
crack width. The extent of increase depended on the concrete cover, quality and resistivity.
However, it is also logical to acknowledge that even though corrosion rate increases with an
increase in crack width, this trend cannot be infinite. Other factors being constant, there will
be a maximum crack width beyond which corrosion rate is no longer dependent on the
increase in crack width. This could not be established in this study due to the limited number
of crack widths used.

(b) No general trend on the effect of crack width on corrosion rate could be drawn between the
laboratory-based and field-based specimens; in some cases, the increase was higher in the
laboratory-based specimens while in other cases, the reverse was true.

2. Cover depth:

(a) For a given wi/b ratio, corrosion rate increased with decrease in cover depth. This trend was
observed in both the cracked and uncracked specimens.

(b) In the presence of cover cracking, the impact of increasing cover depth can be substantially
reduced, as was the case especially in the field-based specimens with 0.4 and 0.7 mm crack
widths where, for a given concrete, corrosion rates in the specimens were similar for both 20
and 40 mm cover depths.

(c) The impact of increasing cover on corrosion rate was relatively less in the field-based
specimens than in the laboratory-based specimens.
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3. wi/bratio:

(a) For a given binder type, crack width and cover depth, corrosion rate increased with increase
in w/b ratio. However, for a given cover depth, the corrosion rates in the blended cement
concrete specimens were less affected than in PC concrete specimens by the change in w/b
ratio from 0.55 to 0.40.

(b) The effect of change in w/b ratio generally had a similar effect (i.e. decrease) on corrosion
rate in both the field-based and laboratory-based specimens.

(c) Concrete resistivity for a given binder type also decreased with increase in w/b ratio.

4. Binder type:

(a) For a given w/b ratio, cover depth and crack width, partial replacement of PC with a
supplementary cementitious material, SCM, (30% FA or 50% GGBS) resulted in decrease in
corrosion rate.

(b) There was no marked difference in the decreases in corrosion rate between the field-based
and laboratory-based specimens due to partial replacement of plain PC with SCM.

(c) For a given SCM, even though reducing the w/b ratio further increased the concrete’s
resistance to chloride ingress and hence corrosion rate, the effect was small compared to that
of the presence of the SCM itself. This suggests that the high concrete resistivity in blended
cement concretes had a major influence on corrosion rate than concrete quality due to change
in w/b ratio

(d) Concrete resistivity for a given w/b ratio increased with the partial replacement of PC with
SCM. However, even though the dominating effect of high resistivity (in the blended cement
concretes) on corrosion rate was still evident, the performance of the different concretes,
both in the laboratory and in the field, with respect to corrosion could still be distinguished
by the different crack widths.

At the design stage, it is usually difficult to establish a suitable combination of cover depth, crack
width and quality. In this chapter a framework that can be used to achieve this was proposed, and will
be exemplified in Chapter 5. Furthermore, such a framework can help in the selection of a suitable
combination of these parameters to meet desired durability requirements. The use of c/w,, ratio in
conjunction with concrete quality was proposed but this still needs to be refined for design purposes.
In general, corrosion rate was found to decrease with increasing c/w. ratio. From a practical
viewpoint, it is usually convenient to deal with crack width ranges as opposed to specific crack widths.
This means that for a given crack width range, a corresponding range of corrosion rates can be
expected. However, it was not possible to achieve this in this study considering the limited number of
crack widths used i.e. 0.4 and 0.7 mm crack widths for which the statistical analyses showed that for a
given w/b ratio, cover depth and exposure environment, the corrosion rates in specimens with these
crack widths were different and could not be averaged.

Concrete quality can be improved by, in addition to good construction practices (e.g. adequate
compaction and proper curing), reduction in w/b ratio or the replacement of plain Portland cement
(PC) with supplementary cementitious materials (SCMs) such as FA and GGBS. The results from both
the field-based and laboratory-based corrosion investigations indicate that the partial replacement of
PC with SCMs resulted in significant reductions in corrosion rate - up to 78% and 65% in,
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respectively, slag (laboratory 0.7 mm cracked, 40 mm cover), and slag and fly ash (field 0.4 and 0.7
mm cracked, 20 mm cover). However, for a given w/b ratio, the blended cement concrete specimens
had similar corrosion rates i.e. the corrosion performance of the blended cement concretes were less
affected than PC concrete by the reduction in w/b ratio from 0.55 to 0.40. Even though only one w/b
ratio (0.40) was used for the PC concrete, a previous study by Otieno et al. [11] showed similar results
for blended cement concretes and higher changes in quality of PC concretes due to change in w/b ratio
from 0.55 to 0.40 than in the blended cement concretes.

The results also showed that the accumulation of chlorides at the steel level was higher in cracked
concrete (in the vicinity of the crack) than in uncracked concrete. However, even though high chloride
contents were synonymous with high corrosion rates in the laboratory-based specimens, this was not
the case in the field-based specimens. In the latter, corrosion rates remained low despite high chloride
contents. This was attributed to the epoxy coating of their surfaces (except the top face) which
prevented adequate drying out to facilitate ingress of oxygen to sustain cathodic reaction process. This
was similar to the condition in the submerged zone in marine structures.

Finally, it is important to comment on the pitting effect of chloride-induced corrosion especially in
cracked concrete. Even though the corrosion rates reported in this chapter were averaged over the
whole steel surface, it must be acknowledged that this assumption leads to under-estimation of
chloride-induced corrosion rates and consequently, the penetration depths obtained using such
corrosion rates are also under-estimated. This is important especially for cracked RC where high local
pitting occurs in the crack region. To account for this, pitting factors are usually introduced. This was
covered in detail in Chapter 2. It is therefore recommended that gravimetric mass loss measurements
be carried out at a later stage and compared with those calculated using the corrosion rate results
reported here to quantify, if any, the error in the coulostatic linear polarization resistance
measurements.

The next chapter deals with the development of the empirical chloride-induced corrosion rate
prediction model based on the results and analyses presented in this chapter.
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Chapter 5

Corrosion rate prediction models

5.1 Introduction

This chapter presents the framework of empirical chloride-induced corrosion rate prediction models
developed based on the experimental results that were presented in Chapter 4. A model is proposed
each for the laboratory-based and field-based specimens; each model comprises two parts, one for
cracked and the other for uncracked concrete. This chapter focuses mainly on the cracked corrosion
rate prediction models although those for uncracked concrete are also discussed. The phrase
‘corrosion rate prediction’ is used in this chapter to refer to the process of using the proposed model
to predict a corrosion rate value at approximately 2¥4 years after corrosion initiation in the laboratory
or field exposure environments. The time 2% years was the experimental duration. Note that the
phrase “approximately 2% years” is used because the time taken for 0.4 and 0.7 mm cracked
specimens, which reverted to passive state after exposure to either laboratory or field environments, to
regain active corrosion state was up to 16 and 36 weeks for, respectively, laboratory and field
specimens. It is important to note that the average corrosion rates used to determine the prediction
models for field corrosion rates were not necessarily stable as was the case with the laboratory-based
specimens. The pseudo-plateau phase shown in the field-based specimens was attributed to seasonal
weather changes (from summer to winter); this was discussed in Chapter 4. This is a limitation to the
application of the field-based corrosion rate prediction models. Long-term field corrosion rates will
need to be collected in order to update the models. The results of the experimental investigations led to
general conclusions being made with regard to specific parameters influencing chloride-induced
corrosion rate of steel in concrete. These can be summarized as: (i) corrosion rate (icor) iNCreases as
the surface crack width (w,,) increases but to an extent dependent on concrete quality (binder type and
wi/b ratio), (ii) i decreases with increasing cover depth (c), and that (iii) concrete resistivity affects
icorr Mainly in blended cement concretes.

The empirical laboratory-based and field-based models proposed in this chapter are limited to three
main parameters namely cover depth, crack width and concrete quality (quantified using the chloride
diffusion coefficient, Dy, obtained from 90-day chloride conductivity index — see Appendix D).
However, it is important to acknowledge that corrosion rate is affected by many other inter-related
parameters; further work will be needed to incorporate the relevant ones in the model depending on
the prevailing exposure conditions. Furthermore, other aspects such as its temporal variation can be
incorporated in the model if the constantly-changing environment around the steel is monitored and its
corrosion-sustaining potential and effects quantified; however, contrary to laboratory experiments and
numerical modelling where the conditions around the steel can, to some extent, be quantified, this is
seldom the case for in-service RC structures. In this study, the conditions around the steel such as
temperature, relative humidity and pH were not monitored. The temporal aspect of corrosion rate was
therefore not incorporated in the models.
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Only active corrosion rate data (i.e. icorr > 0.1 pA/cm?) were used in the development of the models.
Passive corrosion rates were not used as they depict the corrosion initiation phase which can be
predicted using available well-established Fickian-based models such as DuraCrete [1], LIFE365 [2],
and the South African model [3]. It is also important to note that even though incipient-cracked
specimens were investigated (for specimens with 20 mm cover depth), and shown in Chapter 4 to
influence both the chloride ingress, and corrosion rate depending on the binder type, w/b ratio and
exposure environment (laboratory and field), it was not possible to objectively quantify their effect on
corrosion rate; corrosion rates for incipient-cracked specimens were therefore not included in the
development of the models.

Finally, this chapter also deals with the quantification of variability in the laboratory and field
corrosion rate results based on the proposed model. First, a summary of the empirical correlations
between corrosion rate and the various experimental variables is presented.

5.2 Corrosion rate prediction models

In Chapter 4, empirical relationships between average corrosion rate (i), crack width (w,,), concrete
quality (represented by the diffusion coefficient obtained from the 90-day chloride conductivity index,
Dyo), cover depth (c) and resistivity (p) were obtained from the regression analyses of both the field-
based and laboratory-based results - see Sections 4.6.1, 4.7.1 and 4.10 in Chapter 4. The general
relationships between corrosion rate and these parameters were expressed as follows:

icorr VS. diffusion coefficient (Doo): i, = kleAl(DQOXlom) [nA/cm?] (5.1)
) o ) ) 1
icorr VS. resistivity (p): lory = kz( ™ j [nA/cm?] (5.2)
—-A,
icorr VS. C/W,, ratio: i =k ° [LA/cm?] (5.3)
corr 3 Wcr ’

The values of the coefficients ki, ko, ks and A;, Ay, Az, based on the experimental results presented in
Chapter 4, are summarised in Table 5.1. The experimental results also showed that the values for
coefficients k; (uA/cm?), k, ((nA/cm?)/kQ-cm), A; (slem?®) and A, (-) are dependent on cover depth,
crack width and exposure environment while the values for k; (uA/cm?) and Az (-) are dependent on
binder type and w/b ratio, and exposure environment. It is important to note that even though only
cover depth, concrete quality, resistivity and crack width are represented in these equations, other
factors such as temperature and crack density also affect corrosion rate but were not investigated in
this study. The justification for focusing on cover depth, concrete quality, resistivity and crack width
was discussed in Chapter 3.
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Table 5.1: Coefficients for Equations (5.1), (5.2) and (5.3) based on experimental results

Reference equation Crack width | Cover (mm) | Laboratory specimens Field specimens

Eqn. (5.1) k * Ay K, Al
i —keMo)  Uncracked 20 044 005 025 002
40 0.33 0.05 0.16 0.03
0.4 mm 20 0.67 0.04 0.27 0.04
40 0.49 0.05 0.25 0.03
0.7 mm 20 0.97 0.04 0.33 0.04
40 0.58 0.05 0.31 0.03

Eqn. (52) k 2 A, k 2 A,
_ 1 Uncracked 20 112.06 118 5.91 0.62
oo = K (AJ 40 88.71 117 13.88 0.88
0.4 mm 20 68.87 0.98 28.16 0.92
40 87.20 1.09 12.08 0.77
0.7 mm 20 91.69 0.97 46.93 0.98
40 148.21 117 9.75 0.68

Eqn. (5.3) Mix label ks Az K3 Az
c A PC-40 7.60 0.29 474 0.44
feorr = kg[WJ SL-40 558 0.59 0.90 0.25
° SL-55 541 0.40 1.23 0.26
FA-40 6.20 0.39 0.89 0.23
FA-55 6.05 0.57 2.33 0.38

*: Units for coefficients
Kiq: uA/cm2 Ks: (uA/cmz) / kQ-cm ks: uA/cm2
A, :slem? Az:[-] Asz:[-]

The empirical relationships in Equations (5.1), (5.2) and (4.3) are based on average corrosion rates
(between week 104 and 120); the models can therefore be considered to be true reflections of the
actual corrosion rates in the respective environments at approximately 2% years after corrosion
initiation t; i.e. t; + 2Y years. Even though resistivity results showed high correlation (R* > 0.8) with
corrosion rate, the diffusion coefficient (Dgo) Was used in the model development. The decision to use
Dy, obtained from the 90-day chloride conductivity index instead of concrete resistivity was motivated
by the current challenges associated with using the 4-point Wenner probe for in-situ surface resistivity
measurement where high variations in concrete moisture content are usually experienced. This
problem is not experienced in the chloride conductivity test due to the sample pre-conditioning carried
out prior to the test (see Appendix D). The reasons for using the diffusion coefficient obtained from
the 90-day chloride conductivity index and not the 28-day chloride conductivity index was discussed
in Chapter 4 and mainly relate to the slow rate of maturity in the blended cement concretes (especially
fly ash concrete). It is also important to note that Egn. (5.3) is based on the corrosion rate data for only
the 0.4 and 0.7 mm cracked specimens (for both 20 and 40 mm cover depths) because, as already
mentioned, the incipient-crack widths were not quantified. Furthermore, only one cover depth
(20 mm) was used for these specimens. This was discussed in detail in Chapter 4.

To obtain empirical equations for corrosion rate prediction models incorporating Dy, ¢ and w,, for the
cracked specimens and Dy, and ¢ for uncracked specimens, Equations (5.1) and (5.3) were logically
combined as follows:
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(i) Cracked specimens (laboratory and field): the coefficients A; and ks, both of which incorporate
the effect of binder type and w/b ratio on corrosion rate, were plotted against Dgy values for the
corresponding concretes to establish their variation with change in concrete quality, Dgo.

(if) Uncracked specimens (laboratory and field): only Egn. (5.1) was used. The arithmetic mean value
of A; was obtained while k; was plotted against cover depth to establish how it varies with change
in cover depth. Both A; and k; incorporate the effect of crack width (zero in this case) and cover
depth on corrosion rate. It is important to note that the regression trends obtained between k; and
¢, Eqgn. (5.7), were based on limited data and will need to be updated in future if more data
becomes available.

The resulting equations are as follows:

k3,lab,cracked = 5'18e0.01(D90X1010), R2 =0.9

Ky Vvs. Dy 0 -
k3,field,cracked 20'64e0'06(D90X101 ), R2 =0.9

—0.35
A3,Iab,cracked =0.96 (Dgo Xlolo) ) R?=0.7
A; vs. Dy,

0 55
AS, field ,cracked 20'2160.02(DQOX101 ), RZ = 08 ( )

Laboratory specimens=0.05
Arithmeticmean of A, . acked (5.6)
Field specimens=0.03

Ky fierg =1.19¢ %%, R? =0.8
k, vs.c (uncracked) (5.7)
Kyjap =1.72¢7%%, R* =0.9

In the case of cracked specimens, the coefficients k; and Az in Eqn. (5.3) were then replaced with
those in Equations (5.4) and (5.5) while in the case of uncracked specimens, the coefficients A; and k;
in Eqgn. (5.1) were replaced with those in Equations (5.6) and (5.7). The resulting empirical corrosion
rate prediction models are given in Equations (5.8) and (5.9) for, respectively, laboratory and field
corrosion rates:

-a
(5.18e°'°1(D9°Xl°10))(L] forcracked RC
r

We

H 2
Leorr lab (t;+2.25 years) — [pA/cm ] (5.8)

[ 1013? jeo'os (Co19°) 01 uncracked RC
o0
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b
(O.64e°'°6(D9°X1°10))[Lj forcracked RC
W r

Cl

Leorr, field (t;+2.25 years) — [pA/cmZ] (5.9

(%)eo'os (Po019°) 0 uncracked RC
2

where a = O.96(D90 x10'° )0'35 and b= O.21e0'02(D9°X1010). Note that the term ‘cracked RC’ as used here

refers to the 0.4 and 0.7 mm cracked specimens.

Before proceeding, an assessment of the error introduced in the empirical correlations after combining
the separate empirical equations for laboratory and field corrosion rates (i.e. Egns. (5.1) and (5.3)) to
give Equations (5.8) and (5.9) was carried out. This was achieved by comparing the predicted
corrosion rates (using Egns. (5.8) and (5.9)) with the corresponding average measured (week 104-120)
laboratory and field corrosion rates (see Figure 5.1).

12 Lo 40

. Field-based specimens ., Laboratory-based specimens e
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é 35 ,/”45o line
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i<}

s

o

2

[%]

S

5 Note:

< The data points in these figures

g are for uncracked, 0.4 mm cracked
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and w/b ratios) and cover depths.
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Average measured corrosion rate (puA/cm?) Average measured corrosion rate (uA/cm2)

Figure 5.1: Summary of predicted vs. actual field and laboratory corrosion rates (data from current study)

Figure 5.1 shows that the predicted field-based and laboratory-based corrosion rates are generally in
good agreement with the corresponding actual measured corrosion rates. However, the model accuracy
cannot be inferred from this comparison. An analysis will need to be carried out in the future to assess
the accuracy of the proposed models in predicting corrosion rates measured in studies similar to this
one. Due to unavailability of data obtained from independent sources for both accelerated and natural
corrosion rate from other studies the model accuracy could not be ascertained. It is important to note
that in the case of the corrosion rate model for accelerated corrosion rate (icorr,1an), COrrosion rate results
from similar studies by Scott and Alexander [4] and Otieno [5] would have been used to check its
accuracy but the data were limited to shorter time periods (less than 2 years). In addition to checking
the accuracy of the proposed models (icorrfierd @Nd icorran), they will still need to be calibrated and
modified to improve on their accuracy as long-term results become available.

Equations (5.8) and (5.9) incorporate the influence of concrete quality (binder type and w/b ratio),
cover depth (¢, mm) and crack width (wg;, mm) on corrosion rate. For illustration purposes, graphical
representations of Equations (5.8) and (5.9) for various combinations of crack width, cover depth and
concrete quality (Table 5.2 and Table 5.3) are given in Figure 5.2 to Figure 5.5. The combinations of
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crack width, cover depth and concrete quality were arbitrarily selected to show the potential of using
the empirical models to objectively compare the potential durability performance (with respect to steel
corrosion) of concretes with different cover depths, crack widths and qualities (penetrability).

