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Abstract Surface crack width is regulated in codes
to limit corrosion of reinforcement bars in concrete.
However, the influence of surface crack width on
corrosion damages is not directly inferable from
previous research.In this work, data on corroded
cracked concrete specimens in chloride environments
was compiled. Detailed information was included,
such as crack and pit locations, local corrosion pattern,
etc. Five hypotheses on the influence of transversal
cracks on corrosion damage were formulated, and
statistical methods were used to test them on the
dataset.Transversal cracks were good indicators of the
position of corrosion pits. The corrosion rate of the pit
increased in proximity of a crack. With time, pits grew
in depth at a slower rate but increased in number. No
clear correlation between surface crack width and
corrosion damage was found. Results point out
discrepancies in the collected data, arguing for the
need of well-defined procedures for assessing crack
and corrosion damage.Further, the statistical treatment
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allowed for identification of bias in existing data,
which was used as a research planning tool to provide
guidance on the design of additional experiments.
Thus, recommendations for future experimental work
required to reduce the bias are given.
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1 Introduction

Corrosion is the most common cause of deterioration
in reinforced concrete structures [1]. However, when
reinforced concrete was first introduced (1853) the
alkaline environment provided by the concrete
medium was expected to prevent reinforcement steel
from corroding. As corrosion in reinforced concrete
structures is a relatively slow process, it was much
later in time when doubts over the durability of
reinforced concrete started to emerge [2]. Research
conducted in this area in the early 1960’s initially
highlighted the detrimental nature of chlorides, and in
the 1980s the concept of service life was introduced
[3]. Consequently, new regulations were added to
building codes, among others limiting surface crack
width [4] and prescribing minimum concrete covers
(e.g. ACI 357R-84 [5]).

In current codes and specifications, regulating
maximum crack width is commonly prescribed for
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preventing corrosion damage. To this aim, codes
contain semi-empirical and empirical formulas to
predict surface crack width at different loading stages.
Maximum values for the allowable surface crack
width are given for different exposure environments,
e.g in [6] a recommanded maximum value of 0.3 mm
is given for surface crack widths in non-prestressed
reinforced concrete structures exposed to chloride
environments. This implies that a correlation between
surface crack width and corrosion damage in the
reinforcing bar exists, and that an increase in surface
crack width increases the probability of corrosion in
the reinforcing bar. However, numerous research
efforts have not been able to confirm such correlation
[7-10].

Reinforcement bars are generally placed with their
main direction aligned with tensile stresses appearing;
accordingly, cracks will typically appear transverse to
the direction of reinforcing bars. For this reason,
transverse cracks are commonly in focus in studies
linking surface crack widths to corrosion risk. It is
generally accepted in literature that the presence of
transverse cracks reduces time to reinforcement cor-
rosion initiation [11]. This is because the cracks offer a
preferential route for potentially hazardous sub-
stances, such as chlorides and carbon dioxide, to reach
the reinforcing bar. Regulating surface crack width is
expected to decrease the rate of ingress of deleterious
species to the reinforcing bar and limit the potential
negative impact of cracks on the service life of the
structure. In addition the initial geometrical constrains
provided by small crack widths, they also increase the
probability of long-term self-healing [12].

It is recognized by numerous studies [10, 13, 14]
that many other parameters have an influence on
corrosion initiation and propagation, such as proper-
ties of the concrete,conditions exposure, and metal-
lurgy of the reinforcing bars. The presence of defects
and other weaknesses in the concrete may decrease the
relevance of the presence of transverse cracks on the
corrosion process [15]. Additionally, factors such as
loading, self-healing, concrete cover and crack spac-
ing have been observed to have an effect on the
corrosion process [16—18].

An interesting aspect of the choice of limiting
surface crack width is that such limitation may be
contradictory with respect to the corrosion-delaying
effect of the concrete cover [19]. If we look at the case
of bending cracks, surface crack width increases with

the concrete cover for the same crack opening at the
steel-concrete interface: to decrease surface crack
width, a small concrete cover may therefore be
beneficial. However, increasing the depth of the
concrete cover is expected to delay corrosion initiation
and propagation: in the absence of cracks, it delays the
transport of chlorides to the reinforcement bars
through the pores. In the presence of cracks, it limits
moisture variations at the rebar level and restricts the
flow of oxygen to the cathodic area, thus decreasing
corrosion rate [20]. In light of this, the use of
performance-based limiting crack widths, i.e. adopt-
ing limits for surface crack width that vary based on
other, recognized, influencing factors, such as con-
crete cover depth and water/binder ratio, has been
advocated by many researchers [16, 21], and is even
recognized by some standards [22].

This study looks into the influence of surface crack
width, and the presence of transversal cracks in
general, on the distribution and characteristics of
corrosion damage in reinforced concrete exposed to
chlorides. This was done by formulating a list of
hypotheses based on literature studies. Data from
studies available in literature were compiled in a
dataset. It is to be noted that data included in the
dataset do not come from the same experiments that
the hypotheses are based on. Statistical methods were
used to test the hypotheses. Finally, the statistical
analysis was used as a research planning tool to
provide recommendations for future experimental
work required to reduce the bias in existing data.

2 Main hypotheses

In order to evaluate the influence of transverse cracks
on the distribution and characteristics of corrosion
damage, five hypotheses were formulated based on
previous literature, especially two earlier literature
reviews on this subject [11, 23]. The formulated
hypotheses are supported by multiple studies and/or, a
physical interpretation behind the expected influence
of a certain parameter on the corrosion process.

In Table 1, the hypotheses formulated for this study
are presented. For each hypothesis, the corrosion
phase it refers to, as defined by Tutti [3], is
highlighted. Each hypothesis is given a title, which
is used through the paper to refer to it. In the following,
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Table 1 Proposed hypotheses on the effect of cracks on corrosion initiation and propagation

Name Phase Hypothesis

Parameters

H1: Crack and pit
location

Initiation

In the presence of transversal cracks, corrosion pits are more likely to form  Prye, Pp
in the proximity of a crack.

H2: Crack width and Initiation and ~ Corrosion rate increases with increasing crack widths for short exposure Cys Prae,

corrosion rate propagation times. For longer exposure times, crack width does not influence the E,
corrosion rate.

