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Time-to-corrosion (T;) of reinforcement in concrete and chloride threshold content (Cg;) are important
service life determinants for reinforced concrete structures in chloride-laden environments. In this study, the
two determinants of a series of self-compacting concretes (SCC) and regular concretes were experimentally
investigated. A new sampling approach for Cy, determination (milling powder from corrosion active site at
the rebar/concrete interface) was adopted to accurately express chloride content resulting in corrosion
occurrence. It is found that the T; and Cy, follow the 3-parameter Weibull distribution. The results indicate
that the corrosion initiation of rebar in concrete slabs depends upon both cement alkalinity and
superplasticizer. Rebar, embedded in high alkalinity cement SCC, exhibits better corrosion resistance as
indicated by the longer T;, higher Cy, and larger Weibull modulus, m. A larger Weibull modulus indicates that
anti-corrosion performance of rebar in slabs is more stable and less scattered. The effects of specific
superplasticizer on rebar corrosion resistance are discussed from the viewpoint of air void amount and size

distribution at the rebar/concrete interface.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of reinforcing steel bar (rebar) due to chloride ingress is
one of the major mechanisms leading to the premature degradation of
concrete structures such as highway bridges. It causes immense
economic loss and safety implications [1-3]. Chlorides, from either
marine environments or deicing salt applications, can compromise
rebar passivity and initiate active corrosion once the CI~ content at
rebar depth reaches a threshold level (Cy). The time it takes for
chlorides to reach this Cy;, defined as time-to-corrosion, T;, is the most
critical factor in determining the resistance of reinforced concrete to
the chloride-laden environment. Therefore, both C,; and T; are
important service life determinants for reinforced concrete
structures [4,5].

Numerous studies [6-16] have been conducted and reported,
with experimental or modeling approaches (or both), that these two
determinants can change as a function of cement type, reinforcement
type, mix design, exposure conditions, etc. Nonetheless, all these
studies are limited to conventional Portland cement concrete (PCC)
and there has been little research focused on the corrosion initiation
of rebars in self-compacting concrete (SCC). In recent years, SCC has

* Corresponding author. Tel.: +1 210 522 5728; fax: +1 210 522 5122.
E-mail address: hui.yu@swri.org (H. Yu).

0008-8846/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2010.06.004

gained popularity with the construction industry, as it features
improved placeability of fresh concrete and thus eliminates the
need for noisy, energy-consuming compaction or for concrete mixes
with a high water-to-cementitious-material ratio. SCC, generally
achieved by admixing superplasticizer into concrete mix, is a
desirable alternative to PCC, particularly in construction projects
where compaction is difficult to achieve. Therefore, it is necessary to
understand the corrosion performance of rebar in SCC, especially the
impact of superplasticizer addition.

A wide range of G, and T; values have been reported for corrosion
initiation of rebar in PCC, owing to the probabilistic nature of rebar
corrosion initiation as well as the variability of chloride exposure
conditions. Glass et al. [17] and Alonso et al. [18,19] summarized
historical literature and noted that Cy, values spread over more than
one order of magnitude. The complexity inherent in Gy, and T; is that
they are affected by a number of factors interdependently. It is
believed that the following variables ultimately define these two
determinants: 1) type of raw materials (especially cement composi-
tion) and admixtures; 2) mix design (especially water-to-cement
ratio, w/c); 3) execution and curing circumstances; 4) type of steel bar
(hot-rolled, hot-rolled micro-alloyed, temperature, work-hardened
etc.); 5) rebar surface condition; 6) exposure conditions; and 7)
sampling method for chloride analysis [20]. Another factor contrib-
uting to the complexity is the approach employed to determine
T;. Currently, even though there are several electrochemical methods,
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e.g., polarization resistance and electrochemical impendence (EIS) are
available for laboratory and field practice, half-cell potential coupled
with macro-cell current measurement is the most popular approach
and has been standardized [21] for T; determination.