Table 5.2: Input parameters used for Equations (5.8) and (5.9) - (Figure 5.2 to Figure 5.5)

Cover depth (mm) Crack width (mm) Do (cm?/s) x107°
Scenario A 0 (uncracked)
Scenario B Variable 0.4 Constant
Case |
Scenario C (5-100) 0.7 (7.5
Scenario D 1.0
Scenario A 0 (uncracked) 6.9
Case Il Scenario B Variable 0.4 9.4
Scenario C (5- 100) 0.4 135
Scenario D 04 6.9
Scenario A 0 (uncracked) 75
Scenario B Variable 1.0 7.2
Case Il .
Scenario C (5-100) 0.3 75
Scenario D 0.7 135
Scenario A Constant variab 6.9
. onstan ariable
Case IV Scenario B (40) (0-1) 75
Scenario C 135

Note: Combinations of crack width, cover depth and concrete quality were arbitrarily selected

Table 5.3: Equivalent chloride conductivity values for Dgg Values given in Table 5.2

Diffusion coefficient Equivalent 90-day chloride conductivity, Cgg (MS/cm)?
Do X100 (cmf/s) 50/50 PC/GGBS 70/30 PC/FA
6.9 0.13 _b
1.2 0.17 —
75 0.22 -
9.4 0.47 0.22
135 0.87 0.60

? See Appendix D for empirical relationship between CCl and diffusion coefficient
b Such low diffusion coefficients are not realistic for fly ash concretes

081  ----- W, = 0.4 mm 30 1 ----. W, = 0.4 mm
W, = 0.7 mm W, = 0.7 mm
0.7 W, = 1.0 mm 25 W, =1.0mm
==== W, =0 (uncracked) ’ ==== W, =0 (uncracked)
06 Dao = 7.5 X 1010 cm?fs Dag = 7.5 x 1010 cm?fs

o
3

Corrosion rate (uLA/cm?)
o
~

0.3
0.2
0.1
0.0
0 20 40 60 80 100 0 20 40 60 80 100
Cover depth (mm) Cover depth (mm)

Figure 5.2: Variation of corrosion rate with cover and crack width - Case |
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081 - Dgo = 6.9 x 100 cm?s, w,, = 0.4 mm 25 TLab ----- Dygo = 6.9 X 100 cm?/s, w,, = 0.4 mm
07 Dg = 9.4 x 1010 cm?/s, w,, = 0.4 mm F Dgo = 9.4 X 1010 cm?/s, w,, = 0.4 mm
' Dgo = 13.5 x 10°2% cm?/s, w,, = 0.4 mm [ Dy, = 13.5 x 10-10 cm?/s, w,, = 0.4 mm
€06 ==== Dy =6.9x 100 cm?s, w,, = 0 (uncracked) 2.0 T ==== Dy, = 6.9 x 100 cm?/s, w,, = 0 (uncracked)
g [
<os
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Figure 5.3: Variation of corrosion rate with cover and concrete quality - Case Il
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Figure 5.4: Variation of corrosion rate with cover, crack width and concrete quality - Case 11
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Figure 5.5: Variation of corrosion rate with crack width and concrete quality - Case IV

The following general observations can be made from Figure 5.2 to Figure 5.5:

(i) For a given cover depth, corrosion rate is sensitive to both concrete quality and crack width.
Analyses will be carried out in Section 5.5 to establish the relative sensitivity of corrosion rate to
these parameters.

(i1) In the laboratory-based concretes, as the cover depth increases, the effect of cover cracking on
corrosion rate becomes less dominant (especially for w,, < 0.3 mm, see Figure 5.4) than in the
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field-based ones. This observation, as was mentioned in Chapter 4, can probably be attributed to
the effect of crack self-healing for w, < 0.3 mm [6-8]. For the field-based concretes, the proposed
icorr iels Model (cracked and uncracked) show that there is still a stark difference in corrosion rates
between uncracked and cracked concretes even as the cover depth increases. It is not clear why
the proposed icorrfiels Models do not follow the trend shown by the laboratory-based concretes
even though crack self-healing is expected to have also occurred in the field-based specimens as a
result of (i) continued cement hydration, and (ii) deposition of debris from the sea water in the
crack. This observation affirms the need for further work to investigate and quantify the effect of
crack self-healing, if any, on corrosion rate in both laboratory-based and field-based specimens.

5.3  Correlation between laboratory and field corrosion rates

In the experimental programme (see Chapter 3), after inducement of active corrosion in all the
specimens using an anodic impressed current, accelerated corrosion in the laboratory was achieved by
3-days wetting (with 5% NaCl solution) and 4-days air-drying (25 °C and 50% RH) while the field-
based specimens were exposed to a tidal marine exposure to undergo natural corrosion.

In an attempt to establish a correlation between laboratory and field corrosion rates, the ratio between
laboratory and corresponding field corrosion rates was determined (i.e. A™-ratio, Eqn. (5.10)) but only
for cases where both laboratory and field corrosion rates were active i.e. > 0.1 pA/cm®.

icorr, field (t;+2,25) = ﬂ‘(icorr,lab(ti+2.25)) (5.10)

This analysis showed that determining a constant A*-ratio between laboratory and field corrosion rates
was not possible due to the high variability in the A™-ratios ranging from 0.8 to 15.3 (see box and
whisker plot, Figure 5.6), and corresponds to the high temporal variability in the laboratory and field
corrosion rates. The distribution of the A™-ratios was such that 93% of values for 2™ were < 6 while 7%
were > 6.

16

+ Sample size (n) = 1575
14 Standard deviation = 1.7
12

Key

+ Outlier

T 95t percentile

. 10
_ Icorr,lab
= 7i - 3
corr, field .
75t percentile (314 quartile)

t
§
+
6 I
4 50" percentile (2" quartile - median)
2 J_ 25" percentile (1%t quartile)
5th percentile

0
Figure 5.6: Box and whisker plot showing variability in the 4 ™ratios

N

Therefore, a parameter-dependent ratio (1) of the laboratory (accelerated) and field (natural) corrosion
rates (i.e. Equations (5.11) and (5.12)) was determined.
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For cracked specimens:
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A = =
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where icorfies and icorrian are, respectively, the field-based and laboratory-based corrosion rates
(MA/cm?), Dy is the diffusion coefficient (cm?s), ¢ is the cover depth (mm) and w,, is the surface
crack width (mm). The relationships between laboratory and field corrosion rates in cracked and
uncracked concrete in Eqgn. (5.11) and (5.12) are illustrated, using randomly selected values for Dg, C
and w,, in Figure 5.7.

060 1 p,,=12.3x 10 cme/s 0.60 Dgo = 12.3 X 1010 cm?/s
- 10<¢c <100 mm c=10mm W, = 0.3 mm
fﬂj 0.55 = 0.55 10 <c <100 mm
8050 t 050 £ c=100mm
2 045 3 045
< 040 £ 040
E 0.35 % 0.35 c=10mm
g 5
~ 030 2 100 mm 0.30
- Uncracked Cracked
0.25 .
04 05 06 07 08 09 10 11 0506 070809101112 131415
icorr‘lab (HAlcmz) icorr,lab (pA/cmZ)

Note: The values for Dy, ¢ and w,, are randomly selected for illustration

Figure 5.7: Graphical illustration of the correlation between laboratory and field corrosion rates
(based on Equations (5.11) and (5.12))

These empirical relationships provide a means of using accelerated corrosion in the laboratory by
cyclic wetting and drying to predict field performance under similar exposure conditions. Equation
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(5.12) shows that the ‘scaling factor’ 4 is a function of concrete quality, crack width and cover depth.
However, similar to the corrosion rate models (Eqns. (5.8) and (5.9)), this empirical correlation
between laboratory and field corrosion rates is valid at approximately t; + 2% years, and long-term
(field) data is required to validate it. Furthermore, the correlation should also incorporate other factors
such as temperature and relative humidity which affect corrosion but were not explicitly included in
the experimental programme as variables, and hence not included in the proposed models.

5.4  Comparison of proposed model with selected previous models

In Chapter 2, a number of empirical corrosion rate prediction models were reviewed and their
strengths and shortcomings highlighted. In this section the proposed icor o Model (Egn. (5.8)) is
compared with those of Scott [9] and Vu et al. [10]; only icorr1ap Model is used for consistency with the
these models which were developed using data from accelerated corrosion experiments. The models
are selected because the input parameters are available from this study. The models are summarized in
Table 5.4. More specific details on Scott’s and Vu et al.’s models can be found in Chapter 2. Only the
proposed model incorporates crack width as an input parameter.

Table 5.4: Corrosion rate prediction models for Scott (2004), Vu et al. (2005) and current study

Reference |Model Input parameters

Cover depth, ¢ (cm
Wuetal. |, _(3780-w/b)*™) b rati P ¢ fem
(2005) c P Wib ratio

Time after corrosion initiation, t,, (yrs)
Cover depth, ¢ (mm)

3
Scott i (1430 002 exp 40-¢) 4 of CClso Concrete quality, CClgo (mS/cm)?
(2004) corr f

f 20 f = 10005-51-05+5)
This stud c -a Cover depth, ¢ (mm)
10
1 ST l6.18e°%1001*) | €| Gracked |crackwidth, wer ()
(' corr.lab) We,

) Concrete quality, Do (cm?/s)”

Loorr lab (t,+2.25 years) =

(1.19 ]eO.OS(DgoX]-OlO) Uncracked

0.34
C

a=0.96(Dyy x10° >

& Concrete quality characterized by 90-day chloride conductivity index, CClgg

® Concrete quality characterized by diffusion coefficient, D g0 (determined using 90-day chloride condictivity index)
S, in Scott's model, is the amount of supplementary cementitious material expressed as a decimal e.g. 0.25 for 25%

In Table 5.4, a and £ are, respectively, 1.0 and O (for time invariant corrosion rate) and f is a correction
factor. The arbitrarily selected input variables used to compare the corrosion rates predicted by the
three models are summarized in Table 5.5 - two Cases | and 1l which essentially differ in concrete
quality and crack width are used. The predicted corrosion rates for the three models (Table 5.4) using
the input parameters in Table 5.5 are presented in Figure 5.8(a), (b) and (c).
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Table 5.5: Input variables used to compare proposed model with Scott’s [9] and Vu et al.’s [10] models

Model input parameter Case | Case Il
Uncracked Cracked Uncracked Cracked
Binder 50/50 PC/GGBS | 50/50 PC/GGBS| 70/30 PC/FA | 70/30 PC/FA
w/b ratio 0.40 0.40 0.40 0.40
90-day chloride conductivity index (CClgg), mS/cm 0.12 0.12 0.48 0.48
Diffusion coefficient (D g0), x 100 cm?/s 6.87° 6.87° 11.99° 11.99°
Crack width (w ¢ ), mm 0 0.70 0 0.40
Cover depth (c), (mm) 5<c¢ <100 5<c¢ <100 5<c¢ <100 5<c <100

? Diffusion coefficient corresponding to the CClgg of 0.12 mS/cm

® Diffusion coefficient corresponding to the CClgg of 0.48 mS/cm

Note: (a) See Appendix D for empirical relationship between chloride conductivity and diffusion coefficient
(b) Parameters arbitrarily selected
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Figure 5.8: Comparison of Vu et al.’s model, Scott’s model and the proposed icorr 1an Models

The results show that Vu et al.’s model, in addition to not taking into account the effect of cracking on
corrosion rate, cannot distinguish between uncracked Case | and 1. Even though concrete quality is an
indirect input parameter in the model through the w/b ratio, it cannot also distinguish between
different binders having the same w/b ratio as is the case in this example. Scott’s model is not
sensitive to the influence of change in cover depth on corrosion rate when the concrete quality is high
(i.e. Case I (cracked)), giving the impression that cover depth is insignificant when concrete quality is
high (i.e. blended cement concretes). It is important to note that even though Scott’s model was
developed using data from 0.2 and 0.7 mm cracked specimens, it does not explicitly incorporate crack
width as an input parameter. This was discussed in detail in Chapter 2. The difference between
corrosion rates for the two cases using Scott’s model is also high compared to that in the current model
e.g. 168% and 10% for, respectively, Scott’s model and the proposed icorrian Model at 50 mm cover.
This is mainly because Scott’s model does not explicitly account for the effect of cracking on
corrosion rate. Even though corrosion rate in blended cement concretes is primarily resistivity-
controlled, the analysis of the experimental results in Chapter 4 showed that the presence of cracks
leads to increase in corrosion rate but to an extent dependent on the concrete quality. In summary, the
proposed model is sensitive to variations in concrete quality, cover depth and crack width while
Scott’s and Vu et al.’s models are not.
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5.5  Sensitivity analysis of the model input variables

The objective of a sensitivity analysis is to examine the impact of varying the input parameters on the
model output, and which input parameters have the highest influence on the model output. It evaluates
how the variations in the model output can be apportioned to variations in model parameters [11, 12].
In addition, a sensitivity analysis is useful in exploring and quantifying the impact of possible errors in
input data on model output, and understanding the relationships between input and output variables.

Sensitivity analysis techniques are classified into two categories, namely local methods and global
(range) methods. In local sensitivity analysis, the response of the model output is examined by varying
one input parameter while keeping others constant. It is easy to implement but the result is dependent
on the base-case (initial) values chosen for the other input parameters. In global sensitivity analysis,
more than one or all the input parameters are varied within a selected range and the response of the
model output examined. Both local and global sensitivity analyses were used in the sensitivity
analyses presented here. Global sensitivity analysis can be performed using different techniques such
as, among others, Monte-Carlo based techniques and Fourier amplitude sensitivity test [13]. The
former technique was used because of its simplicity and wide application.

In this study, a two tier sensitivity analysis was devised and then carried out using standard sensitivity
analysis procedures in the literature in order to determine (i) which combination of two variables (out
of the possible three i.e. concrete quality, Dgy, cover depth, ¢, and crack width, w,) corrosion rate is
most sensitive to, and (ii) which individual parameter corrosion rate is most sensitive to. For the first
case, the three possible two-variable combinations are (i) varying both ¢ and Dy simultaneously while
keeping w,, constant, (ii) varying both w,, and Dgy simultaneously while keeping ¢ constant, and (iii)
varying both ¢ and w,, simultaneously while keeping Dgy constant. The two tier approach was adopted
because even though it is necessary to establish the sensitivity of corrosion rate to each input
parameter in the model, at the design stage, any two variables may need to be changed to obtain a
suitable combination of cover depth, concrete quality and crack width. Furthermore, it also allows us,
to some extent, to gauge the interaction between the variables. Two variables are said to interact when
the effect of one factor on corrosion rate depends on the value at which the other variable is set.

The model input variables ¢, Dgy and w,, were varied as follows 10 < ¢ < 100 mm, 0.4 < W, < 0.7 mm
and 7.2 < Dg x 10™ < 23.1 ecm’s (equivalent to 0.2 < CClgy < 1.5 mS/cm for 50/50 PC/GGBS
concrete). The variation was done by changing (increasing or decreasing) the parameters by 30% to
ensure that a change in each parameter would lead to a reduction in corrosion rate e.g. increasing
cover by 30% and decreasing Dgy by 30%. The combinations of Dgy, ¢ and wg (within the
aforementioned ranges) used in the sensitivity analyses are presented in Table 5.6. The proposed
Icorr field (crackedy MOdel was used to carry out the sensitivity analyses due to its output being natural
corrosion rate; the sensitivity analyses results obtained using the other models would result in the
similar trends obtained using the icorr field (crackeqy MOdel. The sensitivity analysis results are presented in
Figure 5.11 to Figure 5.13. In order to clearly show the trends obtained from the sensitivity analyses
results, a 2-D axis system (y-x and y-z planes) was used instead of a 3-D x-y-z axis system. Figure 5.9
and Figure 5.10 illustrate, respectively, the notation used to present the sensitivity analyses results and
interpretation of the results presented in Figure 5.11 to Figure 5.13.
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Table 5.6: Combinations of Dy, ¢ and w,, used in the sensitivity analyses

Percentage change in i, after
30% decrease in Dy, and 30% increase in ¢

D g and w ¢, varied, ¢ constant D gyo and ¢ varied, w¢, constant ¢ and w, varied, Do constant
Do x10™|  wyr c Dgo x10™ ® Wer © We  |Dgox10™
(cnls) (mm) (mm) (crPls) (mm) (mm) (mm) (mm) (cn/s)
7.2 0.40 10 7.2 10 0.40 10 0.40 7.2
7.9 0.42 17 7.9 17 0.42 17 0.42 79
8.6 0.45 24 8.6 24 0.45 24 0.45 8.6
9.4 0.47 31 9.4 31 0.47 31 0.47 94
10.3 0.49 38 10.3 38 0.49 38 0.49 10.3
11.3 0.52 45 11.3 45 0.52 45 0.52 11.3
12.3 0.54 52 12.3 52 0.54 52 0.54 12.3
135 0.56 59 135 59 0.56 59 0.56 135
14.8 0.58 66 14.8 66 0.58 66 0.58 14.8
16.1 0.61 73 16.1 73 0.61 73 0.61 16.1
17.7 0.63 80 17.7 80 0.63 80 0.63 17.7
19.3 0.65 87 19.3 87 0.65 87 0.65 19.3
211 0.68 94 21.1 94 0.68 94 0.68 211
231 0.70 100 231 100 0.70 100 0.70 231

Base case values i.e. values before Dgg, ¢ and w, are, respectively, decreased, increased and
decreased by 30%.
y-axis
y -z plane //—y—xplane
X-axis
7S
Figure 5.9: Notation used in Figure 5.11 to Figure 5.13
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If the initial (base case) values for Dgg

(14.8 x 10™° cm?/s) and ¢ (66 mm) are,
respectively, decreased and increased by 30%,
the sensitivity analyses results show that the
percentage decrease in corrosion rate is
dependent on the crack width. In this case,
corrosion rate decreases by 19.1% and 20.2%
if the crack width is, respectively, 0.4 and

0.7 mm. (The cover depth of 66 mm is read
directly from Table 5.6.)