H3: Crack width and Propagation The extent of the corrosion area is independent from surface crack width. C,,, P,
corrosion area

H4: Crack width and Propagation Cover thickness and quality influences the corrosion rate more than surface C,,, Py,
cover crack width does. C, R, /b

HS5: Crack frequency Propagation Increased crack frequency (smaller crack distances) reduces local corrosion  Prye, Crsm
and corrosion rate rate.

a review of the sources and motivations behind each
hypothesis is given.

2.1 H1: Crack and pit location

The first hypothesis states that in the presence of
transversal cracks, corrosion pits are more likely to
form in the proximity of a crack.

Corrosion in reinforced concrete structures exposed
to chloride environments initiates with the ingress of
aggressive substances through the concrete cover [24].
The decrease in corrosion initiation time due to the
presence of transversal cracks has been observed in
several studies and is generally accepted [13]. Once
chloride ions reach the reinforcement bar, they locally
break down the passive film, potentially initiating
pitting corrosion if not otherwise protected. Pitting
corrosion is thus expected to take place in the
proximity of a crack. In the case of bending cracks,
the extent of the zone surrounding the crack where
pitting corrosion may take place depends as well on
the length of the slip and separation zone at the
steel/concrete interface in correspondence of the crack
[13].

Bending is a common cause for transverse cracks,
and bending cracks typically have larger crack widths
at the surface than at the reinforcement level [25].
Further, the extent of the zone surrounding the bending
crack where pitting corrosion may take place depends
as well on the length of the slip and separation zone at
the steel/concrete interface in correspondence of the
crack [12]. The slip and separation developed during
bending cracking and its impact on chloride ingress

and potential corrosion initiation are illustrated in
[26].

2.2 H2: Crack width and corrosion rate

The second hypothesis states that corrosion rate
increases with increasing crack widths for short
exposure times. For longer exposure times, crack
width does not influence the corrosion rate.

Large crack widths may ease transportation of
chlorides through the cracks at the beginning of the
corrosion period, but the effect of crack width in the
long run is unclear: Schiessl and Raupach [27]
observed increasing corrosion rate with increasing
crack width (0.1 — 0.5 mm crack width tested) after 24
weeks, whereas no pronounced difference was
observed after 2 years. They concluded that “the
problem of reinforcement corrosion in crack zones
cannot solely be solved by crack width limitation in
the range from roughly 0.3 to 0.5 mm”. Li et al. [28],
observed the influence of surface crack width over the
span of two years, and found that the highest corrosion
rate consistently corresponded to the larger crack
width through the entire duration of the experiments.
However, in the same study, the difference in corro-
sion rate between specimens with different surface
crack widths was observed to reduce substantially over
time during the two years study. Several studies are
available in literature where no dependency between
corrosion rate and surface crack width was found, e.g.
(4, 8, 29, 30].

niiEm



7 Page 4 of 22

Materials and Structures (2023)56:7

2.3 H3: Crack width and corrosion area

Hypothesis three states that the extent of the corrosion
area is independent from surface crack width. This
hypothesis may be unexpected for some readers; it
may seem natural that a larger surface crack width
corresponds with larger debonding length at the
steel/concrete interface, which in turn may allow for
a larger area of the bar to depassivate, increasing the
size of the anode and/or the number of anodes. It is
interesting to observe that this, in turn, may decrease
the local corrosion rate.

Many variables are expected to influence the extent
of damage at the steel/concrete interface, as the crack
type, the characteristics of the bond, the maximum
stress reached in the steel reinforcement, and the
loading history of the specimen. For this reason,
several researchers have looked into the relationship
between surface crack width, slip and separation at the
steel/concrete interface and corresponding corrosion
damage. They found that surface crack width is a poor
indicator for the potential response to aggressive
environment of the reinforcement bar [19], suggesting
in some cases to use the maximum stress at the steel
reinforcement level as a more reliable indicator of
damage at the steel concrete interface [16, 31], and
pointing out to debonding at the steel/concrete inter-
face as a major influence on the corrosion extent
[26, 32]. As for the loading history, cyclic loading may
contribute to create additional damage at the steel-
concrete interface [26].

2.4 H4: Crack width and cover

Hypothesis four states that cover thickness and quality
influences the corrosion rate more than surface crack
widths do. The quality of the cover depends on
concrete properties, of which the water/binder ratio is
generally regarded as the main influencing factor in
concrete containing ordinary Portland cement.
Numerous studies have investigated the influence
of cover thickness and water/binder ratio on the
corrosion process, e.g. [14, 20, 33]. Scott and
Alexander [34] observed a substantial decrease in
corrosion rate with the increase of the concrete cover.
In the same experiments, an increase in surface crack
width was observed to have less substantial influence
than concrete cover thickness. Schiessl and Raupach
[27] observed a dependency between corrosion rate

and cover thickness, and to a minor extent, between
corrosion rate and water/cement ratio. In their exper-
iments, no relationship was observed between surface
crack width and corrosion rate.

The effect of cover thickness on corrosion rate has
mostly been observed in concrete containing ordinary
Portland cement [14]. Otieno et al. [35] studied the
effect of slag presence in the concrete mix, and
observed that the effect of transversal cracks on
corrosion rate was modified by it. Concrete samples in
which a certain percentage of Portland cement was
substituted with slag were less sensitive to the effect of
cracking than samples without slag; i.e. the corrosion
rate was not much affected by the crack width.

Finally, a decrease in water/binder ratio has been
connected to an increase in concrete resistivity, a
decrease in oxygen ingress, and higher alkalinity, all
factors expected to decrease corrosion rate [36].

2.5 HS5: Crack frequency and corrosion

The fifth hypothesis states that increased crack
frequency (smaller crack distances) reduces local
corrosion rate.

The hypothesis is linked to decreasing available
cathode area with increasing crack frequency. Macro-
cell corrosion, the process taking place in the case of
pitting corrosion, relies on a large difference in size
between the pit, where iron dissolves, and the cathode,
where oxygen is reduced. Limited available cathode
area would result in a reduction of the corrosion rate
[27]. However, it is to be noted that increased crack
frequency is often obtained with the use of smaller
diameter reinforcement bars. Thus, it may result in
higher relative loss of cross-sectional area.