Recently, the physical condition of rebar/concrete interface
(especially entrapped air void content) was found to be more
influential for Cy, than the chloride binding or buffering capacity of
cement paste matrix [16]. Laboratory observation shows that even for
seemingly identical concrete slabs, variability of Cy and T; is
introduced by micro-structural factors such as the size and distribution
of entrapped air voids, and the arrangement of aggregates which can
significantly affect the tortuosity of chloride ingress path [22]. Monfore
and Verbeck [23] reported a correlation between entrapped air voids
and sites of corrosion initiation, but only limited efforts have
subsequently focused on this topic. At the rebar/concrete interface,
the sites with entrapped air voids feature the absence of hydration
products and allow easy access for dissolved oxygen and free chlorides.
As such, an increasing air void content at the interface leads to a greater
probability of lower Cg, [16]. Further, Soylev and Francois [24] argued
that at the rebar/concrete interface macro-defects have a direct impact
on corrosion whereas micro-defects have no significant effect. Macro-
defects herein imply large air voids and/or gaps formed beneath the
horizontal reinforcement as a result of bleeding and settlement of
fresh concrete.

The method that has been used to determine the chloride content
or its profile in concrete certainly contributed to the variability in
reported Cy, values. Traditionally, both the chloride content profile in
concrete and the Cy, value are determined using the coring method,
which involves acquisition of one or more cores from sound concrete
between reinforcements at the time of active corrosion initiation. The
cores are sliced and analyzed for their chloride content, and the
chloride content in the slice corresponding to the reinforcement cover
is defined as C;,. Recently, both experimental [20,25-29] and modeling
[30-34] studies revealed that chloride content at the top of the rebar is
higher than that at the same depth away from the rebar. This was
explained by the relatively low content of coarse aggregates in the
vicinity of the rebar [22] as well as the rebar serving as a physical
barrier to chloride migration [26,27].

In addition, the probabilistic nature of local corrosion is an important
factor resulting in scattered Cy, and T; values. Hartt and Nam [25]
reported a range of values for G, and T; with seemingly identical slabs
and the same exposure condition. The results indicate that these two
service life determinants should be represented by a probability
function instead of a specific value. However, there is limited research
on the probabilistic nature of how mix design and other factors impact
corrosion initiation (as indicated by Cy; and T;), especially when applied
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to SCC[28,29]. A statistical approach that can effectively characterize T;
and Cy, and assess the corrosion initiation risk in SCC is thus much
needed.

The aim of this study was to investigate and discuss the probabilistic
nature of rebar T; and Gy, in SCC, with regular PCC slabs as control. Air
voids at the rebar/concrete interface have also been analyzed, in light of
their potential impact on the variability of T; and Gy, in SCC.

2. Experimental

In this study, a series of ASTM G109 [35] type (schematics of which
are shown in Fig. 1) SCC and regular PCC slabs were cyclically exposed
to chloride solutions and continuously monitored for corrosion
potential and macro-cell current in order to determine T;. Subsequent
to corrosion initiation, the slabs were dissected and the chloride
content was determined from titration results of milled concrete
powder acquired from both corrosion active and passive sites atop of
rebar. The amount and size distribution of air voids at the rebar/
concrete interface were also analyzed to facilitate explanation of the
abovementioned experiment results.

2.1. Materials

Two kinds of type I Portland cement were employed to cast the
reinforced concrete slabs, with composition listed in Table 1. The
equivalent alkalinity (Na,O-equivalent) of each was determined from
the following expression,

Na,0—equivalent = Na,0(wt.%) + 0.658 x K,0(wt.%). (1)

As such, the Na,0-equivalent was calculated to be 0.39% and 1.14%
with the former designated as NA (normal alkalinity) and the latter
HA (high alkalinity). These same designations (NA, HA) were used to
identify individual slabs according to the employed cement type.
Physical characteristics of both coarse and fine aggregates used to
fabricate the concrete slabs are provided in Table 2. Rebars used for
this study were of Grade #5 carbon steel, with a nominal diameter of
15.9 mm (0.625in.). A commercial high-range water reducing
admixture (superplasticizer), PLASTOL 5000, manufactured by Euclid
Chemical (Cleveland, OH), was used to improve the flowability and
placeability of fresh SCC batches.