Figure 5.10: lllustrative example: interpretation of sensitivity results in Figure 5.11 to Figure 5.13
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Figure 5.11: Sensitivity of corrosion rate to change in both concrete quality and cover depth for different w,
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Figure 5.12: Sensitivity of corrosion rate to change in both concrete quality and crack width for different ¢
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Figure 5.13: Sensitivity of corrosion rate to change in both cover depth and crack width for different Dgg

From the sensitivity analysis results presented in Figure 5.11 to Figure 5.13, the following can be
observed:
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(i)

(i)

(iii)

The

The extent to which a combined change in both Dgy and c affects corrosion rate is dependent on
the crack width; the higher the crack width, the greater the change in corrosion rate due to a
combined variation in Dy, and ¢ (Figure 5.11). However, for two different crack widths that do
not vary by a large margin (e.g. 0.4 and 0.5 mm), the effect of changing both Dy, and ¢ on
corrosion rate appears to be negligible.

The extent to which a combined change in both Dy, and w,, affects corrosion rate is dependent on
the cover depth; the lower the cover depth, the greater the change in corrosion rate due to a
combined variation in Dgg and w,, (Figure 5.12). Figure 5.12 also shows that as the cover depth
increases, there is a point (approximately ¢ > 70 mm) where change in either concrete quality
(Dgp) or crack width does not affect corrosion rate.

The extent to which a combined change in ¢ and w,, affects corrosion rate is dependent on Dyy;
the higher the Dy, (i.e. lower concrete quality), the greater the change in corrosion rate due to a
combined variation in ¢ and w,, (Figure 5.13). However, for a given concrete quality, the extent to
which a combined change in w,, and ¢ affects corrosion rate is independent of the crack width and
cover depth. This, to some extent, depicts the dominating effect of concrete quality on corrosion
rate.

second step in the sensitivity analysis was to determine if there is an individual parameter (Dgo, C

or W) to which corrosion rate is most sensitive. To establish this, the model input variables ¢, Dy, and
Wer were varied as follows: 10 < ¢ < 100 mm, 0.1 < W < 0.7 mm and 7.2 < Dgo X 10™%° cm?/s < 23.1.
Figure 5.14 to Figure 5.16 show the results of the percentage increases in corrosion rate as a result of
the 30% increase in cover depth, 30% reduction in crack width or 30% reduction in Dg,. Cover depth

was

increased, crack width decreased and concrete quality increased to ensure that the variation of

each parameter resulted in a reduction in corrosion rate. It is important to mention that the 30% change
in the three input variables was arbitrarily chosen for illustration purposes; using a different value

(e.0.

+ 40%) will result in different changes in corrosion rate but will not change the trends obtained

here.

Percentage change in i,

Initial (base case) w,,: 0.7 mm

, '
4 o

'
©

(after 30% decrease in w,,)
Percentage change in i,
(after 30% decrease in w,,)

Figure 5.14: Sensitivity of corrosion rate to change in crack width

Note: Despite being identical, the trends in Figure 5.14 have been presented here to show that the extent to which change in

crack width affects corrosion rate is independent of the initial crack width — in this case, 0.4 and 0.7 mm.

181



™

Initial (base case) cover: 30 mm Initial (base case) cover: 60 mm

o ©
A

FE—

'
@

~N o o ©

o o o ©

R

]
~

S & N

o
]

w I
wcr (Hln-‘)

Percentage change in i,
(after 30% increase in cover)
o o1 o »n o
o
- Lo
Percentage change in i,
(after 30% increase in cover)
o LA e b d
o v o
:

~
N

~
()

86 103 123 1438 177 211 103 123 148 177 211

Dyg x 1010 o/ Dyy x 1010 ¢/

Figure 5.15: Sensitivity of corrosion rate to change in cover depth

Note: Despite being identical, the trends in Figure 5.15 have been presented here to show that the extent to which change in
cover depth affects corrosion rate is independent of the initial cover depth — in this case, 30 and 60 mm.
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Figure 5.16: Sensitivity of corrosion rate to change in concrete quality

The sensitivity of corrosion rate to cover depth, concrete quality or crack width, as presented in Figure

5.14 to Figure 5.16, can be summarized as follows:

(i) The extent to which a change in crack width affects corrosion rate is dependent on the concrete
quality (Figure 5.14). The lower the concrete quality (higher Dq), the higher the extent to which a
change in crack width affects corrosion rate. The initial crack width does not affect the extent to
which a change in crack width affects corrosion rate.

(if) The extent to which a change in cover depth affects corrosion rate is dependent on the concrete
quality (Figure 5.15). The lower the concrete quality (higher Dgo), the higher the extent to which a
change in cover depth affects corrosion rate. The initial cover depth does not affect the extent to
which a change in cover depth affects corrosion rate.

(iii) The extent to which a change in concrete quality affects corrosion rate is dependent on both cover
depth and crack width (Figure 5.16). A combination of low cover depth and high crack width
results in the highest effect on corrosion rate due to change in concrete quality.

Table 5.7 gives a summary of the sensitivity analyses results for the various parameters (c, we and
Dgo) and parameter combinations (wg and Dgy, € and Dgo, and w,, and c). The results are in agreement
to those reported in some previous studies where concrete quality was expressly mentioned to have a
higher effect (or more important) on corrosion rate than crack width [4, 14]. The results here show that
the change in corrosion rate is greater if concrete quality is varied than if either crack width or cover
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depth are varied. In short, concrete quality has a dominating role on the effect of either crack width or
cover depth on corrosion rate. The practical implication of these findings is that even though cracking
increases corrosion rate, and that it should be minimized, corrosion protection cannot be achieved
solely by limitation of crack width; a holistic approach, in this case, considering cover depth, concrete
quality and crack width should be adopted.

Table 5.7: Summary of sensitivity analyses results of the model input parameters

) Percentage decrease in corrosion rate (%)
Parameter(s) varied — -
Minimum Maximum Range* (%)
W and Dgg 0.2 18.8 93.8
¢ and Dgg 14.6 243 40.0
W and c 6.2 8.4 255 Decreasing
sensitivity of
Do 109 233 533 corrosion rate
c 6.1 8.4 27.3
W ¢r 8.2 11.2 27.0
* Range = (Max. decrease — Min. decrease}<100
Max. decrease

5.6  Statistical characterization of model output

Variability in data is usually accommodated by specifying the average value of a quantity, and/or the
maximum and minimum values i.e. range. In the latter case, variability is characterized by the range
between the extreme values and a measure of central tendency (e.g. mean, mode and median).
However, for a parameter such as corrosion rate, the quantification of variability and uncertainty
should include other aspects such as the distribution type, standard deviation, its fluctuation pattern in
time (i.e. temporal variability) and its fluctuation pattern at different locations of the structure
(i.e. spatial variability); the last two types of variability were outside the scope of this study.
Furthermore, long-term corrosion data would be required for their quantification.

Statistical distributions are used to represent and quantify the variability of a parameter. A suitable
statistical distribution to represent a parameter can be determined using one of the following methods:
(i) using the observed data to define an empirical statistical distribution, and (ii) fitting a theoretical
statistical distribution to the histogram of the observed data. The latter is preferred to the former as it
allows analyzing the system for situations outside the norm; this is essential when carrying out an
experimental data analysis. The principle behind fitting distributions to data is to find the type of
statistical distribution (e.g. normal, lognormal, gamma, Poisson) and the values of the parameters of
the selected distribution (e.g. mean, standard deviation and variance) that give the highest probability
of producing the observed data. Taking into account that there are many statistical distributions which
could fit a set of observed data, it is essential to ensure that the selected distribution to model the
observed data truly reflects the properties of the data. This is ensured by carrying out goodness-of-fit
(GOF) tests.

One of the methods to check the GOF of a statistical distribution to observed data is by visual
assessment where a statistical distribution plot (i.e. probability density function, pdf) is superimposed
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on the histogram plot of the observed data. In the visual assessment of the GOF, the shape of each
statistical distribution is compared with that of the histogram of observed data. The pdf that has the
closest matching shape with the histogram is selected and used to represent the data. However, visual
assessment is subjective and susceptible to potential human error, and is seldom used. To overcome
this, and to improve confidence in the selection of a statistical distribution to model the observed data,
standard statistical tests are used to quantify the GOF of a selected distribution. Statistical GOF tests
measure the compatibility of a random sample with a theoretical statistical distribution. They provide a
probability, depending on the confidence interval or significance level chosen, that random data
generated from the fitted distribution would have produced a GOF statistic value as low as that
calculated for the observed data. The three main GOF tests are the Karl-Pearson’s Chi-squared (%)
test, Kolmogorov-Smirnov test and Anderson-Darling test [15]. These tests are well established and
can be found in the literature. However, regardless of the GOF test used, it is important to note that: (i)
a larger data set improves the confidence of fitting a statistical distribution to observed data, and (ii)
considering field data with experimental data is also desirable in selection of a statistical distribution
[16].

In order to confidently fit a statistical distribution to the observed data, a sufficiently large and
representative data-set is needed. Such data was not available. However, previous published studies
and reports have reported statistical distributions that can be adopted for various corrosion-influencing
parameters; this study adopted the distributions presented in Table 5.8.

Table 5.8: Summary of statistical characterization of model input variables

Input variable | Statistical distribution selected Coefficient of variation (¢ /X)
¢ (mm) Lognormal® 30%
Wr (mMm) Lognormal” 50%
Dgo (mS/Cm) Norrna|a 28.5%

References: % [17], ”: [18, 19]

The next step is to establish the statistical distribution of the predicted corrosion rate (icorr fies @nd
icorr1an) D@sed on the statistical distributions for the input parameters presented in Table 5.8. In order to
achieve this, Monte Carlo analysis (simulations) of the proposed model was carried out using
randomly generated values of the input parameters (c, we, and Dgg) based on their respective statistical
distributions (Table 5.8). A Monte Carlo analysis aims at performing a sufficiently large sequence of
simulations, n, each with different values for each input parameter, to quantify the statistical
distributions of the targeted outcomes. It requires selecting n samples out of each of the statistical
distributions of the input parameters [20]. A total of 39 000 random values (mainly based on
computational limitations) of the input parameters were generated based on the respective statistical
distributions to meet the following criteria: 5 < ¢ < 40 mm, 0.1 < W, < 0.7 mm and
6 < Doy X 100 < 25 cm®/s. These limits were chosen such that the maximum experimental values used
or obtained in this study were not exceeded. In the case of uncracked concrete, the crack width limits
were omitted. Consequently, 39 000 model simulations were carried out to generate simulated icorr fiet
and icorrap Values. Statistical distributions were then fitted to the simulated corrosion rates. The
selection of the best fitting statistical distribution was carried out using the Chi-squared (3°) goodness-
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of-fit test at a 95% confidence interval (see Appendix E). This procedure was implemented in
MATLAB®. The results are presented in Figure 5.17 to Figure 5.20. A summary of the selected
statistical distributions and the corresponding relevant parameters are summarized in Table 5.9.
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Table 5.9: Summary of selected statistical distributions for corrosion rate

Corrosion rate prediction model disTt);irkJ)itoi(f)n a Statls';cal para:1eters P

i corr fietd (ti +2%ayrs) [Cracked Lognormal [ — — 069 | -0.82
Uncracked | Lognormal| — - 064 | -1.21

i corrjab (ti +2%yrs) |Cracked Weibull 1.98 1.75 — —
Uncracked | Lognormal| — — 0.77 | -0.62

It is clear that except for corrosion rate values obtained from the prediction model of laboratory
cracked specimens which exhibited a Weibull distribution, all the other laboratory and field corrosion
rates (cracked and uncracked) exhibited lognormal distribution. The probability distribution functions
for lognormal and Weibull distributions of a variable x are given in Equations (5.13) and (5.14):

. 1 1 In(x)—yjz
Lognormal distribution: f(X) = ———exp| - =| —2——
‘ O i '{ "% 13
b x )
Weibull distribution: f(x):(—bj xP1 expL— (_j J (5.14)
a a

where p and o are, respectively, the mean and standard deviation of the variable’s natural logarithm,
In(x), and a > 0 and b > 0 are, respectively, the scale and shape parameters. More literature on these
distributions can be found in Appendix E.

The lognormal and Weibull distributions have been used in the past to describe corrosion rate data.
Knowledge of the corrosion rate statistical distribution is critical for developing reliability and risk-
based models for inspection and maintenance planning of corroded RC structures [21]. The statistical
distributions can also assist in estimating the variability associated with the prediction models.
However, in order to adequately account for the high variability and uncertainty associated with
corrosion rate and the factors affecting it, a probabilistic approach should be adopted. This was not
pursued because it was outside the scope of this study, but should be considered in future work.
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5.7 Model limitations and recommendations for further work

In addition to the limitations of the proposed models that have already been mentioned in this chapter,

the following should be noted:

1. A single reinforcing bar was embedded in the beam specimens used in the experimental
investigations. This is not representative of in-service RC structures where, for example,
reinforcing steel mats are used. Therefore, the model should be validated, adjusted and calibrated
using long-term corrosion rate data from in-service RC structures or appropriate larger scale field
specimens.

2. Even though the field-based specimens were exposed to a marine tidal zone, environmental
parameters (temperature and relative humidity) were not incorporated in the proposed models.
These parameters affect corrosion rate and should, in future, be directly or indirectly incorporated
in the model. For example the effect of temperature on corrosion rate can be incorporated using the
Arrhenius law [1, 22] — see Eqgn. (2.40) in Chapter 2.

3. Cracking and crack width was one of the main experimental variables in this study. However, only
single flexural cracks were dealt with. In in-service RC structures, this is seldom the case; there are
usually numerous flexural cracks of varied widths due to applied loads. Other crack characteristics
such as self-healing, frequency/density and activity or dormancy were also not incorporated in the
models. The applicability of this model therefore needs to be checked and calibrated to account for
the effect of these crack characteristics on corrosion rate.

4. The laboratory-based specimens were exposed to a cycle of 3-days wetting (with 5% NaCl
solution) and 4-days air-drying (at a temperature and relative humidity of 25 + 2 °C and 50 + 5%
respectively); it is necessary to investigate the applicability of the model to other cyclic wetting and
drying regimes e.g. using other concentrations of NaCl, different wetting and drying durations, etc.
With respect to the field exposure environment, it is necessary to investigate the applicability of the
model to other tidal marine conditions in future studies.

5.8 Framework for practical application of the proposed models

5.8.1 Selection of suitable design combinations of concrete cover, quality and crack width

To date, only Fickian-based corrosion initiation models have been used in the selection of concrete
quality and cover depth; it is assumed that concrete is uncracked, a scenario which is seldom the case
in in-service RC structures. Therefore, even though the concrete quality and cover depth selected may
satisfy durability requirements with respect to the initiation phase, the same may not be the case in the
presence of cracking where the initiation phase may either be significantly shortened or completely
eliminated due to the increased penetrability of the concrete. The proposed models overcome this
problem by incorporating the influence of crack width on corrosion rate especially for the propagation
phase.

In addition to predicting corrosion rate, the models can also be used to select a suitable combination of
concrete quality, cover and crack width to meet target durability requirements with respect to chloride-
induced corrosion. With the proposed models, the designer can objectively perform a number of
permutations to determine the most suitable combination of concrete quality, crack width and cover
depth to meet the desired durability performance (with respect to steel corrosion) of a given RC
structure in the marine environment.
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5.8.1.1 Example I —selection of a suitable combination of cover depth, quality and crack width

(new structures)

The objective of this example is to show how the proposed model can be used to select a suitable
combination of concrete cover, quality and crack width to achieve a desired limit state for the
propagation phase. The analyses will involve using the proposed field-based corrosion rate prediction
model (icorrfield) t0 determine not only the concrete quality and cover depth but also the limiting crack
width to achieve a propagation phase of at least 20 years. Note that even though the icorr fiels model is
used here, the laboratory-based one can equally be used. The limit state used in this example for the
propagation phase is attainment of a 15% loss of steel cross section area 20 years after corrosion
initiation. The task is therefore to select concrete parameters (cover depth, quality and crack width) to
achieve the 20 year propagation phase.

The justification for selection of a 15% loss of steel cross section area as a limit state for the
propagation phase is as follows: The end of the service life of the RC structure is usually associated
with a loss of cross sectional area between 5% and 25% [23]; this is mainly due to the partial factors of
safety incorporated in the calculations during design to account for variations in material properties,
construction and loading. These safety factors can accommodate a certain loss in cross-section area. A
loss of cross-section between 5% and 25% therefore provides a reasonable estimate for the end of a
structure’s service life i.e. limit state. Even though a reduction in cross sectional area is chosen as a
limit state in this example, other limit states such as time to cover cracking can be used. However,
their adoption is not straight forward because the prediction models associated with them e.g. time to
cover cracking models by Liu and Weyers [24] and EI Maaddawy and Soudki [25] were developed
considering uncracked concrete.

The corrosion initiation phase is not included in this example because, in addition to the focus being
on the propagation phase, past studies which were reviewed in Chapter 2 showed that in cracked RC
structures, the initiation phase may be significantly shortened or completely eliminated. Furthermore,
it is still not possible, with the current state of knowledge, to quantify chloride ingress in cracked
concrete in order to estimate the time to corrosion initiation, if any. Table 5.10 presents a summary of
the parameters used in this example. Note that in this example, crack width is limited to 0.5 mm and
that the pitting factor in Table 5.10 is incorporated in the analysis to account for localized loss in
cross-sectional area in the crack region (see Chapter 2 for literature on pitting and pitting factor).

Table 5.10: Summary of parameters used in Example |

Limit state (end of propagation phase, t) 15% loss of steel cross-section
Desired time to attainment of limit state 20 years after corrosion initiation (t;)
Initial bar diameter (mm) 20

Pitting factor (o) for cracked concrete™ 10

Bxposure environment Marine tidal zone

Crack width (w ¢) 0.5mm

*: Pitting factor is incorporated to account for localized loss in steel cross-sectional area in the crack
region [23] - see Chapter 2 for literature on pitting and pitting factor.
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Even though crack width (w,,) is kept constant at 0.5 mm in this example, either of the other two
parameters (Dgg OF €) can also be kept constant and a suitable combination of the other remaining
parameters required to achieve the desired limit state (i.e. 15% loss of steel cross section area)
determined.