2.6 Potential hypotheses not included in this work

The availability of experimental data excluded some
potentially interesting hypotheses from being consid-
ered, such as the influence of mechanical loading, self-
healing of the cracks, and other alternatives to replace
cement than slag.

Self-healing is expected to decrease corrosion rate,
and, in some cases, even repassivate the reinforcement
bar. However, self-healing is rarely documented in
experimental data, likely because the large bulk of
available data concerns structures exposed to chloride
contamination, but not to other ions typically present
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in marine environment. Self-healing is mostly
expected to take place in marine structures, where
magnesium hydroxide and calcium carbonate may
precipitate in cracks [12]. Self-healing might poten-
tially take place also in structures exposed to de-icing
salts as the source of chlorides, though in this case it is
likely linked to the presence of debris, or even
corrosion products, blocking the crack. Nevertheless,
documentation on the latter topic is scarce.

Mechanical loading is also expected to influence
the effect of transversal cracks on the corrosion rate of
reinforced concrete specimens. Particularly, transver-
sal cracks are expected to correspond to higher
corrosion rate when specimens are cyclically loaded.
Otieno et al. [35] looked into the influence of cracking
and crack width in RC members by exposing 48 pre-
cracked specimens to a chloride solution for 31 weeks.
The crack widths varied between 0.4 and 0.7 mm, and
the specimens were reloaded twice to assess the effect
of crack reopening. The corrosion rate was observed to
increase with the re-activation (reopening) of cracks
upon reloading, and with the widening of existing
cracks. Jaffer [37] studied the effect of cracks in
specimens in different loading conditions (static,
dynamic and unloaded), noticing higher microcell
currents in cyclically loaded specimens compared to
statically loaded specimens.

Mechanical loading is expected to influence the
opening of surface crack widths. When loading is
removed from a cracked specimen, the cracks decrease
in width. Sustained load keeps the cracks open, or even
increase the crack opening depending on the load
magnitude. However, self-healing may close the
smaller cracks. Finally, cyclic loading may contribute
to removing debris and self-healing products from the
crack, and even create additional damage at the steel-
concrete interface [26]. No hypothesis on mechanical
loading was formulated in this study, due to lack of
data on the corrosion rate of cyclically loaded
specimens. The type of sustained load is however still
considered of interest and included among the anal-
ysed parameters, since it may influence the surface
crack widths during exposure time.

3 Methodology
3.1 Experimental data collection

In order to test the hypotheses formulated in Section 2,
a dataset was compiled with experimental results
available in literature on the effect of transversal
cracks on reinforcement corrosion in specimens
exposed to chloride environments. The dataset was
compiled based on a number of environmental and
loading factors deemed relevant for the characteriza-
tion of the corrosion process in reinforced concrete
structures. Data on corrosion distribution and exper-
imental set-ups were collected, together with data on
crack location, and additional geometrical, loading,
environmental and material parameters.

The following criteria were considered for selection
of experiments to be included in the dataset:

e Specimens exposed to chlorides;

e Specimens that were not subjected to impressed
current to accelerate the corrosion process;

e Specimens having transversal cracks;

e Specimens that were spatially documented, and
where information on surface crack width and
crack position were available;

e Specimens that were cracked and visually
inspected after the exposure period to characterize
corrosion damage in the reinforcement bars;

e Specimens for which information on the size and
length of the pits were available, either as loss of
cross-sectional area, maximum pit depth or surface
area.

Collecting data for the dataset according to the criteria
listed above proved to be challenging: the largest bulk
of research on corrosion of reinforced concrete
structures is carried out using impressed current to
induce the corrosion process, and this was deemed as
not relevant for the current study. When impressed
current is used, the entire bar acts like an anode,
commonly resulting in general corrosion along the
entire length of the bar. Additionally, the difference in
potential between anode and cathode is generally
several times larger when using impressed current,
compared to the natural process: this influences both
spatial distribution and composition of the corrosion
products [38]. For these reasons, transversal cracks
cannot be expected to have a similar influence on the
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corrosion process when impressed current is used as
they have in real structures.

Table 2 presents the experimental campaigns
included in the dataset, the source of the collected
data, and the number of specimens included in the
dataset from each campaign. Note that references
providing the base for the main hypotheses were not
included in the dataset.

3.2 Limitations

This study focused on chloride-induced corrosion;
therefore the effect of transversal cracks on corrosion
damage due to carbonation was not taken into account.

A limited number of studies fulfilled the criteria for
being included in the dataset. This is, as described,
because studies using impressed currents were not
considered suitable for the purpose of this study.
Further, documented observations on the extent of
corrosion damage were often not described with
sufficient details in available studies.

The scarce number of studies resulted in limitations
on the exposure environments and source of cracks.
All specimens were exposed to tap water mixed with
chlorides; the dataset is therefore representative for
structures exposed to de-icing salts. However, since
the type of exposure solution is expected to influence
the self-healing mechanisms [12], the dataset is not
fully representative for structures exposed to marine
environments. Specifically, the presence of magne-
sium and sulphate ions in sea water can lead to the
precipitation of brucite and ettringite. In experiments
with tap water, the precipitation of calcite is instead
observed [63].

Similarly, all of the specimens were pre-cracked in
3-point bending before exposure. Bending cracks
typically have a triangular shape, i.e. they are larger

Table 2 Experimental data included in the dataset

at the concrete surface than they are at the steel/con-
crete interface. Other types of cracks have different
shapes and morphologies. The same surface crack
width could therefore correspond to a different crack
opening at the steel/concrete interface, depending on
the origin of the crack. These aspects should be taken
into account, if the findings from this study are to be
generalised.

Moreover, depending on the length of the exposure
period, many specimens included in the dataset also
had corrosion-induced cracks. Corrosion-induced
cracks, by increasing the availability of oxygen, as
well as by giving further access to the reinforcement
bar to aggressive substances, are expected to increase
the corrosion rate. They may also cause a more
generalised type of corrosion [8, 45].