2.2. Slab preparation

The procedures of concrete slab fabrication and rebar preparation
followed ASTM G109 [35]. When the concrete batches were ready,
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Fig. 1. Schematics of ASTM G109 slab geometry.
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Table 1
Chemical composition of normal alkalinity (NA) and high alkalinity (HA) cements.
Chemical composition ~ Si0,, Al,03, Fe,03, CaO, MgO, SOs, NaO,
% % % % % % %
NA, Cemex, Brooksville, 21.66 4.82 3.8 63.53 0.68 297 0.08
type |
HA, St Mary's 20.08 495 3.05 61.98 252 42 0.278
Detroit, MI
K;0, TiO;, P05, Mny03, SrO, F %  Cry0;3,
% % % % % %
NA, Cemex, Brooksville, 0.47 0.29 0.081 0.049 0.06 0.052 0.002
type |
HA, St Mary's 1.15 026 0178 0.074 0.09 0.057 0.002
Detroit, MI

seven duplicate slabs were fabricated for each set. Six slabs were
used for exposure to chlorides and the remaining one was used for
characterizing the air voids at the rebar/concrete interface. Table 3
tabulates mix design and properties of the concrete batches. The slabs
were poured with the molds upside-down relative to slab orientation
during exposure. As such, there was a greater risk of air voids caused by
air bubbles and bleeding forming at the top rebar surface relative to the
bottom.

Concrete batch nomenclature: SCC50NA and SCC50HA are the 0.5
w/c, normal and high alkalinity SCC slabs, respectively. 50NAR and
50HAR are the 0.5 w/c, normal and high alkalinities, regular concrete
slabs, respectively.

2.3. Slab exposure and monitoring

Prior to being cured in a moist room (relative humidity approxi-
mately 90%) for 28 days, the slabs were kept in molds for 24 h after cast.
Subsequently, chloride exposure for all the slabs started, following a
one-week wet and one-week dry ponding cycle. To compensate for
water loss during the process of epoxy coating etc. in the relatively
dry environment, ponding cycles were built up carefully. Distilled
water was used for ponding in the first two cycles, followed by 3% NaCl
solution cycle ponding in the next two cycles, and 9% NaCl solution cycle
ponding in the two cycles thereafter. Subsequently, 15% NaCl solution
cycle ponding was employed until active corrosion of the top rebar
commenced.

In this study, T; was determined by monitoring of the top rebar
potential and macro-cell current flowing between the top and bottom
rebars. Measurements were taken at the end of each wetting/drying
cycle to indicate whether the top rebar was in a passive or active state. In
the beginning, active corrosion was defined as having commenced if, for
two consecutive data acquisition periods, the macro-cell current was
10 pA or greater, or the electrochemical potential for the top bar was
—280 mV vs. Saturated Camel Electrode (SCE) or more negative [21].
Thereafter, the activated slab was dissected for visual examination of
corrosion sites and chloride analysis. Please note that the potential
difference between the top and bottom bars, the IR drop, initially was
very low. Therefore, the measured potential differences are considered
predominantly as a result of the corrosion of the top bar.

The first several dissected slabs indicated that the abovementioned
criterion was too conservative to define corrosion initiation since these
top rebars had one or more pronounced corrosion spots observed on
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their surface and large areas of rust at the rebar/concrete interface (as
shown in Fig. 2a). Subsequently, the corrosion initiation criterion was
adjusted to be that the macro-cell current was measurable (>0.1 pA) or
the corrosion potential for the top bar was — 100 mV (vs. SCE) or more
negative for two consecutive data acquisition periods. Visual observa-
tion revealed small corrosion spots on the top rebar (as shown in
Fig. 2b), which suggests that corrosion had just initiated. For the slabs
dissected according to the 10 pA/—280 mVscg criterion, the T; values
were tracked back to the date when it met the revised criterion. Since
the two criteria led to less than 10% difference in T;, the chloride content
values were assumed to be approximately the same, since no back
calculation for the chloride contents in these slabs was feasible.