The next step is to determine, for a crack width of 0.5 mm, the corresponding concrete quality (in this
case the diffusion coefficient, Dgy) and cover depth required to meet the specified 20-year propagation
phase. Faraday’s law (Eqn. (2.34)) is used to determine the corrosion rate required to result in a 15%
cumulative loss in steel cross section area due to corrosion, 20 years after corrosion initiation. The
results are presented in Figure 5.21.

MIt .
m= F =0.0116 Iter (2.34)

where m is the mass loss, M is the atomic mass of steel (56 g), | is the corrosion current, i is the
corrosion current density (LA/cm?), t is the time of electrolysis (s), z is the ionic charge of steel (2), F
is Faraday’s constant (96500 C/mol) and ay is the pitting factor.
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Figure 5.21: Stable corrosion rate required to cause a 15% cumulated loss in cross section after 20 years

Figure 5.21 shows that a maximum stable corrosion rate (also referred to as threshold corrosion rate)
of 0.35 uA/cm? will result in achieving the pre-defined limit state for the propagation phase (15% loss
in steel cross section) 20 years after corrosion initiation. Even though the effects of corrosion-induced
damage (e.g. cover cracking) on corrosion rate are not accounted for in this example, this should be
done in a real-life scenario. The determination of the possible combinations of concrete quality (Dg)
and cover depth (c) is now carried out using the proposed model (Eqgn. (5.9), reproduced here for easy
reference):

-b
. «107L0 C
Icorr, field (t;+2.25 years) — (0'64e0-06(D90 10 ))[W_j [}.lA/sz] (5.9)

cr

where b = 0.21e°020e10*)

It is important to note that it is assumed that the stable corrosion rate obtained after approximately
2Y4 years (as predicted using Eqn. (5.9)), will be valid 20 years after corrosion initiation. Figure 5.22 is
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obtained by trying various combinations of cover depth and concrete quality for a crack width of
0.5 mm. It shows that there are a number of possible combinations of cover depth and concrete quality
that can be selected to achieve the (maximum) required corrosion rate of 0.35 pA/cm?. Therefore, if a
cover of 50 mm is selected, a maximum diffusion coefficient of 11.5 x 10™° cm%s is required (Figure
5.22). The results of concrete quality and cover depth (for the propagation phase) are summarized in
Table 5.11.
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Figure 5.22: Cover and concrete quality required to achieve a corrosion rate of 0.35 pA/cm?

Table 5.11: Summary of possible design options for concrete quality and cover depth

Minimum cover depth (mm) 50
Diffusion coefficient, D oo (cm?/s) x 102 115
90-day chloride conductivity indexcorresponding to D gy
100% PC concrete Not feasible?
70/30 PC/FA concrete 0.43mS/cm
50/50 PC/GGBS concrete 0.69 mS/cm

& A corresponding chloride conductivity value is not feasible in PC concrete for such a low
diffusion coefficient (11.5 x10™%% cm?/s)

5.8.2 Quantification of the propagation phase

A limit state was defined in Chapter 1 as a state beyond which the structure no longer satisfies the
relevant design performance requirements [26]. Contrary to the corrosion initiation phase where the
initiation limit state is defined by either attainment of a chloride concentration threshold or a corrosion
rate of 0.1 pA/cm?, different limit states can be adopted for the propagation phase. Limit states for the
propagation phase refer to the various progressive corrosion-induced damages on the RC structure
such as appearance of visible surface corrosion-induced cracks, surface corrosion crack widths
[e.g. 0.3-1.0 mm, 27], spalling of the cover concrete, loss of steel-concrete interface bond, loss of steel
cross-section area, loss of flexural stiffness, longitudinal deflections (of flexural members) and loss of
a member’s ultimate load-carrying capacity.

Regardless of the limit state selected for the propagation phase, of importance to the engineer, client
and asset manager is the ability to reasonably estimate the residual life of the structure or time to
maintenance; this process is in turn significantly dependent on the corrosion rate used in the
appropriate damage prediction model. It is common practice to adopt a representative corrosion rate as
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an input parameter in damage prediction models to quantify the corrosion propagation phase. The term
‘representative corrosion rate’ (icorrrep) 1S COnventionally used to refer to a corrosion rate value
adopted for the entire propagation phase for the estimation of corrosion-induced damage using
appropriate damage prediction models [26]. To date, there are still major challenges in the
determination of i.rrep Mainly because of lack of confidence in predicting corrosion rate. In order to
confidently predict corrosion rate, it is necessary to accurately quantify the future corrosion regime
with regard to the relevant corrosion-sustaining species e.g. dissolved oxygen concentration, moisture
content, chloride content, concrete resistivity (or its inverse conductivity) and temperature. These were
discussed in detail in Chapter 2. Three approaches have been proposed in the past to estimate icor rep-

The first and most commonly used conservative approach is the assumption of a constant corrosion
rate for the propagation phase. This approach was first adopted by researchers such as Tuutti [28],
Andrade et al. [29] and Clear [30] who assumed a linear progression of corrosion-induced damage
depicting an assumed constant corrosion rate during the propagation phase. Later, the approach was
adopted in DuraCrete [31] where constant corrosion rates are proposed for the various EN 206-1 [32]
marine exposure Classes (see Table 5.12). Even though the suggested corrosion rate values take into
account the different concrete grades specified in the Code for the corresponding exposure classes,
other salient factors such as cover cracking, cover depth, binder type, moisture content, contamination
with deleterious species (CI~, CO,) and oxygen availability are not accounted for. Further, even though
the proposed corrosion rate values are rather too high and cannot be used immediately after corrosion
initiation, it is not clear how long it takes (after corrosion initiation) for the proposed corrosion rates to
be attained; this should depend on several inter-related factors affecting corrosion rate. The main
assumption made in this approach (of adopting a constant corrosion rate) is that the corrosion-regime
remains more or less unchanged throughout the propagation phase. Specifically, in the case of
DuraCrete, a further assumption is that under any given combination of corrosion-sustaining
conditions and exposure environment, the corrosion rates given in Table 5.12 will be achieved. In
short, this approach ignores the fact that the variation of corrosion rate with time depends on the
prevailing corrosion regime and that after a given period of continued corrosion, factors such as the
accumulation of corrosion products and cover cracking may, respectively, eventually stagnate or
accelerate the process. However, despite all these shortcomings, it is the most commonly used
conservative approach to quantify the propagation phase, with the main challenge being the
determination of a corrosion rate value to adopt for the propagation phase.

Table 5.12: Proposed average corrosion rates for EN 206-1 exposure classes [31]

Bxposure class (chloride-induced corrosion) i comrrep (MA/CIE)
XS1  Bxposed to airborne salt but not in direct contact with sea water 2.6 (0.17)
XS2  Permanently submerged —*

XS3  Tidal, splash and spray zones 6.0 (3.4)

(): standard deviation, *: Corrosion not expected except for poor quality concrete or low cover

The second approach involves the use of an empirical model proposed by Yancyn and Ergun [33] to
forecast corrosion rate; the model is an exponential relationship between the corrosion rate and time,
and was developed using results obtained in an accelerated corrosion study (using admixed chlorides:
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6 kg CI/m® concrete) using 150 mm diameter x 150 mm height specimens made with
90/10 PC/Pozzolanic cement concrete (w/b ratio: 0.60). Corrosion was evaluated by measuring half-
cell potential and linear polarization resistance. Corrosion rate measurements were taken for a period
of up to 90 days (i.e. at 1, 7, 28, 60 and 90 days). The model is given in Eqn. (5.15):

igore (t) =67 (5.15)

where i (t) is the corrosion rate (LA/cm?) at time t (days), i, is the initial (measured instantaneous)
corrosion rate and C is a corrosion constant that depends on the degree of concrete pore saturation, pH,
permeability and the cover depth; Yalcyn and Ergun proposed a value of C (evaluated from i, VS.
time curves) as 1.1 x 10”° day™. Important points to note about the empirical model are as follows:
(i) the model was developed using iy from uncracked concrete and is therefore not applicable to
cracked concrete, (ii) it is not realistic for corrosion rate to increase at a constant rate throughout the
propagation phase, (iii) factors which affect corrosion rate such as cover depth and cracking,
temperature, concrete quality and resistivity are not incorporated in the model; the model assumes that
the corrosion regime does not change, and that future corrosion rate is only dependent on time.
However, these factors may vary from time to time and consequently affect corrosion rate, and (iv) the
empirical constant C cannot be assumed to be applicable to other concretes (binder types and
wi/b ratios). The approach can therefore not be confidently applied to determine icorr rep-

The third approach was proposed recently by Martinez and Andrade [34]. Their approach involves a
series of steps to determine an annual-averaged corrosion rate from actual corrosion rate (and
resistivity) measurements. The approach involved three main steps as follows: (i) single isolated
instantaneous in-situ corrosion rate measurements (icorrsingle) are taken, (i) in-situ concrete cores are
then taken close to the corrosion rate measurement points and conditioned to 85% RH (for structures
sheltered from rain) or vacuum water-saturated (for non-sheltered or submerged ones) for resistivity
measurements, and (iii) using an empirical corrosion rate vs. resistivity nomogram, the corrosion rate
corresponding to concrete resistivity is determined (icorrmax)- The iconrep IS defined as follows:

. corr,single + Icorr,max

lorrREP = 2 (5.16)

This approach assumes that all corrosion processes are resistivity-controlled, a phenomenon that may
only be the case in high resistivity concretes e.g. in blended cement concretes [4]. Furthermore, even
in situations where the corrosion process is resistivity-controlled, differences may still arise depending
on, for example, concrete quality and presence of cracks [4, 35].

Considering that the temporal (time-dependent) aspect of corrosion rate was not incorporated in the
models proposed in this study, and for purposes of practical applicability, it is conservative to assume
that only the corrosion rates predicted by the proposed i a0 Model after approximately 2% years of
exposure in the laboratory environment can be used to quantify the propagation phase depending on
the pre-defined limit state; the proposed field-based corrosion rate prediction model, i fieid, CANNOL, at
this moment, be objectively used because of the pseudo-stable nature of the field corrosion rate data
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used in its development. As stated previously (and also in Chapter 4), long-term stable field corrosion
rate data will be needed to update the i siels model. Similarly, it is important to note that the main
limitation of the proposed laboratory-based corrosion rate prediction model, icorrian, 1S that it was
developed using accelerated corrosion rate data. Therefore, in this chapter, icor fieils Model, is used, is
only for illustration purposes.

The approach of using a single corrosion rate value for the propagation phase is similar to the one used
in DuraCrete [31] already discussed. However, it does not support the adoption of universal corrosion
rate values in DuraCrete for a given EN 206-1 exposure Class and for all concretes (see Table 5.12).
The results indicate that the corrosion rate value adopted for the propagation phase (icorrprop) Should be
dependent on not only the exposure Class but also other corrosion rate-influencing factors such as,
among others, concrete quality, cover depth and crack width. To achieve this, the proposed corrosion
rate prediction models can be used. The proposed models are used to predict corrosion rate for a given
combination of concrete quality, cover depth and crack width. This corrosion rate, icorrprop, Should be
considered stable and used to quantify the propagation phase using an appropriate corrosion-induced
damage model depending on the pre-defined limit state. The method improves on the DuraCrete
approach of adopting constant corrosion rates regardless of concrete quality, cover depth and cracking.
However, as already mentioned, long-term stable field corrosion rate results are needed to update the
icorrfiels Prediction model before it can be used in corrosion-induced damage prediction models to
quantify the propagation phase. This approach can be applied to both new and existing corrosion-
affected RC structures.

For new structures, in addition to being used to select suitable combinations of concrete quality, cover
depth and crack width (see Section 5.8.1), it can also be used to develop pro-active maintenance
strategies. In the case of existing corrosion-affected RC structures, the approach can be used to
estimate the residual life. In this case, the procedure presented in Figure 5.23 can be used to quantify
the propagation phase.
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Figure 5.23: Schematic of quantification of propagation phase for existing corrosion-affected structures

5.8.2.1 Example Il - application of the proposed model to new structures

The objective of this example is to illustrate how the proposed models can be used to predict the time

to attainment of a given limit state in the propagation phase. The proposed icorsiels Model will be used

in this example. For this example, consider three RC structures in a tidal marine exposure. The

maximum allowable reduction in steel cross-sectional area is 15% i.e. a 15% reduction in cross

sectional area is the limit state (see Section 5.8.1.1 for the reasons for adopting 15% loss in steel cross-

sectional area as a limit state). The service life prediction calculations begin at the end of the initiation

period i.e. icr = 0.1 pA/cm?. Parameters used in this example are summarized in Table 5.13. The

parameters were selected in order to depict the following scenarios:

(i) Case I: depicts the effect of high quality concrete on corrosion rate in situations where cover
depth is low and crack width is high.

(if) Case II: depicts the effect of high cover depth on corrosion rate in situations where both concrete
quality and crack width are relatively low (compared to case I).

(iii) Case IlI: depicts the effect of very high cover depth on corrosion rate in situations where concrete
quality is lower than that in Case 11, and crack width is also higher than that in Case II.
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Table 5.13: Parameters used in Example 11

Parameter Value

Variables (model input parameters) Case | Case Il Case lll
Diffusion coefficient (50/50 PC/slag concrete), cm?/s x 101 75 8.6 129
Cover depth (c), mm 20 40 60
Crack width (w ¢, ), mm 1.0 0.4 0.7
Constants For Case I, Il and Il
Initial bar diameter (d , ), mm 20

Pitting factor (api) for cracked concrete® 10

Limit state for propagation phase, as a reduction in steel cross-section 15%

& Pitting factor is incorporated to account for localized loss in cross-sectional area in the crack region (see
Chapter 2 for literature on pitting and pitting factor)

Using the proposed icorsiels Model, Eqn. (5.9), the expected corrosion rates for the respective
combinations of the parameters in the three cases at approximately t; + 2% years are 0.32, 0.49 and
0.41 uA/cm? for Case I, Case Il and Case 11 respectively (see Figure 5.24). These corrosion rates are
assumed to be constant during the propagation phase and hence used for its quantification. Faraday’s
law is used to facilitate the calculation of loss in cross-sectional area. The results for the reduction in
cross sectional area are presented in Figure 5.25.

It can be seen in Figure 5.25 that the duration of the propagation phase for Case I, Case Il and Case 1l
are, respectively, 21, 14 and 17 years. The service life for the three structures, incorporating the
propagation phase, are thus t; + 21, t; + 14 and t; + 17 years for, respectively, Case I, Case Il and Case
I1l. These years (t; + 21, t; + 14 and t; + 17 years) may be further extended by the initial 2Y4 years
leading to the attainment of the predicted stable corrosion rates. However, t; is incorporated here on the
assumption that it exists; previous studies have shown that in the presence of cracking, active
corrosion may commence instantaneously when corrosion-sustaining species are present [4, 35]. In
such cases, it is only the propagation phase to be considered as the service life of the structure.
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Figure 5.24: Expected corrosion rates at approx. 2% years after corrosion initiation based on Eqn. (5.9)

195



[oa]
o

Dgo X 1020 cm?/s  w,, (mm) c (mm)

45 Case I: 7.5 1.0 20
= == Casell 8.6 0.4 40 ,
%0 Case Il 12.9 07 60 .- 040 Alm

w
o

0.41 pAlcm?

w
o

0.32 pAlcm?

N
o

15% reduction (Limit state)

=
[$;]

Reduction in cross section area (%)
(Initial bar diameter: 20 mm)
N
(82}

=
o

0 5 10 15 20 25 30 35 40 45 50
Time after corrosion initiation (years)

Figure 5.25: Percentage reduction in cross section area due to corrosion with time

5.9 Concluding remarks on the proposed corrosion rate prediction model

Empirical chloride-induced corrosion rate prediction models (icorrfiels @Nd icorrfiers) fOr cracked and
uncracked RC were proposed and discussed in detail in this chapter. However, the icor siels model still
needs long-term stable corrosion rate data to update it. In summary, the following can be stated:

1. The models are applicable to marine RC structures in the marine tidal zone. Based on the
laboratory and field data used to develop the models, the predicted corrosion rates correspond to
approximately 2Y4 years after corrosion initiation. However, contrary to DuraCrete’s approach, it
does not support the adoption of a universal value for a given exposure class regardless of other
corrosion rate-influencing factors such as cover depth, cover cracking and concrete quality. The
proposed models can be used to estimate different corrosion rate values depending on cover depth,
concrete quality and crack width.

2. Even though the proposed models may not be applicable to exposure conditions other than those
similar to the ones used in this study (i.e. tidal marine zone), the models can still be used as a
valuable tool to select suitable combinations of concrete quality, cover depth and crack width to
achieve desirable durability of a RC structure prone to chloride-induced corrosion. The models take
into account the fact that a universal crack width is not applicable to all structures regardless of the
concrete quality and cover depth. This is contrary to previous approaches that adopt 0.4 mm as a
universal crack width regardless of concrete quality and cover depth (see Chapter 2).

3. Even though the models incorporate three input parameters (concrete quality, cover depth and
crack width), the sensitivity analysis carried out showed that corrosion rate is more sensitive to
simultaneous variation of concrete quality and crack width than it is to simultaneous variation of
either cover depth and concrete quality or cover depth and crack width. Further, the analysis
showed that contrary to the view in some previous studies where concrete quality is expressly
mentioned to have a higher effect on corrosion rate than crack width [4, 36], concrete quality, cover
and crack width all affect corrosion rate but the extent of the impact of each parameter depends on
the initial values of the other parameters. The practical implication of this is that even though
cracking increases corrosion rate, and that it should be minimized, corrosion protection cannot be
achieved solely by limitation of crack width only; a holistic approach considering the combined
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influence of cover depth, concrete quality and crack width on corrosion rate should be adopted to
determine a suitable combination of these parameters. This can be achieved using the proposed
model.

In addition to the model input parameters considered (i.e. cover depth, concrete quality and crack
width), corrosion rate is affected by other factors which have synergistic, opposing or additive
effects e.g. temperature, moisture content of the concrete and crack self-healing. These parameters
were not incorporated in the proposed models, but may be equally important in the prediction of
corrosion rate. Further studies are required to either directly or indirectly incorporate these
parameters to improve on the prediction accuracy (with respect to the actual corrosion rates) of the
models. This should be done using long-term field (natural) corrosion data.

The applicability of the proposed models will need to be validated for values of the cover depth and
crack width outside the limits of those used in the development of the model i.e. 20 and 40 mm,
and 0.4 and 0.7 mm respectively.