Additionally, not all factors that are expected to
influence the corrosion process could be included in
the dataset, due to lack of availability of data.
Examples of such factors are concrete resistivity, steel
metallurgy, and slip and separation at the steel/con-
crete interface in correspondence of the crack.
Furthermore, various authors measured parameters,
such as pit characteristics and crack morphology, in
different ways. In some cases, this resulted in non-
comparable measurements, and, consequently, the
dataset needed to be divided in subsets to allow for
analysing the dataset using statistical methods.

3.3 Overview of the dataset

The dataset used to test the hypotheses contains 62
specimens, with a total of 133 reinforcement bars
(total length 201.4 m), 306 cracks, and 1198 pits.
Information on each sample, crack and pit is collected
in the dataset. The entries in the dataset can be divided
in two main groups: experiment configuration

Experimental campaign Information Number of  Exposure Exposure environment
source specimens time
Jaffer, University of [37] 36 18 months 3% NaCl, wet/dry cycles, specimen partially submerged

Waterloo (CA)

Francois et al., University of [20, 39-61] 19
Toulouse

Chen et al., Chalmers
University of Technology

[8, 62] 5

in chloride solution in the wet phase

27 months -  3.5% NaCl, spraying (salt fog), continuous or in cycles
28 years

36 months

16.5% NaCl, wet/dry cycles
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parameters, i.e. characteristics of the specimens
decided at the design of the experimental campaigns,
such as water/binder ratio and cover thickness; and
result data, such as pit depth and position. Below, the
content of each group is presented, together with an
overview of their variation through the collected data.

3.3.1 Experimental configuration parameters

Experimental configuration parameters depend on
experimental choices and their correlation may indi-
cate the presence of biases in the dataset. The main
experimental configuration parameters were identified
as:

e Chloride concentration (R(y,): percentage of chlo-
rides in the environment surrounding the
specimen;

e Water/binder ratio (R,,/5);

e Type of mechanical loading (L;): the specimens in
the dataset were either unloaded, loaded statically,
or cyclically during exposure. All the specimens
were pre-cracked before exposure, therefore the
loading condition refers to the loading status under
the exposure time. In the dataset, a number from 1
to 3 was assigned to the specimen depending on the
loading condition (in order from 1 to 3: unloaded,
static, and cyclic);

e Exposure time (E;): the time from the initial
exposure of the specimen to the chloride environ-
ment to the end of the experimental campaign,
measured in months;

e Bar diameter (Dp,;,), expressed in mm;

e Cover thickness (C;), expressed in mm. It was
defined as the shortest distance between the bar and
the surface of the specimen exposed to chloride
contamination;

e Percentage of slag (Ryq,): the percentage of slag
replacing Portland cement in the concrete mix;

e Average crack spacing (C,,,): average distance
between cracks in a tested specimen, expressed in
mm.

e Crack width (C,): the width of each crack at the
concrete surface in mm. Crack width was defined
at the beginning of the exposure time if more than
one measurement was available. It should be noted
that surface crack width was measured in different
ways in the different studies; For e.g. the height of
the cross-section at which the measurement was

taken, the number of measurements taken per crack
and the time of measurement, etc.;

o Number of cracks (N;yqcks): total number of cracks
per meter of bar;

e Crack position (C,): expressed in mm and mea-
sured along the length of the specimen;

e Presence of corrosion-induced cracks.

In Fig. 1, an overview of the characteristics of the
specimens included in the dataset is given. The
chloride concentration in the environment surrounding
the specimens varied between experimental cam-
paigns: Francois et al. used a solution with 3.5 % of
chlorides, Jaffer used 3 %, and Chen et al. considered
16.5 %. Water/binder ratio varied between 0.35 and
0.5, and exposure time ranged from 18 months to 27
years (see also 2).

Concrete cover varied between a minimum of 16
mm and a maximum of 48 mm, with bar diameter
varying between 6 and 16 mm. Most of the specimens
were made with Portland cement, but in some
specimens from Jaffer [37], 25 % of the Portland
cement was replaced with slag. Finally, an overview of
minimum and maximum crack width in the specimens
is given.

In Fig. 2, an overview of the crack characteristics
along the dataset is given. It should be noted that a
significant portion of the dataset contained specimens
with corrosion-induced cracks. Corrosion pits, being
connected to local breakdowns of the passive film, are
expected to form prior the formation of such corro-
sion-induced cracks. Still, only information on the
corrosion pits was included in the dataset, such as pit
position, length, and depth. General corrosion was
thus not included.

In Fig. 2, it is also important to observe the
distribution of crack width: a significant part of the
cracks has an opening smaller than 0.3 mm, which is
the limit for surface crack widths in chloride environ-
ments prescribed by the codes [6].

3.3.2 Result data
Result data refers to individual measurements of pits
morphology and calculated average corrosion rate.

Specifically, the following parameters are listed in the
dataset:
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050 Overview of cracks in the dataset

Crack width smaller than
maximum recommended
value for exposure class

200 + 1

Type of specimen

[ ]With corrosion-induced cracks
[ ]Without corrosion-induced cracks

150 1

100 A 1

Number of transverse cracks
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Fig. 2 Overview of cracks across the dataset

e Number of pits (Npits): the number of pits per meter
of bar.

e Pit position (P,), in mm: the distance between a pit
and its closest crack;

e Pit length (P;), defined as the length of a corrosion
pit on the reinforcement bar, in mm;

e Pit surface area (Pgy): the surface area of a pit on
the reinforcement bar, in mm?;

e Pit loss of cross-sectional area (P area), defined as
the maximum loss of cross-sectional area at a pit,
and in mm?;

e Pit depth (P gepm): measured in correspondence of
the maximum depth of the pit, in mm;

e Average pit corrosion rate (P, ): maximum depth
(or loss of cross-sectional area) of a pit divided by
the total exposure time of the specimen. This is not
to be confused with the actual corrosion rate; the
speed at which the reinforcement bar deteriorates
at a given time. The actual corrosion rate cannot be
calculated without knowing the actual period of
active corrosion, and it is expected to be highly
dependent on local conditions and to vary in time.
The period of active corrosion is not exactly
equivalent to the exposure time due to an expected
time to corrosion initiation. In one of the studies,
many of the specimens showed active corrosion
after a period between 1 and 10 days from the

beginning of the exposure period [64]. In this case,
considering the period of active corrosion equal to
the total exposure time may lead only to a
negligible error. However, in a different study,
the initiation phase for the specimens exposed for
the longest period of time (27 years) was estimated
to 4.5 years [65], though the estimation was based
on the time necessary for corrosion-induced
cracking to take place.