2.4. Slab autopsy

The exposure of individual slabs was terminated once active
corrosion was determined. Slabs were then cut along the plane of the
top bar on both longitudinal sides using a hand power-saw with
diamond-cutting blade. After cutting, the slabs were opened by tapping
along the saw cut with a chisel and hammer. To further confirm
corrosion occurrence and adopted corrosion criterion, the sign of
corrosion products on rebar was checked by visual inspection and
recorded using a digital camera. The photograph in Fig. 2 illustrates the
corrosion sign on rebar surface and corrosion products at the rebar/
concrete interface. Also indicated in Fig. 2 are nominal corrosion active
site and passive sites. In most cases, the dissection of the slabs was
performed within a few days after active corrosion occurred and in
limited cases within a week. This period is much shorter than the overall
test duration (the time-to-open). Therefore, the electro-migration of
chloride from the passive sites to the active sites in this short period can
be neglected and the acquired chloride contents are roughly considered
as chloride content at T;.

2.5. Chloride content determination

In this study, milling of concrete along the top of the upper bar
was employed to obtain powder samples for chloride analysis. Each
concrete slab was first dissected and fractured along the plane of the
top mat and its upper portion was then placed inverted in a mill. A
cutter pass was made approximately 0.6 mm deep into the concrete
along the top of the rebar trace where the steel remained passive. The
acquired powder was for chloride content analysis at the passive site.
At active corrosion sites (sites where corrosion products were seen),
which were relatively small, concrete powder was milled and
collected from an area approximately 0.6 mm deep and 5 mm wide.
For each dissected slab, the concrete powder samples were individ-
ually analyzed for chloride content following the Florida Department
of Transportation (FDOT) wet acid soluble method [36]. Note that the
sampling process and chloride content analysis were conducted
immediately after slab dissection.

The chloride content profile along the rebar/concrete interface
length of slab SCC50HA#1 was also analyzed using an energy-dispersive
x-ray (EDX) spectroscope (manufactured by Oxford Inc.), which had a
resolution of 5 eV per channel and a scan range of 0-10 keV. The surface
composition was analyzed using the INCA software. It is worthy to note
that, for data from EDX, the chloride content is the atomic weight
percent of all possible elements; whereas, chloride content data from

Table 2
Material type and physical properties of coarse and fine aggregates.
Properties Material type Specific gravity Saturated gravity =~ Absorption  Fineness Fineness modulus Sand
(surface saturated dry) (dry bulk) (%) modulus (standard derivation) equivalent
Coarse aggregate  Olitic limerock (Florida Limestone)  2.426 2.349 3.26 - - -
Fine aggregate Silica sand - - - 222 0.05 100
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Table 3
Mix design and physical prosperities of the concrete batches.

Batch# Cement alkali ~ w/c  Cement kg/m®>  Water kg/m>  Sand kg/m>  Stone kg/m>  Superplasticizer ml ~ Slump cm  Spread cm  Air content %
SCC50NA 0.4 0.5 367.8 1839 1004.6 732.2 101.8 20.6 66.0 7.6
50NAR 0.4 0.5 367.8 183.9 1004.6 7322 229 35.6 3.1
SCC50HA 1.1 0.5 367.8 1839 1004.6 732.2 119.7 26.7 64.8 6.6
50HAR 1.1 0.5 367.8 1839 1004.6 732.2 12.7 24.1 33

wet acid soluble method [36] is based on chloride content per mass of
concrete.

2.6. Air void analysis

For the slabs dissected immediately after curing (without exposure
to chloride solutions), the air void amount and size distribution at the
top half bar trace were analyzed, as described below. Depending on the
shape, the voids were treated as either half sphere or ellipse. In the latter
case, the void diameter was defined as one-half the sum of the length of
the major and minor axes. A caliper was used for void size measurement.
Only air voids no smaller than 0.1 mm (in diameter) were counted with
naked eyes assisted by an optical microscope with magnification up to 5
times. All air voids equal to or smaller than 0.5 mm in diameter were
counted as 0.5 mm in diameter. Similarly, larger air voids were counted
and sorted in 0.50-mm increments. Fig. 3 schematically describes the
method for measuring and calculating the air void diameter and Fig. 4
shows an example photograph with air voids at rebar trace. Please note
that no analysis was performed to directly correlate air void to corrosion
active site.