The proposed models are valuable tools for the development of pro-active maintenance strategies
for corrosion-affected RC structure in tidal marine exposure conditions.
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Chapter 6

Conclusions and recommendations

6.1 Introduction

The main objective of this work was to develop empirical chloride-induced corrosion rate prediction
models for cracked and uncracked steel RC structures in the marine tidal environment. The study was
motivated by the need to quantify, in addition to the initiation phase, the propagation phase as part of
the service life of corrosion-affected RC structures, and consequently the need to understand the
corrosion propagation process and predict corrosion-induced damage. However, inasmuch as it is
acknowledged that in the past much research effort has been put towards the achievement of these
goals, most of it has focused on the prediction of corrosion-induced damage such as, among others,
loss of steel cross-section area, loss of steel-concrete interface bond, cover cracking and loss of load
carrying capacity. Limited research has focused on the prediction of corrosion rate which is one of the
main input parameters in corrosion-induced damage prediction models. This, to some extent, poses a
major challenge in the quantification and incorporation of the propagation phase in the service life of
corrosion-affected RC structures. This study contributes towards overcoming this challenge.

Parallel corrosion experiments were carried out in the laboratory (accelerated corrosion) and field
(natural corrosion) to investigate and quantify the combined influence of pre-corrosion load-induced
crack width, cover depth and concrete quality (binder type and w/b ratio) on corrosion rate. A
correlation between natural corrosion in a marine tidal zone and accelerated corrosion by cyclic
wetting (with a chloride-based solution) and drying was also sought. Details of the experimental
programme and the results were presented in, respectively, Chapters 3 and 4. Based on the analysis of
the results and the inferences made thereof, empirical chloride-induced corrosion rate prediction
models were proposed in Chapter 5. Detailed conclusions of Chapters 4 and 5 were given at the end of
the respective chapters. This final chapter presents a summary of the study findings while drawing
specific, general and practical conclusions in light of the study objectives and highlights areas that
need further work.

The conclusions presented in this chapter are divided into three broad sections namely, (a)
Experimental results, (b) Corrosion rate prediction models, and (c) General conclusions — a practical
outlook. A final part of this chapter, Recommendations, summarizes the various aspects emanating
from this research which require further work.

6.2 Conclusions - Experimental results

The conclusions drawn from the experimental results mainly revolve around the corrosion rate results
for the different combinations of experimental variables i.e. cover depth, binder type, w/b ratio, crack
width and exposure environment. Corrosion rate was measured using the coulostatic technique. This is
a linear polarization resistance method; the details were given in Chapter 3.
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6.2.1 Effect of crack width on corrosion rate

The pre-corrosion cover cracking investigated in this study was mechanically (load) induced, and
measured on the concrete surface. The general trend for a given concrete quality (binder type and w/b
ratio), cover depth and exposure environment was that of increasing corrosion rate with increasing
crack width as follows: uncracked — incipient-cracked — 0.4 mm cracked — 0.7 mm cracked.

The trend of increasing corrosion rate with increasing crack width was observed in both the
laboratory-based and field-based specimens. However, the field-based corrosion rates were lower than
the corresponding laboratory-based ones, a trend that was mainly attributed to the diminishing oxygen
availability at the steel level due to slow drying out of the concrete caused by the epoxy-coating on all
the faces (except that with the specified cover) of the field-based specimens. Further, even though not
significant, the difference between corrosion rates in the 0.4 mm and 0.7 mm cracked field-based
specimens was less pronounced than in the laboratory-based specimens. This was mainly attributed to
the well-controlled exposure conditions (temperature and relative humidity) in the laboratory in
comparison to that for the field-based specimens. Even though it could not be confirmed from the
results of this study due to a limited number of crack widths that were investigated, the field-based
results suggest that as the crack width increases, the influence of further increase in crack width on
corrosion rate seems to diminish.

Contrary to a previous study by Scott [1] where corrosion rates on 0.2 and 0.7 mm cracked RC beam
specimens were averaged, a statistical analysis of the results of this study showed that the averaging
was not valid for the 0.4 and 0.7 mm cracked specimens in this study. A similar conclusion was
reached after a statistical analysis of Scott’s [1] results. It was therefore concluded that, from a
practical or service life prediction point of view, and taking into account that corrosion rate is an
important input paramater in corrosion-induced damage prediction models, the decision on whether
corrosion rates of different crack widths should be averaged or not should be based on whether the
propagation limit state adopted (e.g. corrosion-induced cover cracking) is sensitive to change in
corrosion rate due to change in crack widths within a given range, or not.

The results of this study also confirmed a previous assertion by Otieno et al. [2] that adopting 0.4 mm,
which is conventionally considered a universal corrosion threshold crack width for all concretes below
which corrosion rate is similar to that in uncracked concrete regardless of quality and cover depth as
proposed by the fib Model Code 2010 [3] is, inasmuch as being conservative, prescriptive and not
valid. The results of this study underscore those of Otieno et al. [2] and Scott and Alexander [4] that
the extent to which crack width increases corrosion rate depends on both concrete quality and cover
depth, and that limiting crack widths should consider these factors. This study proposes the adoption
of performance-based crack width limits that take into account the combined influence of relevant
factors affecting corrosion rate, in this case, cover depth, crack width and concrete quality. It is on this
understanding that the proposed corrosion rate prediction models (summarized later in Section 6.3)
incorporating concrete quality, cover depth and crack width as input parameters were developed.
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6.2.2 Effect of cover depth on corrosion rate

Two cover depths, 20 and 40 mm, were used in the experimental work of this study. The incipient-

cracked specimens were made using only 20 mm cover. The following general conclusions can be

made regarding the influence of cover depth on corrosion rate:

(i) Regardless of the exposure environment, for a given crack width and concrete quality, corrosion
rate increases with decreasing cover depth. However, the impact of increasing cover on corrosion
rate was relatively lesser in the field-based specimens than in the laboratory-based specimens.

(it) The highest reductions in corrosion rates as a result of increased cover depth were recorded in the
laboratory-based blended cement specimens (70/30 PC/FA and 50/50 PC/GGBS). These results
contradict those of Scott and Alexander [4] where the highest reductions in corrosion rates as a
result of increased cover depth were recorded in the plain Portland cement concretes. It was not
clear why this trend was reversed in this study. This trend was not observed in the field-based
specimens where no specific trend was evident, and highlights, to some extent, the limitations of
relying solely on laboratory-based accelerated corrosion experiments to predict the performance
of in-service RC structures. It clearly shows that in in-service RC structures, other inter-related
factors such as the existence of corrosion micro-climates (i.e. spatial variability), even though not
usually considered in laboratory experiments and numerical simulations, should be taken into
account. The effect of spatial variability on corrosion rate was not considered in this study, but
should be taken into account in future work.

Although the impact of increasing cover depth was expected to have a significant impact on the
uncracked specimens, this was not the case, and underscored the fact that corrosion rate is not only
controlled by cover depth but by a complex interaction of other influencing parameters such as, among
others, concrete quality, temperature and moisture content of the concrete. In general, it can be
concluded that cover depth is an important parameter in the control of corrosion. In addition, the
condition of the cover concrete (e.g. cracking and quality) is equally important and should also be
taken into account.

6.2.3 Effect of concrete quality on corrosion rate

Concrete quality was varied in this study by using three binder types (100% PC, 70/30 PC/FA and
50/50 PC/GGBS) and two w/b ratios (0.40 and 0.55), and quantified using the chloride diffusion
coefficient (Dgyo) obtained from the 90-day chloride conductivity index (CCI) test - see Appendix D for
the empirical relationship between CCI and diffusion coefficient. The trend in the Dy, values for the
various concretes, in increasing order i.e. decreasing concrete quality, was 50/50 PC/GGBS (0.40 wi/b)
— 50/50 PC/GGBS (0.55 w/b) — 70/30 PC/FA (0.40 w/b) — 70/30 PC/FA (0.55 w/b) —
100% PC (0.40 w/b). In general, for a given binder, diffusion coefficient values decreased with
decreasing wi/b ratio. Furthermore, the blended cement concretes had lower diffusion coefficients than
PC concrete. The Dy, values were used in this study to depict the penetrability of the concrete cover
with respect to the ease of ingress of corrosion-sustaining agents (oxygen and moisture).

For a given crack width, cover depth and exposure environment (laboratory or field), corrosion rate
increased with decreasing concrete quality (or increase in penetrability). The following conclusions
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can be made with respect to the effect of change in concrete quality due to change in either binder type

or w/b ratio on corrosion rate:

(i) The change in concrete quality due to change in binder type has a relatively lesser effect on
corrosion rate than change in concrete quality due to change in w/b ratio. Furthermore, this effect
was less in the field-based specimens than in the laboratory-based ones. It can therefore be
concluded that even though differences in concrete quality may be found between blended
cements in the laboratory, these differences cannot be easily extended to field applications unless
valid correlations are established between accelerated laboratory and natural field corrosion
performance of different concretes.

(it) Blended cement concretes respond to changes in w/b ratio in a similar manner i.e. they are not
highly sensitive to the change in w/b ratio. Similar to the effect of change in concrete quality due
to change in binder type, the effect of change in w/b ratio had a relatively lesser effect in the
field-based specimens than in the laboratory-based specimens.

(iii) For blended cement concretes, even though reducing the w/b ratio further increases the concrete’s
resistance to chloride ingress and hence corrosion rate, the effect is small compared to that of the
partial replacement of PC with a supplementary cementitious material. This suggests that the high
concrete resistivity and decreased penetrability due to microstructure densification and chloride
binding in blended cement concretes has a major influence on corrosion rate than concrete
quality. However, this trend, unless confirmed in future studies, may only be applicable for small
changes in w/b ratio such as the one used in this study.

In both the field-based and laboratory-based specimens, irrespective of binder type, there existed a
good correlation (R? > 0.7) between D, and corrosion rate for a given crack width and cover depth.
For a given binder type and the corresponding Doy value, corrosion rate increased with increasing
crack width. The general trend between corrosion rate and Dy, based on the results is given in
Equation (6.1):

e = ki 019 [uazem?] 6.1)
where k; (nA/cm®) and A, (slcm?) are empirical coefficients whose values are dependent on cover
depth, crack width and exposure environment (laboratory or field). The actual values of these
coefficients were given in Chapter 5.

6.2.4 Relationship between corrosion rate and concrete resistivity

Concrete resistivity was measured on the concrete surface using a 4-point Wenner probe. The
resistivities for the cracked and uncracked concretes were found to have negligible differences in both
the laboratory-based and field-based specimens because the measurements in the cracked specimens
were taken only in the uncracked concrete portions; no measurements were taken across the cracks. In
both the field-based and laboratory-based specimens, resistivity in all the concretes increased with
time. The concrete resistivities of both the field-based and laboratory-based specimens increased in the
following order: 100% PC (0.40 w/b) — 50/50 PC/GGBS (0.55 w/b) — 70/30 PC/FA (0.55 w/b) —
50/50 PC/GGBS (0.40 w/b) — 70/30 PC/FA (0.40 w/b). This trend depicts an increase in concrete
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resistivity with both the presence of supplementary cementitious materials (FA and GGBS) and
decrease in w/b ratio (for a given binder), as expected.

The resistivity values for the field-based specimens were relatively higher than the corresponding
laboratory-based ones. This trend was attributed to either one or a combination of the following two
possible reasons:

(i) Lower moisture contents in the field-based concretes (especially in the upper 10 - 20 mm
concrete surface layer) in comparison to those in the laboratory where resistivity measurements
were taken at the end of the 3-day wetting with 5% NaCl solution which probably resulted in
saturation of the specimens.

(if) Formation of a dense insoluble layer of magnesium hydroxide, Mg(OH),, (i.e. brucite) on the
concrete surface [5].

It was not possible to identify which of these two possible phenomena had a major effect on concrete
resistivity because they were not measured. Further work is required to do this.

The results showed an inverse relationship between corrosion rate and concrete resistivity. This is
expressed in Equation (6.2):

. 1
leorr = kz(F] [|.J.A/CIT]2] (6.2)

where k, ((nA/cm?)/kQ-cm) and A, (-) are empirical coefficients whose values are dependent on cover
depth, crack width and exposure environment (laboratory or field). The actual values of these
coefficients were given in Chapter 5.

In both the field-based and laboratory-based specimens, for a given concrete resistivity, cover depth,
exposure environment and concrete quality (binder type and w/b ratio), higher corrosion rates were
recorded in the cracked specimens than in the uncracked ones. The results showed that in the presence
of cracks, the high resistivity of blended cement concretes cannot solely be relied on to inhibit
corrosion. Other factors such as crack width, concrete quality and cover depth should be taken into
account. In general, the dominating effect of the inherent high resistivity on corrosion rate in blended
cement concretes is still evident even in cracked concrete. This is a limitation to the use of concrete
resistivity (measured using 4-point Wenner probe) as a tool to assess the susceptibility of cracked RC
structures to steel corrosion. It also brings to question the validity of the conventional guidelines used
to interpret resistivity results (in terms of corrosion risk) in RC concrete structures (see Table 2.5,
Chapter 2). The results clearly showed that, if the influence of cover cracking on corrosion rate is to be
appreciated, such guidelines have to be used carefully, or revised to allow for the influence of cover
cracking on corrosion rate. A hypothetical approach in which the influence of cover cracking is taken
into consideration when interpreting resistivity measurements in cracked concrete was therefore
proposed in this study (see Chapter 4). Finally, the results of this study also support the proposal by
Otieno et al. [6] that resistivity measurements should be complemented with other corrosion
assessment techniques such as half-cell potential and corrosion rate measurement.
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6.2.5 Relationship between corrosion rate and half-cell potential

Half-cell potential (HCP) measurements were carried out with reference to a Ag/AgCl electrode, and
interpreted according to the ASTM C876-91 [7] guidelines. Generally, the HCP results for the field-
based specimens were lower (less negative) than the corresponding laboratory-based ones. The general
trend in HCP values for the laboratory-based and field-based specimens was the same as that for
corrosion rate where the latter increased with (a) increase in crack width, (b) decrease in cover depth,
and (c) decrease in concrete quality. For a given exposure environment (laboratory or field), cover
depth and crack width, average HCP became less negative in the following order: 100% PC (0.40 w/b)
— 70/30 PC/FA (0.55 w/b) — 50/50 PC/GGBS (0.55 w/b) — 70/30 PC/FA (0.40 w/b) — 50/50
PC/GGBS (0.40 wi/b).

Contrary to resistivity measurements, HCP measurements could be used to assess the influence of
cracks; the value of HCP measured reflected the actual corrosion state of the steel in concrete.

6.2.6 Relationship between corrosion rate and chloride content

Total chloride content measurements at the steel level were carried out after 73 weeks of exposure of
the specimens in the laboratory and field. Chloride content was detemined by potentiometric titration
using 0.1M AgNO; solution. The cores used for chloride content measurements were taken at 30 and
90 mm from the crack (on one side of the crack). The general trend in the laboratory-based specimens
showed that higher chloride contents corresponded to higher corrosion rates. However, in the field-
based specimens, the high chloride concentrations measured at the steel level did not correspond to
high corrosion rates, and was attributed to the oxygen deficiency to support the cathodic reaction. Low
oxygen concentration was attributed to two possible causes; (i) its decreased solubility in salt solution,
and (ii) the high moisture content of the field-exposed specimens due to the epoxy coating which
prevented drying from the specimen sides (during low tides). The moisture content of the concrete was
not monitored in this study but this should be carried out in future work. Even though oxygen
solubility was also expected to have decreased due to presence of chloride salts in the concrete pore
solution, the 4-days air-drying of the laboratory specimens counteracted this by allowing oxygen
ingress during this period.

In addition, the following general conclusions can be made:

(i) for a given crack width, cover depth, exposure environment and exposure time, the use of
supplementary cementitious materials such as FA and GGBS leads to decreased concentration of
chlorides at the steel level in comparison to plain PC concretes. This trend is mainly attributable
to the effects of increased chloride binding capacity and concrete microstructure densification.

(i) for a given concrete quality (influenced by binder type and w/b ratio), crack width, exposure
environment and exposure time, increasing the cover depth leads to decreased chloride
concentration at the steel level mainly due to increased travel path. However, even though not
investigated in this study, this may not be the case if the crack intersects the steel (i.e. the crack
depth is much greater that the cover depth). In such a case, the cover depth may effectively be
considered to be zero, and the chloride concentration at the steel level will depend on, if present,
the virtual resistance of the uncracked concrete ligaments in the crack profile [8]. This is
especially important in blended cement concretes with high concrete resistivities.
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(iii) the presence of cover cracking increases the chloride concentration at the steel level, even in
regions away from the crack mainly due to either one or a combination of the following
phenomena:

a) ease of chloride penetration along the steel-concrete interface due to damage of the steel-
concrete bond during loading, or
b) the presence of microcracks on the concrete cover in addition to wider cracks.

There was little difference between the chloride content at the steel level in the labopratory-based and
field-based 0.4 and 0.7 mm cracked specimens. Maximum percentage differences in chloride contents
of up to 49% and 114% in, respectively, the field-based and laboratory-based specimens were
recorded between the uncracked and incipient-cracked specimens while differences of only up to 15%
and 10% were recorded in, respectively, the field-based and laboratory-based specimens between the
0.4 mm and 0.7 mm cracked specimens. This observation was attributed to the reasons already given
in (iii) above. The trend is similar to that for corrosion rate in the field-based specimens with these
crack widths which showed less stark differences, and underscores the hypothesis stated in Section
6.2.1 that as the crack width increases, the influence of cracking on corrosion rate seems to diminish.

6.2.7 Comment on the aggressiveness of the marine tidal zone

The tidal zone in marine exposure environments is usually considered the most aggressive with respect
to chloride-induced corrosion initiation and corrosion-induced damage. It is on this basis that it was
selected as an exposure environment for the field-based specimens in this study. However, considering
that the initiation phase in the specimens was eliminated before exposure using impressed anodic
current, the levels of corrosion rates obtained in the field-based specimens after approximately
2Y4 years of exposure did not conform to the expected aggressiveness of the tidal zone, and motivate
for a review of its aggressiveness in comparison to other zones such as splash and spray zones. Even
though the field-based specimens were epoxy-coated on all the faces except that with the specified
cover depth, and that this affected their degree of drying during low tides, it is clear that the relative
duration of low and high tides also plays a major role in the drying process, and that this aspect should
be taken into account in specifying the aggressiveness of the tidal zone relative to other zones. It is
therefore important that classifications such as those in EN 206-1 [9] are used only as guidelines and
should be carefully reviewed and modified to account for variations in marine exposure conditions
from one geographical location to another. Furthermore, factors such as concrete quality and cover
depth also need to be taken into consideration.