Not all specimens included in the dataset had infor-
mation available for every parameter. Also, not all
available information was directly comparable. Par-
ticularly, pit size was measured differently in various
studies. The largest part of the dataset defined corro-
sion damage as maximum loss of cross-sectional area,
while a significant part of it used pit depth to classify
corrosion pits, and a smaller part of it measured pit
surface area. Each type of measurement was treated
individually and considered not comparable to the
other ones. The same applies to measurements of
average corrosion rate, which were based on pit
growth measurements.

3.4 Statistical methods

In order to test the hypotheses formulated in Sect. 2,
statistical methods were applied to the collected data.
Specifically, the probability of a linear or monotonous
relationship between the collected parameters was
studied, using Pearson’s and Spearman’s correlation
coefficient. The methodology used is briefly summa-
rized in the following section.

3.4.1 Data treatment

The collection of data included obtaining information
from tables, graphs and images of the analysed
specimens, and data was stored in an object oriented
dataset. A combination of the software MATLAB and
the programming language R was used to store and
analyse data.

The first statistical test applied to the data was the
calculation of Pearson’s correlation coefficient (Pear-
son’s r) [66, 67]. Pearson’s correlation coefficient is a
measure of linear correlation between two sets of data;
the closer to 1 is the absolute value, the likelier it is that
a linear relation exists between the two sets of
variables. A condition to calculate Pearson’s r is that
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both variables should be normally distributed [68].
The skewness in the distribution of each parameter
was checked to assure that the normal distribution
condition was satisfied. This, however, was not the
case for many variables in the dataset. To calculate the
Pearson’s r, each variable was therefore first trans-
formed into a normally distributed variable. This was
done by applying a box cox transformation [69].
Following the box cox transformation, the values in
the variable were as well normalized. This was done to
avoid problems with values having drastically differ-
ent scales.

Together with the Pearson’s r, the statistical
significance of the test was calculated, expressed as
a p-value between 0 and 1. The statistical significance
of the test tells us if what is observed in the sample is
expected to be true in the population. The p-value is
the probability of obtaining the data observed in the
dataset, being the null-hypothesis true. The null-
hypothesis is the hypothesis that there is no significant
relationship between the two variables; any observed
correlation being due to sampling or experimental
errors. If the p-value is measured e.g. equal to 0.05,
there is a 5 % chance to obtain the results currently in
the sample in a world where the null-hypothesis (no
correlation) is true. The lower the p-value, the higher
the significance of the observed correlation. In this
work, a significance level of 5 % was used as
threshold, and two variables having a p-value greater
than 0.05 were considered uncorrelated.

Another coefficient used in this work is Spearman’s
rank correlation coefficient (p), which measures the
strength and direction of a monotonic association
between two variables [70]. If the relationship
between two variables can be perfectly represented
by a monotonous function, p assumes an absolute
value equal to 1. The sign, positive or negative,
indicates the sign of the correlation. The main
difference between Pearson’s and Spearman’s coeffi-
cient is that the first assesses linear relationships, while
the second assesses monotonic relationships. An
additional difference is that Pearson’s r works with
the normalized data values of the variables, whereas
Spearman’s p works with rank-ordered variables. The
same significance level of 0.05 was used for both
coefficients.

In the work presented in this paper, Pearson’s and
Spearman’s coefficients are used for different pur-
poses. When experimental choices are compared, the

Pearson’s coefficient is used. Experimental choices
are compared in order to look for possible biases in the
dataset, and the presence of a linear relationship
between two experimental parameters is a clear sign of
possible biases. The Spearman’s coefficient is used to
test the hypotheses on the collected data: in this case,
the presence of a monotonic trend between an
experimental parameter and a certain characteristic
of the corrosion pits would indicate that the experi-
mental parameter influences the corrosion process.
The influence of the parameters is not expected to be
linear.

4 Results and discussion
4.1 Presentation of the results

The relationship between the five hypotheses formu-
lated in Section 2 and the collected dataset was
analysed using statistical methods. To do so, the
likeliness of a linear or monotonic correlation between
the main parameters in the hypotheses formulation
was calculated.

Each statistical analysis is presented in the form of a
table, where the Spearman’s coefficient between the
parameters of interest is presented. For each couple of
parameters, the value of the Spearman’s coefficient is
indicated by a colour, following the scale below the
figure, where the colour blue represents positive
correlation and the colour red represents negative
correlation. The size of the circle relates with the size
of the absolute value of the Spearman’s coefficient: the
larger the circle, the higher the likeliness of the
existence of a monotonic relation between the param-
eters. Blank cells indicate a p-value larger than 0.05,
meaning that there is a probability higher than 5% that
the observed data have occurred due to chance in a
scenario where the null-hypothesis (no correlation) is
true, i.e. the two parameters are not likely to be
correlated. All statistical analyses in this work are
displayed in this format.

4.2 Correlation between experimental
configuration parameters

From the analysis of the hypotheses, it was evident
that correlations between choices made in the design
of the experiments influenced the results of the study.
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of the circles increases with the absolute values of r

This is partially due to the limited number of studies
included in the dataset.

In Fig. 3, the Pearson’s r was calculated between
experimental parameters in all experiments included
in the study. Observed correlations are described in the
following:

e The exposure time (E;) is strongly correlated with
many experimental choices in the dataset. Given
that corrosion rates where calculated from the time,
this introduced a bias in the dataset, that made it
difficult to interpret correlations between corrosion
rate and other parameters.

e Cover thickness (C;) varies between 16 mm and 46
mm in the presented dataset (see Fig.1). It is
positively correlated with exposure time (E;),and
average crack spacing (Cyy ). Studies with larger
concrete cover values are scarce. Increasing crack
distance is expected to increase local corrosion
rate, while increasing cover thickness is expected
to decrease it.