6.2.8 The concept of c/w,, ratio vs. concrete quality and corrosion rate

The results obtained in this study motivated the development of a framework that incorporates the
combined effect of crack width (wy), cover depth (c) and concrete quality (binder type and w/b ratio)
on corrosion rate in order to obtain a suitable combination of these parameters during design to meet
desired durability requirements. This framework laid the background for the development of the
corrosion rate prediction models summarized later in Section 6.3. The results showed a similar trend
between corrosion rate and c/w,, ratio for both the laboratory-based and field-based specimens. For a
given c/w,, ratio, a range of corrosion rates are possible depending on the concrete quality (see Figure
4.67). The general trend between corrosion rate and c/wy, ratio was as given in Equation (4.3):
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-A,
oy = k{LJ [uA/cm?] (6.3)

where k; (nA/cm?) and A; (=) are empirical coefficients whose values are dependent on concrete
quality and exposure environment (laboratory or field). The actual values of these coefficients were
given in Chapter 5.

2>
»

Iso-quality lines Increasing concrete quality
(from PC to blended cement
concretes)

Increasing corrosion rate and oxygen availability

Increasing c/w, ratio

Figure 6.1: Schematic relationship between corrosion rate, crack width, cover depth and concrete quality

The use of c/wg ratio in conjunction with concrete quality, as opposed to only w. provides an
objective way to compare corrosion rates for specimens with similar concrete qualities (binder type
and w/b ratio) but different cover depths and crack widths. However, even though this study proposes
the use of c/wg, ratio in conjunction with concrete quality as durability design parameters for cracked
concrete, it is acknowledged that this proposal is based on the crack width measured on the concrete
surface. This is the most common approach for in-service RC structures. Further studies are required
to (i) ascertain if crack profile and tortuosity have a significant effect on corrosion rate and hence on
the c/w,, ratio, and (ii) understand the effect of steel-concrete interface damage on corrosion rate in
cracked flexural RC members.

6.3 Conclusions - Corrosion rate prediction models

Based on the experimental results, empirical chloride-induced corrosion rate prediction models were
proposed for both the laboratory-based and field-based (marine tidal zone) specimens; each model
comprised two parts, one for cracked and the other for uncracked concrete. The general forms of the
proposed models are as follows:

-a
(5.18e°'°1(D9°X1°m))(Lj forcracked RC
WCr

ico rrlab (t+2.25 years) — [|.,1A/0m2] (6.4)
(gjeo'os (Po019°) £or uncracked RC

0.34
C
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-b
(O.64e°'°6(D9°Xl°m))£iJ forcracked RC
r

We

icorr, field (t;+2.25 years) — [pA/cmZ] (6.5)
(gjeo'os (u19°) 0 uncracked RC

0.64
C

where a= 096(D90 ><1010)-0.35 and b = 0.2180.02(D90x1010).

The proposed models can aid in the:
(i) selection of suitable design combinations of concrete cover, quality and crack width,
(if) quantification of the propagation phase with respect to a given performance limit for the
propagation phase, e.g. loss of steel cross-section area. This can be achieved using relevant
corrosion-induced damage prediction models.

To date, only Fickian-based corrosion initiation models have been used in the selection of concrete
durability design parameters (mainly concrete quality and cover depth); it is assumed that concrete is
uncracked, a scenario which is seldom the case in in-service RC structures. Therefore, even though the
concrete quality and cover depth selected may satisfy durability requirements with respect to the
initiation phase, the same may not be the case in the presence of cracking where the initiation phase
may either be significantly shortened or completely eliminated due to the increased penetrability of the
concrete. The proposed models overcome this problem by incorporating the influence of crack width
on corrosion rate especially for the propagation phase. With the proposed models, the designer can
objectively perform a number of permutations to determine the most suitable combination of concrete
quality, crack width and cover depth to meet the desired durability performance (with respect to steel
corrosion) of a given RC structure in the marine environment. These were exemplified in Chapter 5.

6.3.1 Sensitivity of corrosion rate to crack width, cover depth and concrete quality

The sensitivity analyses carried out on the proposed models to establish the sensitivity of corrosion

rate to (i) the individual input parameters (concrete quality (Do), cover depth (c) and crack width

(wer)), and (ii) a combination of the input parameters revealed in the following trends:

(i) The extent to which a change in either crack width or cover depth affects corrosion rate is
dependent on the concrete quality. The lower the concrete quality (higher Dgy), the higher the
extent to which a change in either crack width or cover depth affects corrosion rate. It was also
established that the initial cover depth does not affect the extent to which a change in cover depth
affects corrosion rate while the initial crack width does not affect the extent to which a change in
crack width affects corrosion rate.

(i) The extent to which a change in concrete quality affects corrosion rate is dependent on the values
of both cover depth and crack width. A combination of low cover depth and large crack width
results in the highest effect on corrosion rate due to change in concrete quality.

(iii) The extent to which a combined change in both Dy, and ¢ affects corrosion rate is dependent on
the value of crack width; the higher the crack width, the greater the change in corrosion rate due
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to a combined variation in Dy, and ¢. However, for two different crack widths that do not vary by
a large margin (e.g. 0.4 and 0.5 mm), the effect of changing both Dy, and c is negligible.

(iv) The extent to which a combined change in both Dy, and w,, affects corrosion rate is dependent on
the value of cover depth; the lower the cover depth, the greater the change in corrosion rate due to
a combined variation in Dgy and w. As the cover depth increases, there may a point where
change in either concrete quality (Dgo) or crack width does not affect corrosion rate. However,
this point could not be established in this study due to the limited scope of the experiments.

(v) The extent to which a combined change in ¢ and w,, affects corrosion rate is dependent on the
value of Dy; the higher the Dy, (i.e. low concrete quality), the greater the change in corrosion rate
due to a combined variation in ¢ and w,.. However, for a given concrete quality, the extent to
which a combined change in w,, and ¢ affects corrosion rate is independent of the crack width and
cover depth. This, to some extent, depicts the dominating effect of concrete quality on corrosion
rate.

The findings of this study are in agreement with those of some previous studies where corrosion rate is
reported to be more sensitive to change in concrete quality than crack width [4, 10]. In conclusion,
concrete quality was found to have a dominating role on the effect of either crack width or cover depth
on corrosion rate. The practical implication of these findings is that even though pre-corrosion cover
cracking increases corrosion rate, and that it should be minimized, corrosion protection cannot be
achieved solely by limitation of crack width; a holistic approach, in this case, considering cover depth,
concrete quality and crack width should be adopted.

6.3.2 Practical application of the model

One of the aims of this study was to develop practical chloride-induced corrosion rate prediction
models for cracked and uncracked RC that can aid the engineer at both the design stage in the
selection of suitable design variables and after construction or repair to develop pro-active
maintenance strategies for corrosion-affected RC structures. These were exemplified in Chapter 5.
Even though (i) long-term data is still needed to calibrate the proposed models for field application,
and (ii) it is acknowledged that other relevant input parameters such as temperature and relative
humidity will still need to be incorporated into the models, the model structure is not expected to
change significantly with respect to the relationship between the input parameters (cover depth,
concrete quality and crack width) and corrosion rate. These parameters can easily be quantified, and
therefore make the models easily applicable. This is in contrast to some previous models that were
presented in Chapter 2 in which the input parameters are not easily quantifiable, e.g. availability of
oxygen at the steel level. A typical example is the DuraCrete model [11] that was presented in
Chapter 2.

The proposed models also provide a practical framework in which suitable combinations of cover
depth, concrete quality and crack width can be selected and even optimized with respect to a pre-
defined criterion e.g. economic implications. This is important because the experimental results of this
study and the sensitivity analyses carried out on the proposed models showed that a holistic approach
taking into account the interaction between the relevant factors affecting corrosion should be adopted.
However, it is important to acknowledge the limitations of the proposed models that were presented in
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Chapter 4 — the limitations are associated mainly with the experimental set-up and scope used in this
study.

6.4  General conclusions — a practical outlook

This study and previous ones have shown that cover cracking is an important factor affecting

corrosion rate of steel in RC structures. Therefore, taking a step further, and from a practical

viewpoint, what is now required is a design framework to incorporate the effect of cracking in design
codes; this is an onerous task and requires researchers and practicing design engineers to recognize
and appreciate that:

(i) durability and sustainability requirements are key pillars in the design of today’s RC structures;
an optimal selection of design parameters and materials taking the two requirements into account
should be sought.

(i) a multi-disciplinary and integrated approach is inevitable; this calls for structural and material
engineers/scientists to work together to obtain an optimal design framework for cracked
corrosion-affected RC structures.

(iii) with respect to implementing performance based limiting crack widths, more accurate
measurement and prediction models for both crack width and the resulting corrosion rate are
required. Currently, there are a number of corrosion rate prediction models (see Chapter 2), and
several studies are focusing on the development of more accurate and practical ones; this study
has contributed towards achieving this goal.

To effectively incorporate the effect of cover cracking on steel corrosion in performance-based design
codes for RC structures, it is essential to quantify its effect on both corrosion initiation and its
propagation. This should be similar to the approach used in the performance-based design for service
life of RC structures considering only the initiation period where well established test methods are
used to quantify concrete cover quality. For example, in South Africa, the durability index (DI) tests,
comprising of the chloride conductivity and oxygen permeability tests [12], are used to quantify
concrete cover quality and hence specify as-built concrete quality targets. However, it is important to
note that such tests are essentially applicable only to uncracked concrete. Their applicability to
cracked concrete is not straightforward and needs to be explored. They can therefore not be
objectively used to directly quantify limiting cover crack widths for RC structures. A suitable
approach is needed to quantify the effect of cover cracking on corrosion rate to enable its
incorporation in a performance-based durability design. In this study, the diffusion coefficient
obtained from the chloride conductivity index (CCI) test was only used to characterize concrete
quality — the CCI test cannot be used on its own to predict the durability performance in cracked
concrete.

In summary, to incorporate the effect of cover cracking on corrosion rate in design codes, the

following issues need to be addressed:

(i) Development of accurate models to quantify transport properties in cracked concrete; the
transport properties of cracked concrete are fundamentally different from those of uncracked
ones.
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(i) Development of corrosion rate prediction models. The following factors should be considered in
the development of corrosion rate prediction models: (a) the model should be (as far as possible)
representative of the actual corrosion rate characteristics in the RC structure in its service
environment, (b) it should account for variability and uncertainty of both the input parameters and
corrosion rate (model output), and (c) it should be capable of being adjusted to suit different
exposure conditions, and

(iii) Establishment of standard corrosion rate assessment techniques and the interpretation of results

This study was an effort towards achieving the above challenges but further work is inevitably still
needed.

6.5 Recommendations for further work

This work achieved its objectives as outlined in Chapter 1. However, from the research findings
already presented, and in addition to the limited scope of the study and the model limitations, the
following areas need further research work:

1. The quantification of the combined influence of other crack characteristics such as crack self-
healing or sealing, crack density and crack activity or dormancy on corrosion rate needs to be
investigated further, and used to update the proposed models. In addition, the characterization of
the damage at the concrete-steel interface due to cracking should be carried out and its effect on
chloride ingress and corrosion rate quantified.

2. Even though it could not be confirmed from the results of this study due to a limited number of
crack widths that were investigated, the field-based results suggest that, other factors being
constant, as the crack width increases, the influence of cracking on corrosion rate seems to
diminish. Further work is needed to ascertain this trend.

3. The influence of spatial variability on corrosion rate was not considered in this study, and should

be investigated and quantified.
Corrosion rate in this study was measured using a linear polarization technique (LPR). The main
shortcoming of this technique is the difficulty to determine the actual surface area of steel that is
actively corroding or polarized during corrosion rate measurements. In most cases, as was the case
in this study, the steel surface area is assumed. It is therefore important that the corrosion rate
results reported in this study are, in future, compared with those from gravimetric measurements on
the corroded steel bars. This process will aid in quantifying the error between the measured and
actual corrosion rate. This should be taken into account in the proposed corrosion rate prediction
models e.g. by determining the ratio between the gravimetric and LPR corrosion rates,
= (icorr, gravimetric) X (icorr, Lpr) %, @nd incorporating this in the proposed models.

4. Corrosion rate and the factors affecting it are known to be highly variable and uncertain. To
account for this, a probabilistic approach should be adopted. Even though the variability of the
different parameters used in the model was acknowledged, this was not taken into account during
the model development, and should be considered in future work.

5. Further work is needed to revise the guidelines that are currently being used in the interpretation of
concrete resistivity measurements (in terms of corrosion risk). The results clearly show that the
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(1]

(2]

(3]
[4]

(5]
(6]
[7]
(8]
[0l

guidelines are not applicable in the presence of cover cracking. A hypothetical framework was
proposed but this needs further work before it can be implemented.

Even though the empirical model used to obtain the chloride diffusion coefficients of the concretes
from their respective chloride conductivity indices was developed using data obtained from plain
and blended CEM | 42.5N (PC) concretes, and was applicable to this study, its applicability needs
to be investigated and/or validated for a wide variety of (new) binder types. Deviations, if any,
from the current empirical relationship between the chloride conductivity index and diffusion
coefficient should be reconciled and taken into account when using the proposed corrosion rate
prediction models.

In the corrosion beam specimens used in this study, only one horizontal steel bar acting as tensile
reinforcement was used. However, in reality, other layers of horizontal bars could exist and hence
have an effect on macro-cell corrosion. Furthermore, if stirrups are present, they can create weak
points in the concrete members leading to bending cracks at stirrup locations. This can lead to a
complex interaction between transverse and longitudinal cracks. This can result in a complex
distribution of anodic and cathodic sites, which can, as a result, protect the tensile bar(s) from
corrosion due to the presence of anodic sites on the stirrups. The reverse could also occur. In
addition, the presence of many layers of reinforcement could modify the anode-to-cathode ratio.
These scenarios should be investigated further.
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Appendix A

Experimental data and detailed results

A.1 Compressive and tensile strength results

Table A.1: Compressive strength results

Average* Standard deviation
Mix label Age (days)
Density (kg/m?) Strength (MPa) (for strength, MPa)
7 2373 438 1.6
14 2377 54.3 14
21 2395 56.2 13
PC-40 28 2397 58.2 3.0
56 2395 62.6 14
90 2403 67.0 17
7 2407 28.8 0.6
14 2405 40.6 0.1
21 2397 46.2 0.6
SL-40 28 2417 481 2.0
56 2423 54.5 2.2
90 2408 62.1 0.8
7 2397 19.7 0.6
14 2388 28.0 0.1
21 2377 32.3 12
SL-5 28 2387 353 0.9
56 2382 445 0.6
90 2408 47.9 2.9
7 2388 30.9 0.6
14 2373 44.0 0.4
21 2377 477 0.5
FA-40 28 2367 50.7 0.9
56 2363 61.0 2.2
90 2393 73.6 0.9
7 2365 17.7 0.6
14 2368 20.5 2.6
21 2372 24.7 0.6
FA-%S 28 2377 286 19
56 2400 35.5 11
90 2372 41.1 2.4
* Average of 3 readings
80 -
FA-40
_ 701 PC-40
§ 60 A SL-40
g’ 50 1 SL-55
g 40 4 SL-40
g’ 30 -
£
8 20 A
10 + + + + + + + + + + + + {
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Age (days)

Figure A.1: Compressive strength development trends for the different concretes
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Table A.2: Tensile strength results
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* Average of 3 readings

A.2 Aggregate sieve analyses

Tensile strength (MPa)

4.5 1
4.0 £ 3.
3.5 1
3.0 1
2.5 1
2.0 1
1.5 1
1.0 1
0.5 1
0.0 1

Figure A.2: 28 and 90-day tensile strengths

Table A.3: Fine and coarse aggregate sieve analysis results

Cummulative % passing

. . Mass retained % mass Cumulative % Cumulative %
Aggregate Sieve size . . .
@) retained mass retained mass passing
Fine aggregate 2360 pm 8.0 0.8 0.8 99.2
(Klipheuwel) 1180 um 89.5 9.0 9.8 90.3
Sample size: 1.0kg| 600 um 215.8 21.6 313 68.7
300 um 250.0 25.0 56.3 43.7
150 pm 373.7 374 93.7 6.3
75 um 52.4 5.2 98.9 11
<75 um 10.6 11 100.0 0.0
Coarse aggregate 16 mm 7.9 0.8 0.8 99.2
(Granite) 13.2mm 89.3 8.9 9.7 90.3
Sample size: 1.0kg[ 9.5mm 842.8 84.3 94.0 6.0
6.7 mm 58.4 5.8 99.9 0.1
4.75 mm 1.6 0.2 100.0 0.0
100 238 100 20
p s w0 V
i 1.18 " [13-2
70 70 /
60 60 l
50 50 Il
40 / 40
o / 0 /
20 20 /
10 10
0415 9.5
00.01 0.075 0.1/'/ 10 0 1 ats o7 10 100

Sieve size (mm)

(a) Fine aggregate (Klipheuwel)

Sieve size (mm)
(b) Coarse aggregate (Granite)

Figure A.3: Grading curves for fine and coarse aggregate
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A.3 Chloride conductivity index test results

Table A.4: Chloride conductivity index test results

28-day 90-day
PC-40 | SL-40 | SL-55 | FA-40 | FA-55 | PC-40 | SL-40 | SL-55 | FA-40 [ FA-55
Average*| 124 0.26 0.59 0.37 0.89 1.10 0.15 0.35 0.24 0.70
Standard deviation (¢)| 0.04 0.01 0.04 0.02 0.01 0.02 0.01 0.01 0.02 0.03
Coeff. of variation (%)| 4.64 3.14 9.62 2.94 0.92 2.35 5.44 244 5.02 4.36
ot| 014 0.03 0.11 0.06 0.03 0.06 0.03 0.02 0.06 0.10
Range Min.| 110 0.23 0.48 0.31 0.86 1.04 0.12 0.33 0.18 0.60
Max| 1.38 0.29 0.70 043 0.92 1.16 0.18 0.37 0.30 0.80
* Average of 4 readings, Range = Average + ot where t = 3.182 for 95% confidence level
Table A.5: t distribution
Dgrees of freedom Probability o (level of significance)
(v) 010 | o005 | o001 | oom
0.5a 0.5a
—t 0

1 6.314 12.706 63.657 636.619

2 2.920 4.303 9.925 31.598

3 2.353 3.182 5.841 12.941

4 2.132 2.776 4.604 8.610

5 2.015 2571 4.032 6.859

6 1.943 2447 3.707 5.959

7 1.895 2.365 3.499 5.405

8 1.860 2.306 3.355 5.041

9 1.833 2.262 3.250 4,781

10 1.812 2.228 3.169 4.587

11 1.796 2.201 3.106 4.437

12 1.782 2.179 3.055 4.318

13 1.771 2.160 3.012 4221

14 1.761 2.145 2977 4.140

15 1.753 2131 2.947 4.073

16 1.746 2.120 2921 4.015

17 1.740 2.110 2.898 3.965

18 1.734 2.101 2.878 3.922

19 1.729 2.093 2.861 3.883

20 1.725 2.086 2.845 3.850
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A.4 Flexural cracking loads

Table A.6: Average flexural cracking loads (3-point bending) for the cracked beam specimens

Load (kN)
Mix label Incipient crack 0.4 mm crack 0.7 mmcrack
20 mmcover 20 mm cover 40 mm cover 20 mm cover 40 mm cover
PC-40 26.0* (1.7)** 28.0(1.7) 20.3(2.8) 304 (1.5) 24.3(2.2)
SL-40 28.6 (2.4) 26.7 (1.8) 17.1(1.2) 312(2.2) 19.9 (1.5)
SL-55 24.1 (1.3) 23.9(1.4) 15.2(1.0) 26.4 (1.1) 185 (2.0)
FA-40 26.3 (1.3) 28.1(1.6) 20.2(2.2) 25.6 (0.5) 16.5(1.3)
FA-55 21.6(2.2) 239(1.2) 14.4 (0.5) 23.0(1.3) 15.2(0.6)

* Average of 6 readings, ** Standard deviation
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Appendix B

Corrosion rate, half-cell potential, resistivity and chloride concentration results

Note:

(i) “Week zero’ in the figures for results presented here corresponds to the time when the specimens
were placed in their respective exposure environments (laboratory or field); the first measurement
was taken 14 days after exposure to the respective environments.