® Py, is negatively correlated with R,, ;.. This means
that slag was used as a substitute for part of the
cement only in concrete of higher quality. Both the
presence of slag and low water/binder ratio are
expected to decrease corrosion rate, but may
increase the relative effect of transversal cracks
[37].

e [, shows negative correlation with the percentage
of chlorides (R,;). Thus, unloaded specimens were
exposed to higher percentage of chlorides. The two
factors may counteract each other in short-term
experiments, as a higher percentage of chlorides is
expected to decrease the initiation time, but
cycling loading should favour penetration of
chlorides in cracks.

e Water/binder ratio (R,,/;) varies between 0.35 and
0.5, and was positively correlated to exposure time
(E;) and average crack spacing (Cy ). An increase
in average crack spacing is expected to increase
corrosion rate, and a decrease in water/binder ratio
is expected to increase the influence of cracks on
the corrosion distribution.

4.3 H1: Crack and pit location

Hypothesis 1 says in the presence of transversal
cracks, corrosion pits are more likely to form in the
proximity of a crack. Therefore, the main parameter
involved in this hypothesis is the location of the pits
with respect to the location of the closest cracks (P)).
This hypothesis was mainly analysed by observing
how the collected data were distributed: in Fig. 4, the
distance between each crack and the closest pit is
shown, normalized by the spacing between the two
cracks enclosing the pit. Thus, this ratio is relevant
only when smaller than 0.5; else the pit is considered
to belong to the influence area of the neighbouring
crack.

Two different cases are presented: specimens with
and without corrosion-induced cracks. In both cases,
pits were observed to typically appear close to a
transversal crack. Not all cracks were observed to have
a corresponding pit in their proximity: the presence of
corrosion at a certain crack, however, may electro-
chemically protect the rebar close to that spot,
preventing corrosion from taking place at neighbour-
ing cracks, as described by [71]. When corrosion-
induced cracks were present, the results showed that
the likeliness of corrosion at the crack increased
(compare Figs. 4 a and b). This was considered to be a
reasonable result, as the corrosion-induced cracks
were signs of corrosion, and also due to that these
rebars likely were further into the corrosion propaga-
tion phase.
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Both Figs. 5 and 6 could be used to further look into
H1. In Fig. 5, corrosion rate is calculated from the loss
of cross-sectional area, while from the maximum pit
depth in Fig. 6. It should be noted that Figs. 5 and 6
show results from two different subsets of data, as the
local corrosion level was measured in different ways
in different studies. By looking at the relationship
between the distance between a pit and its closest
crack (P,) and corrosion rate (Pre), it could be

0.2 0.25 0.3 0.35 0.4 0.45
Distance/crack spacing

0.5 No close pit

observed if the distance to the crack affects the
corrosion rate of the pit. In both figures, P, and Prye
were observed to have a negative correlation; imply-
ing that pits further away from a crack have lower
corrosion rate than pits closer to a crack. It can be
noted that the absolute value of the Spearman’s
coefficient varies between the two figures, with the
correlation being weak in Fig. 5, and stronger in
Fig. 6. The relationship between exposure time and pit
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depth and exposure time. Blank cells correspond to p-values
larger than 0.05. Note that the size of the circles increases with
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position may influence this observation. A positive
correlation between E; and P, indicates that additional
corrosion pits form further away from the crack with
increasing exposure time. This may be linked to a
higher chloride concentration in the concrete with

time. Further, the formation of corrosion-induced
cracks likely influences the distribution and formation
of additional pits. However, the correlation is weak:
this may be related to the limited variation in exposure
time of the specimens, especially to the scarce
availability of experiments with a length between 5
and 10 years.

4.4 H2: Crack width and corrosion rate

The second hypothesis says corrosion rate increases
with increasing crack widths for short exposure times.
For longer exposure times, crack width does not
influence the corrosion rate. Thus, we investigate the
correlation between corrosion rate (P,..) and crack
width (C,,), considering also the exposure time (E;) to
define short and long time studies. To support H2, the
dataset should show positive correlation between C,,
and P, for short term studies, and no correlation for
long term studies. However, it can be noted that the
hypothesis is based on a study [27] where short
exposure time was defined as 24 weeks, i.e. 6 months
and long exposure time defined as 88 weeks, i.e. 22
months. The minimum exposure time in the dataset
was equal to 18 months; thus all the specimens would
be considered long term with the definition in [27].

In the general data collection, no significant corre-
lation between crack width and corrosion rate is
observed; the p-value of the correlation is larger than
0.05, meaning that there is more than a 5 % chance that
the observed correlation is the result of chance and the
hypothesis of no-correlation is true. This is valid for
any extract of the dataset, even when only specimens
with exposure time shorter than 36 months were
considered (in Appendix).

The absence of correlation between C,, and Py
indicates that part of H2 holds on the dataset, i.e. for
long exposure times, crack width does not influence
the corrosion rate.

4.5 H3: Crack width and corrosion area

Hypothesis three says the extent of the corrosion area
is independent from surface crack width. H3 looks
hence into the correlation between crack width (C,,)
and the length of a corrosion pit (P;). No correlation is
expected between the two parameters, if the hypoth-
esis holds on the dataset.
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Fig. 7 Representation of the Spearman’s coefficient between
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values larger than 0.05. Note that the size of the circles increases
with the absolute values of p

In Fig. 7, the Spearman’s coefficient between the
main parameters is presented for the data in which
measurements of the length of the area containing the
corrosion pit are given. In Fig. 7, the crack width (C,,)
is negatively correlated with P;, which is not the
expected outcome. This would indicate that, in the
dataset considered in this study, smaller crack widths
correspond to corrosion pits covering larger areas.

This result does not agree with the expected one of
the hypothesis, which would be no correlation.
Further, it can be argued that a positive correlation
would be more reasonable than a negative, since large
surface crack width can intuitively be assumed to
correspond to a larger corroded area in correspon-
dence of the pit.