(it) The procedure for calculation of 2-point moving average is presented later in Appendix F.

B.1 2-point moving average corrosion rate vs. time trends
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Figure B.1: Moving average i.r for uncracked lab and field PC-40 specimens (20 and 40 mm cover)
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Figure B.2: Moving average i for uncracked lab and field FA-40 specimens (20 and 40 mm cover)
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Figure B.3: Moving average i for uncracked lab and field FA-55 specimens (20 and 40 mm cover)
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Figure B.4: Moving average ic,r for uncracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.5: Moving average i for uncracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.6: Moving average i for 0.4 mm cracked lab and field PC-40 specimens (20 and 40 mm cover)
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Figure B.7: Moving average icor for 0.4 mm cracked lab and field FA-40 specimens (20 and 40 mm cover)
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Figure B.8: Moving average i, for 0.4 mm cracked lab and field FA-55 specimens (20 and 40 mm cover)

218



0.8

—%— SL-40-40-0.4-L
0.7
- % - SL-40-40-0.4-F

06
—a— SL-40-20-0.4-L
0.5 - -& - SL-40-20-0.4-F

0.4

0.3

Corrosion rate (LA/cm?)

0.2
0.1
0.0

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (weeks)

Figure B.9: Moving average icor for 0.4 mm cracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.10: Moving average ico for 0.4 mm cracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.11: Moving average ic for 0.7 mm cracked lab and field PC-40 specimens (20 and 40 mm cover)
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Figure B.12: Moving average ic, for 0.7 mm cracked lab and field FA-40 specimens (20 and 40 mm cover)
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Figure B.13: Moving average ic, for 0.7 mm cracked lab and field FA-55 specimens (20 and 40 mm cover)
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Figure B.14: Moving average ic for 0.7 mm cracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.15: Moving average ico,, for 0.7 mm cracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.16: Moving average i for incipient-cracked lab specimens (20 mm cover)
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Figure B.17: Moving average iq for incipient-cracked field specimens (20 mm cover)
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B.2 2-point moving average half-cell potential vs. time trends

Figure B.18:

Figure B.19:
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Figure B.20: Moving average HCP for uncracked lab and field FA-55 specimens (20 and 40 mm cover)
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Figure B.21: Moving average HCP for uncracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.22: Moving average HCP for uncracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.23: Moving average HCP for 0.4 mm cracked lab and field PC-40 specimens (20 and 40 mm cover)
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Figure B.24: Moving average HCP for 0.4 mm cracked lab and field FA-40 specimens (20 and 40 mm cover)
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Figure B.25: Moving average HCP for 0.4 mm cracked lab and field FA-55 specimens (20 and 40 mm cover)
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Figure B.26: Moving average HCP for 0.4 mm cracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.27: Moving average HCP for 0.4 mm cracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.28: Moving average HCP for 0.7 mm cracked lab and field PC-40 specimens (20 and 40 mm cover)
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Figure B.29: Moving average HCP for 0.7 mm cracked lab and field FA-40 specimens (20 and 40 mm cover)
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Figure B.30: Moving average HCP for 0.7 mm cracked lab and field FA-55 specimens (20 and 40 mm cover)
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Figure B.31: Moving average HCP for 0.7 mm cracked lab and field SL-40 specimens (20 and 40 mm cover)
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Figure B.32: Moving average HCP for 0.7 mm cracked lab and field SL-55 specimens (20 and 40 mm cover)
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Figure B.33: Moving average HCP for incipient-cracked lab specimens (20 mm cover)
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Figure B.34: Moving average HCP for incipient-cracked field specimens (20 mm cover)
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B.3 Average corrosion rate and half-cell potential results

Table B.1: Average corrosion rates for field and laboratory specimens (week 52-72)

_ Cover Average corrosion rates (week 52-72), pA/cm?
Mix label (mm) Uncracked Incipient 0.4 mm 0.7 mm
Lab Field Lab Field Lab Field Lab Field
20 121 0.15 0.91 0.31 193 0.20 2.40 0.23
PC-40 (0.08) (0.02) (0.0.8) (0.02) (0.31) (0.03) (0.15) (0.03)
0 0.95 0.13 i i 174 0.17 2.09 0.20
(0.15) (0.01) (0.28) (0.05) (0.16) (0.03)
20 0.30 0.08 0.32 0.10 0.38 0.12 0.46 0.15
SL-40 (0.02) (0.01) (0.03) (0.01) (0.02) (0.02) (0.02) (0.01)
0 0.21 0.07 i i 0.28 0.12 0.34 0.14
(0.02) (0.01) (0.28) (0.01) (0.02) (0.01)
20 0.42 0.12 041 0.12 0.60 0.14 0.65 0.19
SL.55 (0.03) (0.01) (0.03) (0.01) (0.03) (0.02) (0.03) (0.02)
0 0.28 0.09 i i 0.39 0.14 0.45 0.15
(0.02) (0.01) (0.03) (0.01) (0.02) (0.01)
20 0.40 0.10 0.42 0.11 0.50 0.14 0.70 0.16
FA-40 (0.04) (0.02) (0.03) (0.02) (0.03) (0.02) (0.05) (0.01)
0 0.25 0.08 i i 0.32 0.12 0.43 0.14
(0.02) (0.02) (0.02) (0.01) (0.03) (0.01)
20 0.51 0.13 0.49 0.15 0.67 0.16 0.92 0.19
FA-55 (0.03) (0.02) (0.04) (0.01) (0.04) (0.01) (0.05) (0.02)
0 0.39 0.10 ) i 0.51 0.14 0.57 0.16
(0.02) (0.02) (0.03) (0..02) (0.03) (0.03)

() Standard deviation

Table B.2: Average corrosion rates for field and laboratory specimens (week 104-120)

_ Cover Average corrosion rate (week 104-120), pA/cm?
Mix label (mm) Uncracked Incipient 0.4 mm 0.7 mm
Lab Field Lab Field Lab Field Lab Field
20 1.83 0.55 2.75 0.81 2.26 0.88 313 112
PG40 (0.05)* | (0.04) (0.06) (0.03) (0.06) (0.02) (0.08) (0.07)
40 1.80 0.50 - - 213 0.66 2177 0.76
(0.01) (0.04) - - (0.02) (0.04) (0.04) (0.04)
0.50 0.28 0.58 0.31 0.72 0.30 1.09 0.39
SL40 20 (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
0.40 0.19 - - 0.53 0.28 0.60 0.35
40 (0.01) (0.01) - - (0.01) (0.01) (0.02) (0.01)
0.71 0.32 0.81 0.40 0.97 043 151 0.53
SLss 20 (0.02) (0.01) (0.01) (0.01) (0.03) (0.01) (0.02) (0.01)
0.63 0.25 - - 0.89 0.38 1.13 0.44
40 (0.02) (0.01) - - (0.02) (0.01) (0.01) (0.02)
0.58 0.29 0.71 0.34 0.93 0.35 1.18 0.40
EALD 20 (0.01) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.02)
0.52 0.20 - - 0.72 0.29 0.88 0.39
40 (0.01) (0.01) - - (0.01) (0.01) (0.02) (0.02)
125 0.42 1.09 047 1.65 0.53 2.19 0.65
EAE 20 (0.03) (0.01) (0.02) (0.02) (0.02) (0.03) (0.03) (0.02)
10 0.71 0.50 - - 1.08 0.40 135 0.49
(0.02) (0.04) - - (0.04) (0.02) (0.05) (0.02)

*() Standard deviation
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Table B.3: Average half-cell potentials for field and laboratory specimens (week 104-120)

Average half-cell potential (week 104-120), —mV, Ag/AgCl
Mix label C(:%\r/]:e)r Uncracked Incipient 0.4 mm 0.7 mm

Lab Field Lab Field Lab Field Lab Field

20 643 427 672 456 698 482 739 531

PC-40 (19)* (8) an (10) 9 (18) (13) (14)
10 573 382 B B 623 430 699 463

(14) (15) M (14) (16) @an

20 502 281 484 297 497 315 526 334

SL-40 9 (8) (20) (15) ©) 9) M Q)
20 445 279 B B 477 306 503 336

1y (12) (10) (10) U] (10)

20 502 360 528 377 537 394 604 407

SL.55 9) 4) 9) (12) (1) (8) (10) (14)
20 469 299 B B 477 364 575 397

(13) (10) (10) 9) (6) (11)

20 483 301 518 324 514 346 514 378

FA-40 9) ) (®) (14) @) (19) ) (11)
20 461 300 B ~ 492 325 545 355

(8 () (10) (6) (14) (1

20 526 327 553 346 581 399 644 432

EAS5 (12) (8) (®) (13) (12) (12) (10) 9
20 510 346 B B 558 373 628 404

(12) 9) (10) (12) 9 (15)

*() Standard deviation
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B.4 Chloride concentration measurement results

Table B.4: Chloride content at steel level after 73 weeks exposure (% by mass of binder)

Cover Core sampling Total chloride concentration at steel level (% mass of binder) after 73 weeks
Concrete deoth location
mix label (ri]r:n) (distance from Uncracked* Incipient cracked | 0.4 mmcracked 0.7 mm cracked
crack, mm)* Lab Field Lab Field Lab Field Lab Field
30 215 156 335 223 315 234
PC-40 20 90 121 087 1.73 1.03 214 1.54 2.23 2.00
40 30 101 073 - - 3.03 213 2.89 2.24
90 ) ' - - 1.24 1.03 1.50 1.23
30 1.69 0.64 213 121 221 1.25
SL-40 20 90 0.68 054 1.21 0.79 1.76 0.93 184 1.03
20 30 0,62 061 - - 1.94 0.98 2.03 0.92
90 ' ' - - 1.21 0.78 1.31 0.83
30 1.87 0.73 2.56 1.87 261 1.68
SL-55 20 90 Lol 068 151 0.84 2.01 121 221 1.25
20 30 0.93 061 - - 245 1.65 251 1.78
90 ' ' - - 1.93 1.51 2.01 1.59
30 174 0.71 254 1.72 251 1.67
FA-40 20 90 0.4 051 1.42 0.79 194 1.14 1.99 1.32
20 30 0.89 061 - - 223 1.45 2.32 1.56
90 ) ' - - 1.54 1.03 1.67 111
30 1.95 1.03 2.67 2.01 2.58 1.86
FAS5 20 90 L1 078 1.56 0.94 2.16 1.93 211 1.97
20 30 103 072 - - 2.56 1.78 248 1.83
90 ' ' - — 2.01 1.49 2.12 1.52
*In the uncracked specimens, cores were taken at the longitudinal centre
B.5 Average resistivity results
Table B.5: Average resistivity (kQ2-cm) results and the corresponding statistics (week 104-120)
PC-40 SL-40 SL-55 FA-40 FA-55
Lab | Field | Lab | Field | Lab | Field | Lab | Field | Lab | Field
Average| 33 44 86 112 69 95 99 135 49 88
Standard deviation (¢)| 1.1 16 16 2.0 12 18 15 24 14 12
Coefficient of variation (%) 3.5 3.6 1.9 1.8 18 19 15 1.8 2.8 13
ot| 22 31 32 3.9 24 3.6 28 48 2.7 23
R Min.| 30 41 83 108 67 91 96 130 46 86
ange
g Max| 35 47 89 116 72 98 102 140 52 90

Range = Average + ot where t =1.96 for 95% confidence level
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Appendix C

Temperature and relative humidity trends in the marine exposure region

C.1 Typical average monthly temperature and relative humidity trends during study period

Winter ——— Max. temperature Summer
30 : : : : - = — Min. temperature : : : 'T 100
h h H h | Relative humidity \ \ \ 1§90
— T | 1+ 80
& ! g
© 20§, | | | I r70g
2 s : | : g ' ' : s 1T 60E
- - 1 -~ - -
151! P N : LT ! 1350 S
£ | R4 | - : \, | N | ’41-40.5
10 4 | P " Y-~ ' - " M= " P =
’0-/- | | | \—\ )I—’- : | | - ,n—’- |-30|§:)
1 1 1 1 - 1 1 - 1 1
541 | | | ! ! | | | VT 20
' Spring Summer ! Autumn ! Winter | Spring . Summer ! Autumn ' Winter ! Spring ! % 10
Y
0 +L - t } } —— t t - - t Ly H o
0 10 20 30 40 50 60 70 80 90 100 110 120
(July, 2011) (October, 2013)

Time (weeks)

Figure C.1: Typical seasonal changes (temperature and RH) during the study period [1]

C.2 Reference
[1]  Weather_SA (2013) http:// www.weathersa.co.za, accessed on 10" October, 2013.
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Appendix D

Chloride conductivity index test

The chloride conductivity is used as an index to characterize the intrinsic potential of a given concrete
to resist chloride penetration [1-3]. It is important to mention that the test was developed using, and is
performed on uncracked concrete specimens.

D.1 Test procedure

The test involves measuring the ionic flux (current) across a concrete disc specimen (70 £ 2 mm
diameter and 30 £ 2 mm thickness) due to a 10 V potential difference as shown in Figure D.1. The
10 V potential difference was obtained using a commercial power supply (CIC® PS1830) with output
ranges of 0 ~ 30 V and 0 ~ 5A for, respectively, voltage and current. The voltage and current were
measured using commercial digital multimeters (Brymen® TBM805) with measurement ranges of
0 ~ 10A and 0 ~ 600V. The specimens are pre-conditioned before testing by placing in an oven at
50 + 2 °C for 7 days % 4 hours (to ensure uniform moisture content) followed by vacuum saturation
(-75 to -80 kPa) in a 5M NaCl solution for 1 hour = 15 min after which it is allowed to soak in the salt
solution for a further 18 hours = 15 min before testing. The selection of this set of pre-conditioning
conditions was based on an extensive experimental study using different concretes [1].

DC power source

A
L&)
O

5 M NaCl solution
/7 AY

Steel cathode
Carbon anode

specimen

LEFT CELL collar RIGHT CELL

Figure D.1: Schematic of chloride conductivity test [2]

The test allows for a very rapid determination of the chloride conductivity value defined as follows
[2]:

it
c)-—_

VA (O-1)

where o is the conductivity of the specimen (mS/cm), i is the electric current (mA), V is the voltage
difference (Volts), t is the average thickness of specimen (cm) and A is the cross-sectional area of the
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specimen (cm?). The chloride conductivity is fundamentally related to steady state diffusivity (Ds) by
the Nernst-Einstein equation which relates the conductivity of a bulk material to the diffusion
coefficient as follows [4]:

Q=—=— (D.2)

where Q is the diffusivity ratio, o is the conductivity of concrete (S/m), o is the conductivity of the
pore solution (S/m), D; is the steady state diffusivity of chloride ions through concrete (m?/s) and D,
is the diffusivity of chloride ions in the equivalent pore solution (m?/s).

D.2 Empirical relationship between chloride conductivity and diffusion coefficient

The empirical relationship between CCI and apparent diffusion coefficient is based on experiments by

Mackechnie and Alexander [5] in which the objective was to establish a correlation between long-term

(time-dependent) apparent chloride diffusion coefficient and the CCI. They used an approach to

establish:

(i) Laboratory-based experimental correlations between CCI values and apparent chloride diffusion
coefficients. The specimens used covered a range of binder types, w/b ratios and curing regimes.

(ii) Correlation between the CCI values and chloride ingress in in-service RC structures in the
Western Cape Province of South Africa.