After looking at the correlation between the main
parameters, the dataset was checked for possible
biases resulting from the experimental configurations.
This was done by looking at correlation between
experimental choices. In Fig. 7, C, is shown to
correlate with three experimental choices: load type,
cover thickness and water/binder ratio. The correlation
with load type indicates that smaller crack widths, in
the dataset, correspond to statically and cyclically
loaded specimens. Loading during exposure is
expected to increase the damage area at the steel
concrete interface, giving access to the chlorides to a

larger area of the reinforcement bar [26]. If crack
width was measured after pre-cracking the specimens,
but before exposure (and corresponding loading), the
recording of the surface crack width was not affected
by the type of loading. Thus, larger slip and separation
zones may correspond to smaller surface crack width
in the dataset, thus possibly explaining the observed
correlation. Additionally, changes in loading condi-
tions during exposure time are expected to directly
influence surface crack opening, with crack widths
decreasing in unloaded specimens due to the absence
of applied loads.

Other observed correlations are increasing crack
width with cover thickness, which is expected, as same
specimens in the dataset are tested via 3-point
bending. Further, lower water/binder ratio corre-
sponds to larger crack width. Low water/binder ratio
is generally expected to decrease corrosion rate due to
decreased porosity causing, among others, increased
resistivity. Also these observed unintended bias of the
data provide possible explanations for the contradic-
tory result of this hypothesis.

4.6 H4: Crack width and cover quality

The fourth hypothesis says cover thickness and quality
influences the corrosion rate more than surface crack
widths do. The hypothesis looks therefore at the
correlation between corrosion rate (Pr) and three
other parameters: cover thickness (C;), water/binder
ratio (R,,), and crack width (C,). A negative
correlation is expected between P, and C, i.e. the
corrosion rate is expected to decrease with the cover
thickness. A positive correlation is expected between
Prye and R, .. the corrosion rate is expected to
increase with the water/binder of the concrete. Crack
width (C,,) was already observed not to have any
correlation with corrosion rate (P,,.) in the dataset
(Figs 5 and 6).

Py and cover thickness (C;) were as expected
strongly negatively correlated in one extract of the
dataset (Fig. 6), but weakly positively correlated in the
other (Fig. 5).

R, is negatively correlated with Pre in both
extracts of the dataset, though only weakly in Fig. 5.
This implies that corrosion rate increases with low
water/binder ratios, which opposes the formulated
hypothesis.
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Comparing Figs. 5 and 6 may help explain the
observed correlations. Specifically, we are looking at
correlations between experimental choices, and pos-
sibly at differences between these correlations in the
two extracts of the dataset. It is in fact important to
observe that the two figures are two different subsets
of the dataset, and are therefore based on two different
sets of data. The presence of biases in the two subsets
could in fact influence the observed correlation
between the main parameters.

When looking at the correlation between exposure
time E, and C; and R,;, it may be noted that the
correlation has the same strength, but opposite sign
with respect to the correlation the two variables have
with Pr. The exposure time is an experimental
choice, and so are cover thickness and water/binder
ratio, therefore the existence of a correlation can be
considered a bias of the dataset. Corrosion rate is
calculated from the exposure time, and this appears to
result, in Figs. 5 and Fig. 6 in a strong correlation with
the parameters the exposure time is correlated with.
Even strong correlations are therefore likely to be a
result of this bias, and cannot be considered represen-
tative of the effect of concrete thickness or water/
binder ratio on the corrosion rate.

It is worth observing how corrosion rate (Ppae)
correlates with exposure time (£;). Both in Figs. 5 and
6 , P and E, are negatively correlated. Py 1S
defined as the ratio of the loss of cross-sectional area or
the maximum depth of the pit to the exposure time. A
strong, negative correlation, as the one observed,
indicates that the depth of observed corrosion pits
seems to grow slower with time.

In Figs. 5 and 6 , R, appears to be positively
correlated with the relative position of the pit with
respect to a crack (P,), possibly suggesting that the
formation of corrosion pits is less localised at cracks
for the case of porous concrete. However, it is as well
important to notice that the variability in cover
thickness and water/binder ratio in the dataset is
limited (see Fig. 1).

The effect of cover quality can be further investi-
gated by looking at Fig. 8. In Fig. 8, the Spearman’s
coefficient between the main parameters for each
reinforcement bar in the dataset is presented. Ncracks
represents the total number of cracks per meter of bar,
and N, is the number of pits per meter of bar. The
number of pits per meter is observed to increase with
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Fig. 8 Representation of the Spearman’s coefficient between
main parameters for each reinforcement bar in the dataset. Blank
cells correspond to p-values larger than 0.05. Ngpacks represents
the total number of cracks per meter of bar, and Ny is the
number of pits per meter of bar

R,,/; and decrease with increasing C;. An increase in
cover thickness is expected to be beneficial for
preventing corrosion damage, while more porous
concrete may facilitate the formation of corrosion pits
in the case of uncracked concrete. The number of pits
is as well observed to increase with corrosion time,
which is expected.

To conclude, the impact of cover thickness and
quality on the corrosion rate was not possible to assess
due to biases in the dataset. However, an increase in
cover thickness appears to correspond to a decrease in
number of pits per meter of bar, while, when porous
concrete is used, corrosion pits may be located further
away from transversal cracks. It is also particularly of
interest to observe that corrosion pits do not appear to
significantly increase in depth with increasing corro-
sion time. However, they appear to increase in
number.

4.7 HS: Crack frequency and corrosion

The fifth hypothesis says that increased crack fre-
quency (smaller crack distance) causes reduced local
corrosion rate. This hypothesis thus focuses at the
correlation between the average distance between the
cracks Cy,, and corrosion rate Pry.. In Figs. 5and 6,
the correlation between the two variables was
observed to be negative: corrosion rate decreased
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with increasing crack distance (i.e., decreased crack
frequency). This result is the opposite of the formu-
lated hypothesis.

Possible biases in the dataset may be observed by
looking at how different experimental choices corre-
late with C,,. As in Section 4.6, the correlation
between C,,, and E; appears to be the main reason for
the correlation between Cyy ,, and Prye.

In Fig. 5 and 6, C,y,, is positively correlated with
pit position (P,), indicating the presence of pits further
away from the crack with increasing average crack
distance. This may as well be a result of the
experimental bias in the dataset between the exposure
time and C,,,: specimens with the longest exposure
time likely developed corrosion-induced cracks, thus
possibly influencing corrosion distribution.

4.8 Recommendations for future experimental
work

The observed correlations between experimental con-
figuration parameters described in Section 4.2 repre-
sent unintended bias in existing experimental data. Itis
recommended that future experimental work is
designed to address this bias. It is recommended to
execute long-term experiments on natural corrosion in
pre-cracked specimens in chloride environment, and
to carefully document (evolution of) cracks and
corrosion characteristics, such as pit locations and
characteristics. Note that the weight loss method does
not provide sufficient information on the pit charac-
teristics; instead, 3D scanning of rebars after exposure
is recommended as a suitable method. Possibly even
better would be to use X-ray at several occasions
during the exposure time, as this method has potential
to follow the evolution of corrosion characteristics (pit
growth), see [72] [73]. To reduce the bias indicated in
Section 4.2, the design of future experimental series is
recommended to focus on:

e Varying exposure time for the same setup. The
mentioned use of X-ray during the exposure time
has potential to address this lack of data.

e Decoupling the effect of cover thickness and crack
spacing by combining large concrete cover with
small average crack spacing, and small concrete
cover with large average crack spacing.

e Decoupling the effect of concrete quality and crack
spacing by combining good concrete quality and

niEm

small average crack spacing, and low concrete
quality and large average crack spacing.

To obtain the desired combinations of e.g. large
concrete cover and small average crack spacing,
careful design of the specimen geometry, reinforce-
ment ratio, reinforcement diameter, and loading
mechanisms is required, possibly also loading includ-
ing combined bending and tensile load.

Finally, the measurement of surface crack width
deserves commenting, as different measurement
methods were used in the studies described. The
following choices may affect these measurements:
when measurements are done, on wet or dry speci-
mens, at different locations, and with different instru-
ments. Standard definitions of what the surface crack
width is and how it should be measured would
certainly be helpful. In absence of such definitions,
we recommend to measure at several times before,
during and at the end of exposure, and to clearly define
the procedures chosen.

5 Conclusions

In this work, a compilation of data from literature on
corroded reinforced concrete specimens exposed to
chloride environments is presented. All of the spec-
imens were pre-cracked in 3-point bending and
exposed to solutions of water and salt. Five hypotheses
on the effect of transversal cracks on corrosion
characteristics were formulated based on literature
findings. Statistical methods were used to test the
hypotheses on the collected dataset. The following
was observed:

e Corrosion pits typically appeared close to a crack.
The closer the pit was to a crack, the higher the
average corrosion rate of the pit.

e In general, no correlation between crack width and
average corrosion rate was observed, neither in
long- nor short-term experiments.

e In the dataset, smaller crack widths surprisingly
correspond to larger pit lengths. This is probably
due to unintended bias in the dataset, e.g. that
statically and cyclically loaded specimens hap-
pened to have smaller crack widths than unloaded
specimens.
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e The depth of corrosion pits seem to grow slower
and slower with time. In contrast, the number of
corrosion pits per meter was observed to increase
with time. This may be related to a higher chloride
concentration in the concrete with time, and/or the
appearance of corrosion-induced cracks.

e Results point out discrepancies in the type of data
collected by different researchers, arguing for the
need of clearly defined procedures for the assess-
ment of crack openings and corrosion damage.

Finally, it can be concluded that the availability of
experimental data was relatively scarce, and included
some unintended bias. More, well-documented exper-
iments on naturally corroded concrete structures
exposed to chloride environments are needed to
improve our understanding, and possibly for develop-
ing new guidelines for corrosion prevention. The
statistical analysis was used to identify bias in the
existing data. This was compiled in the form of
recommendations for future experimental work
required to reduce the bias.
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Fig. 9 Representation of the Spearman’s coefficient between
various parameters in an extract of the dataset where the surface
of the pit is used to calculate corrosion rate. Blank cells
correspond to p-values larger than 0.05
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Fig. 10 Representation of the Spearman’s coefficient between
various parameters in an extract of the dataset where no
corrosion cracks are present. Blank cells correspond to p-values
larger than 0.05
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Fig. 11 Representation of the Spearman’s coefficient between
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Fig. 12 Representation of the Spearman’s coefficient between
various parameters in an extract of the dataset where only
specimens with short exposure time are selected. Corrosion rate
is calculated from the maximum loss of cross sectional area.
Blank cells correspond to p-values larger than 0.05
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Fig. 13 Representation of the Spearman’s coefficient between
various parameters in an extract of the dataset where only
specimens with short exposure time are selected. Corrosion rate
is calculated from the maximum depth of the pit. Blank cells
correspond to p-values larger than 0.05

Appendix

In this section, different extracts of the dataset are
presented, to complement those shown in the main
article.

In Fig. 9, the Spearman’s coefficient between the
main parameters is presented for data in which
corrosion rate is measured based on the surface area
of the pit.

In Fig. 10, the Spearman’s coefficient between the
main parameters is presented for data collected from
specimens in which no corrosion-induced cracks are
present.

In Fig. 11, the Spearman’s coefficient between
various parameters is presented for data collected from
specimens in which corrosion-induced cracks are
present.

In Fig. 12, the Spearman’s coefficient between the
various parameters is presented for data collected from
specimens exposed to an environment with chlorides
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Fig. 14 Representation of C
the Pearson’s coefficient t
between experimental

parameter. Blank cells ’[Chovleé‘l 1.00
correspond to p-values 1CKNESs
larger than 0.05
Percentage
slag
of slag

L; Type of load

Rei

for less than 36 months. Corrosion rate is defined as the
ratio between the maximum loss of cross-sectional
area in the pit and the total exposure time.

In Fig. 13, the Spearman’s coefficient between
various parameters is presented for data collected from
specimens exposed to an environment with chlorides
for less than 36 months. Corrosion rate is defined as the
ratio between the maximum depth of the pit and the
total exposure time.

In Fig. 14, the Pearson’s coefficient between var-
ious experimental choices is presented together with
the associated p-values. In table the corresponding p
values are given.
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