From the correlations, they developed empirical relationships between the CCI value and short-term
apparent diffusion coefficient (D;) for commonly used binder types (100% CEM I 42.5N (PC), 50/50
PC/GGBS and 70/30 PC/FA) and marine exposure environments in South Africa. The classification of
marine exposure environment in the empirical model is as follows:

(i) Extreme: marine tidal and splash zone; structure exposed to wave action

(if) Very severe: marine tidal and splash zone; structure exposed to little wave action

(iii) Severe: marine spray zone

Option (ii), ‘very severe’ exposure, was selected for this study as it closely described the marine
exposure conditions for the field-based specimens. In the case of this study, the empirical relationships
between CCI and the D; corresponding to the age of concrete used to determine CCI for 100%
CEM 1 42.5N (PC), 50/50 PC/GGBS and 70/30 PC/FA concretes exposed to ‘very severe’ marine
conditions are expressed as follows:

For CEM 1 42.5N (PC) concrete: D, = (6.5803x1077 Je%%%%°C! cm?/s (D.3)
For 50/50 PC/GGBS concrete:  D; = (1.1072x10°° Je®®%%°¢C! ¢m?/s (D.4)
For 70/30 PC/FA concrete: D, = (1.3689x10°° e®#9%°¢! cm?/s (D.5)

To account for the time-dependent reduction in the diffusion coefficient due to effects such as
continued chloride binding and cementitious reactions, particularly for FA and GGBS blended
concretes, the short-term diffusion coefficient is then forecast into a long-term apparent diffusion
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coefficient (D,g), taking into account the marine exposure environment. The empirical relationship
between the short-term apparent diffusion coefficient (D;) and the long-term one (Dqge) is expressed as
follows:

age (tage)a (D.6)

where D; is the apparent diffusion coefficient corresponding to the age of concrete used to determine
CCI, Dy is the apparent diffusion coefficient at a given age t,q and o is a binder-dependent diffusion
coefficient reduction factor (a = 0.29 for PC concrete and 0.68 for 70/30 PC/FA and 50/50 PC/GGBS
concrete). Taking into account that this study focused on the corrosion propagation phase, a 50-year
ageing/exposure period (t,e), @ commonly used (corrosion initiation) service life for most RC
structures [6] was used in the empirical model.

D.3 References

[1]  Streicher, P. E. (1997) The development of a rapid chloride test for concrete and its use in engineering
practice. PhD Thesis, Department of Civil Engineering, University of Cape Town.

[2]  Streicher, P. E. & Alexander, M. G. (1995) A chloride conduction test for concrete. Cement and Concrete
Research, Vol. 25(6), pp. 1284-1294.

[3] Alexander, M. G., Ballim, Y. & Mackechnie, J. R. (2009) Durability Index Testing Procedure Manual
(Ver 1.0, 25 Feb 2009) - Revised Research Monograph No. 4 (1999), Department of civil engineering,
University of Cape Town. Concrete Materials and Structural Integrity Research Unit - University of
Cape Town, 30 pp.

[4] Garboczi, E. J. & Bentz, D. P. Computer simulation of the diffusivity of cement-based materials. Journal
of Materials Science, Vol. 27(8), pp. 2083-2092.

[5] Mackechnie, J. & Alexander, M. G. (1996) Marine exposure of concrete under selected South African
conditions. Third ACI/CANMET Int. Conference on the Performance of Concrete in Marine Environment.
St. Andrews, Canada. pp. 205-216.

[6] BS-EN-1990 (2002) Eurocode - Basis of structural design. European Standard.
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Appendix E

Literature on selected statistical measures and distributions

E.1 Method of least squares and regression

Note: The literature presented here is adapted from [1].

If a linear relation y = a + bx is postulated, two pairs of values (xi, y1) and (X,, y,) determine the
constants in the equation. This is satisfactory provided that the observed quantities are free from error.
However, in practice, observations are seldom free of error, and if a further observation is taken, say
(x3, y3), we may obtain a point which does not fit exactly on the straight line through the original two
points. This also applies to curves involving powers of x and y. Statistical methods help to fit the ‘best’
line to a given set of data, instead of simply drawing a line ‘by eye’.

The principle underlying the fitting of the ‘best’ line is that of least squares; this states that if y is a
linear function of an independent variable x, the most probable position of a line y = x + bx is such that
the sum of squares of deviations of all points (x;, y;) from the line is a minimum; the deviations are
measured in the direction of the y-axis. It should be stressed that the underlying assumption is that x is
either free from error (being assigned) or subject to negligible error only, while y is the observed or
measured quantity, subject to errors which have to be ‘eliminated’ by the method of least squares. The
observed y is thus a random value from the population of values of y corresponding to a given x. Such
a situation exists in controlled experiments, where we are interested in finding the mean value of y; bar
for each value of x;.

Suppose our observations consist of n pairs of values:

{xl,xz,...,xn -
Y1 Yars Y '

and imagine that the various pairs plot as points shown in Figure E.1. Assume further that from the

physical nature of the relation between y and x we know that the relation is linear, or alternatively
expect it to be linear. We postulate therefore the relation as:

y =a+bx (E.2)
Our problem is to find the values of a and b for the line of ‘best fit’. For a point i on this line:

y; —(a+bx)=0 (E.3)

but if there is error in the measurement, there will be a residual ¢; such that:

y; —(a+bx)=¢, (E.4)
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Centroidal point (;, 9)

Regression line: y = a + bx

Figure E.1: Regression line (method of least squares)

With n observations we have n equations:

Yi — (a + bxl):el
y; —(a+bx,)=¢,
(E.5)
Yi — (a + bXn )=€n
Using the summation notation, we can write the sum of squares of residuals as:
P=> ¢ (E6)
or
2
P= Z[y, a+ bX (E.7)

As stated earlier, we have to satisfy the condition that the sum of squares of residuals is a minimum,
i.e. P is a minimum. This occurs when:

or
DIy —(a+bx)]=0 (E.9)
and
D> %y —(a+bx)]=0 (E.10)

Omitting the subscripts we can write Eqn. (E.9) as:

2. y-2.a-b) x=0 (E.11)

Since a is a constant, we have:

242



Zyzna+b2x (E.12)

or
2. Zx
————a+b (E.13)
n
Thus:
y =a+bx (E.14)

Eqn. (E.14) states that the line passes through the point (x, y), i.e. through the point whose co-
ordinates are the appropriate means of all observations; we can call this point the centroidal point of
all observations. From the fact that the point (x , y ) lies on the line, it follows that Eqn. (E.2) can be
written also as:

y—-y =b(x—x) (E.15)
Returning now to Egn. (E.10) we have:
ny:aZx+be2 (E.16)

Equations (E.12) and (E.16) are called the normal equations.

Solving the normal equations:

Zy=na+b2x (E.12)

y-y =b(x-Xx) (E.16)
we obtain:
NDRDR DRI .
E.17
> x* = (X xf
and

any >y s
ny X - (Xxf |

Hence the equation to the line of best fit can be written as:

NG ZXZXV{HZWZXZV}X
ny x° —(Z )2 nZ:xz—(Z:x)2

The line given by Eqgn. (E.19) is called the line of regression of y on x.

(E.19)
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E.2 Correlation

Note: The literature presented here is adapted from [1].

The operation of fitting the best line must be followed by a test of the goodness of fit. Referring to
Eqgn. (E.19), we can observe that, if there is no correlation between y and X, i.e. if y is independent of x,
the coefficient of x (i.e. the slope b) is zero and the line plots as a horizontal line i.e.:

Ny xy- Zny
n> %2 - (S xf

Considering now the regression of x on y, there is no correlation if x is independent of y, i.e. if the line
is described by Eqn. (E.21) is vertical.

DYDXDRMRN {nZXV ZXZV}

(E.20)

>y -y Xy -yf =
Thus, referring the slope to a vertical axis:
DREORI NN
Sy _( y) (E.22)
and expressing slope in the usual way (y vertical and x horizontal):
>y -2 yf e

Ny xy- Zny

If there is no correlation between the two variables being studied, the product of the slopes given by
Egn. (E.20) and (E.22) is zero, i.e.:

[nZXV—ZXZyJ [nZXV ZXZV]
Ykt -(xf ) 2yt -(yf

Conversely, when there is a perfect correlation, i.e. all the points lie exactly on each of the two
regression lines, the lines coincide; their slopes are therefore equal, namely:

nZXV—ZXZy: ”Zyz‘( yf (E.25)
nzxz_(ZX)Z any—Zny .

(E.24)

or
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N xy=> x>y y Ny xy-> x>y _1 (E.26)
nZXZ—(ZX)Z ”Zyz—(ZY)Z |

Thus we find that the value of the product on the left-hand side of (E.26) gives a measure of
correlation: when the value is zero, there is no correlation; when it is unity, the correlation is perfect.
We call the square root of this product the correlation coefficient and denote it by r:

” L > E.27
[z x - )bz v - €2

We can note that r is symmetrical with respect to y so that the correlation coefficient of a line of
regression of y on x is the same as that of regression of x on y. Correlation is, in fact, concerned only
with the association between the variables and not with their dependence or independence.

The correlation coefficient r must lie in the range 0 <| r | < 1 but in practice, because of random errors,
0<|r|<1.

E.3 Calculation of moving average

An n-point moving average (also referred to as running mean) represents the average of the respective
sample and the n-1 number of preceding samples [2]. A moving average smoothes data by replacing
each data point with the average of the neighbouring data points defined within the range of data
points. The following expression is used [3]:

1

N +1[y(i+N)+y(i+N-1)+....+ y(i-N)] (E.28)

ys ()=

where y4(i) is the moving averaged value for the i"" data point and N is the number of neighbouring
data points on either side of y(i).

In this study, a 2-point moving average was used for the analysis of corrosion rate, resistivity and half-

cell potential results. Take, for example, corrosion rate (i) averaged values for the first three
consecutive bi-weekly measurements i.e. icorr 1, Icorr2 @Nd icorr 3. According to Eqn. (E.28):

i +1i
The 1% moving averaged data point is: [%j and is plotted on the 3" week;

i +1i
The 2™ moving averaged data point is: ij and is plotted on the 5" week;

and so on.
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E.4 Grubb’s outlier test

An outlier is defined as an observation or data point which does not appear to fall within the expected
distribution of a particular data set [4, 5]. They can affect the results of analyses. Outliers may be
rejected outright if they are caused by a known or demonstrated physical reason, such as sample
spillage, contamination, mechanical failure, or improper calibration. However, data points which
appear to deviate from the expected sample distribution for no known physical reason must be verified
as outliers using statistical criteria [6].The rejection of suspect observations must be based on an
objective criterion and not on subjective or intuitive grounds. This can be achieved by using
statistically sound tests for the detection of outliers. On such test, which was adopted in this study, is
the Grubb’s test.

Grubb’s outlier test is used to determine single-sided outliers when both the population mean (p) and
the population standard deviation (s) are unknown. It was developed by Grubbs [7] and is included in
standard methods:

T, =212 (for high-sided outliers) (E.29)
o

T, =22 X (for low-sided outliers) (E.30)

where X, and X, are the data points in question (suspected outlier), X is the sample mean and ¢ is the
sample standard deviation. The value T, or T, is then compared against critical values depending on
the number of replicates and significance (or confidence) level. If T, or T, is greater than the critical
value for the appropriate number of replicates at the appropriate significance level, the questionable
data point is an outlier, and may be rejected. The critical values for various numbers of replicates at
the 5% significance level, which was used in this study, is given in Table E.1.

Table E.1: Critical values for Grubb’s outlier test [4]
No. of observations Critical value
3 1.15
1.46
1.67
1.82
1.94
2.03
211

© 00 N o O b

E.5 Normal distribution

A continuous random variable x is said to have a normal (or Gaussian) distribution if the probability
density function (pdf) of x is given by Eqgn. (E.31). The normal distribution is specified by giving the
mean (u) and the standard deviation (o); where -co0 < ¢ < o0 and ¢ > 0.
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f(X)=( - Je_;[x‘_’ﬂjz (E31)

E.6 Lognormal distribution

A random variable x is said to be lognormally distributed if log(x) is normally distributed. The
distribution is skewed to the left. Skewed distributions are particularly common when mean values are
low and variances are high. In addition, values cannot be negative. The lognormal distribution of a
random variable x is defined by:

1 C1(n) - uY’
f(X)—a mEXD{ 2(—0 j ] (E.32)

where p and o are, respectively, the mean and standard deviation of the variable’s natural logarithm,
In(x).

E.7 Weibull distribution

The Weibull variate is commonly used as a lifetime distribution in reliability applications. Weibull
distribution can represent decreasing, constant, or increasing failure rates. The probability distribution
function is given as:

f(x)= (L) X e_(gjb (E.33)

where a > 0 and b > 0 are, respectively, the scale and shape parameters of the distribution.

E.8 Karl Pearson’s Chi-squared (x2) test

The ¥ statistic measures how well the expected frequency of the fitted distribution compares with the
observed frequency of a histogram of the observed data. The test makes assumptions that (i) the
observed data consists of a random sample of n independent data points, (ii) the measurement scale
can be nominal (i.e. non-numeric) or numerical, and (iii) the n data points can be arranged into
histogram form with N contiguous (adjacent) classes that cover the entire possible range of the
variable. Critical values for the 4’ test are found directly from the x* distribution (an asymmetric
distribution that has a minimum value of 0, but no maximum value, Figure E.2) depending on the
confidence level chosen (Table E.2).

P(?)

XZ

0 o
Figure E.2: The Chi-squared (3°) distribution
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The shape and range of the y° distribution are defined by the degrees of freedom v, where v=N -k -1
where N is the number of histogram bars or classes and k is the number of parameters that are
estimated to determine the best-fitting distribution.

Table E.2: Critical values for Chi-squared distribution

Degrees Confidence level (%)

fre:c;om 05 | 25 | 80 | 9 [ o5 | 975 | 98 | 99 | 995 | 998 | 999
) p -value

1 | 393E-05| 982504 1642 | 2706 | 3841 | 5024 | 5412 | 6635 | 7879 | 9550 | 10.828
2 0010 | 0051 | 3219 | 4605 | 5991 | 7378 | 7824 | 9210 | 10597 | 12429 | 13816
3 0072 | 0216 | 4642 | 6251 | 7815 | 9348 | 9837 | 1135 | 12838 | 14796 | 16.266
4 0207 | 0484 | 5989 | 7779 | 9488 | 11143 | 11668 | 13277 | 14860 | 16924 | 18467
5 0412 | 0831 | 7289 | 923 | 11070 | 12633 | 13388 | 15086 | 16750 | 18907 | 20515
6 0676 | 1237 | 8558 | 10645 | 12502 | 14449 | 15033 | 16812 | 18548 | 20701 | 22458
7 0989 | 1690 | 9803 | 12017 | 14067 | 16013 | 16622 | 18475 | 20278 | 22601 | 24322
8 1344 | 2180 | 11030 | 13362 | 15507 | 17535 | 18168 | 20000 | 21955 | 24352 | 26.124
9 1735 | 2700 | 12242 | 14684 | 16919 | 19023 | 19679 | 21666 | 23589 | 26056 | 27.877
10 | 2156 | 3247 | 13442 | 15987 | 18307 | 20483 | 21161 | 23200 | 25188 | 27722 | 20588
100 | 67328 | 74222 | 111667 | 118498 | 124342 | 129561 | 131142 | 135.807 | 140.169 | 145577 | 149.449
1000 | 888564 | 914.257 | 1037.431 | 1057.724 | 1074.679 | 1089.531 | 1093.977 | 1106.969 | 1118.948 | 1133.579 | 1143.917

Note: The 95% confidence level was used in this study.

For any given level of significance, the critical region (a) begins at a larger ¥ value, the larger the
degree of freedom (see Figure E.2). The y* statistic is calculated as follows:

n (0, —E )
7’ :Zl“ % (E.34)

where O is the observed frequency of the i histogram class or bar and E; is the expected frequency
from the fitted distribution of x-values falling within the x-range of the i" histogram bar. E; is
calculated as follows:

- Fimin ) (E.35)

where F; is the distribution function of the fitted distribution, ina is the x-value upper bound of the i
histogram bar and i, is the x-value lower bound of the i" histogram bar. Since the Xz statistic sums the
squares of all the errors (O; - E), it can be disproportionately sensitive to any large errors, e.g. if the
error of one bar is three times that of another bar, it will contribute nine times more to the statistic
(assuming the same E; for both). * is very dependent on the number of bars, N, that are used. By
changing the value of N, one can quite easily switch ranking between two distribution types. However,
there are no rules for selecting the value of N.

By equating the calculation to a y° distribution, it is assumed that (O; - E;) follows a normal
distribution with zero mean. Since O; is in fact binomial this approximation only works when there are
a large number of data points within each class.
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Appendix F

Details of some commercial products used

Note: Details provided here are summarized from [1].

F.1 Sikament® - NN: High range water reducing admixture

Product desctiption: Chloride-free liquid superplasticizer
Complies with ASTM C 494-81 Type F

Chemical base: Naphthalene formaldehyde sulphonate
Density: 1.2 kg/litre

pH: Approximately 7.5

F.2 Sikafloor® - 261 ZA: Epoxy resin

Product description: 2-part multi-purpose binder based on epoxy resin
Complies with: DIN 51130 (Skid / slip resistance)

Chemical base: Epoxy

Density: Mixed resin approx. 1.4 kg/litre at 23 °C

Compressive strength: Resin: approx. 60 MPa (28 days, 23 °C)
Thermal resistance: Permanent exposure to dry heat: approx. 50 °C

F.3 Reference

(1]

Sika (2011) Sika Product Manual (Construction) - 2011 Edition, Sika South Africa (Pty) Ltd.
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Any person planning to undertake research in the Faculty of Engineering and the Built Environment at the University of Cape Town is
required to complete this form before collecting or analysing data. When completed it should be submitted to the supervisor (where
applicable) and from there to the Head of Department. If any of the questions below have been answered YES, and the applicant is
NOT a fourth year student, the Head should forward this form for approval by the Faculty EIR committee: submit to Ms Zulpha Geyer
(Zulpha.Geyer@uct.ac.za; Chemical Engineering Building, Ph 021 650 4791).

NB: A copy of this signed form must be included with the thesis/dissertation/report when it is submitted for examination
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Name of Principal Researcher/Student: Mike Benjamin Otieno Department: Civil Engineering
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o there is no apparent legal objection to the nature or the method of research; and

o the research will not compromise staff or students or the other responsibilities of the University;

o the stated objective will be achieved, and the findings will have a high degree of validity;

o limitations and alternative interpretations will be considered;

o the findings could be subject to peer review and publicly available; and

o | will comply with the conventions of copyright and avoid any practice that would constitute plagiarism.
Signed by: Full name and signature Date
Principal Researcher/Student: Mike Benjamin Otieno

4@‘ A2-TuLY-2013
This application is approved by:
Supervisor (if applicable): Assoc/Prof. Hans Beushausen
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HOD (or delegated nominee): Assoc/Prof\Neil Armitage
Final authority for all assessments with NO to all \
questions and for all undergraduate research. \\ R
Chair : Faculty EIR Committee
For applicants other than undergraduate students who Not applicable Not applicable
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