3. Results and discussion
3.1. Distribution of time-to-corrosion

Figs. 5-8 display the potential and macro-cell current as a function
of exposure time for four sets of slabs respectively. Five of the six
SCC50NA and SCC50HA slabs became active (corrosion initiated at the
top bar) whereas all six of the 50NAR and 50HAR slabs became active.
For active slabs, there was no clear correlation between the varying
potential and macro-cell current data after corrosion initiated.
Nevertheless, for most cases, the more abruptly the potential drop
at corrosion initiation, the greater the macro-cell current.

The data of time-to-corrosion of the slabs, T;, were experimentally
determined and are summarized in Table 4. We can see that T; in each
group is highly scattered. As such, the T; can be treated as a random
variable because it is affected by the diverse factors mentioned in the
introduction section.

When the chloride is accumulated at the rebar/concrete interface
with increasing exposure duration, the corrosion will initiate at the
weakest point(s) of the interface. This kind of problem can be dealt
with the weakest link theory developed by Weibull [37]. The Weibull
treatment of failure is in two parts: (1) a weakest link argument
leading to size dependence for the distribution of corrosion resistance
and (2) the assumption of a particular statistical distribution function
[38]. The size may be volume, area or length, depending on the
problem addressed. In the present study, since corrosion occurs on the
interface of rebar/concrete, the size is defined as the area of interface.
The weakest link argument is based on the idea that failure at any
flaw leads to total failure and the interface is homogeneous in the
sense that the flaws are distributed throughout the interface. Assume
that the total area of the rebar/concrete interface exposed to the
environment containing chloride with a concentration C at the
moment T is A and divide it into a very large number of elements n
of equal size AA. Take Py; (T, AA) as the probability of failure from the
ith area element by a concentration C at the moment T. The probability
that this element survives is therefore 1—Py; (T, AA). Since the
chloride concentration is taken to be the same for all area elements
and the interface is assumed to be homogeneous, all Pf; (T, AA) can be
taken the same, Py; (T, AA). For the entire interface to survive the
corrosive environment, all the surface elements must survive so that
the total probability of survival, 1 —Pf (T, A), of an interface A =nAA
under a homogeneous environment is given by [38]

, P,(TAAN" n
114 = -pr.ay = 14200 [1-2en)” @

where we have assumed that as n increases Py; (C, AA) / AA approaches
a limit ¢(C). As the interface is subdivided into larger numbers of
smaller elements, n approaches infinity and AA approaches zero. Then

lim, ... (1—%)" = exp(—x) 3)
So that
P(T,A) = 1—exp[—Ap(T)]. (4)

(@)

Fig. 2. Example photograph illustration of autopsied slabs with rebar corroded.

(b)
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a) Half sphere (Dia. = D)

D1

A

D2

b) Elliptical shape (Dia. = [D1+D2)/2)

Fig. 3. Schematic description of air void diameter measurement.

This argument shows that the probability of failure of the rebar
depends exponentially on the interface area times a risk function ¢(T)
that characterizes the chloride content-dependence of cumulative
failure probability per unit area at the limit of small area. This weakest
link argument does not give a specific form for ¢(0), but clearly it must
be a monotonically increasing function of T. Weibull [37] assumed the
form

@(T) = [(T—To)/ Xo™ )
In Eq. (5), Ty is the threshold exposure duration to initiate corrosion

(before which Py=0). This gives the probability of failure of the rebar,
Py, as

Pr=1—exp [A <T£:°> n} : (6)

Eq. (6) is the three-parameter Weibull distribution with the scale
parameter,

1

To=20AT" (7)

In order to determine the threshold T, and Weibull modulus, m,
the cumulative probability Pr in Eq. (2) was estimated with the
empirical Eq. (8),

i—0.3
I~ k+o04 ®)

where, k is the total number of active slabs in each set and i represents
the ith active slab in that set. Eq. (6) can thus be transformed into the
following:

In(—In(1—Py)) = m x In(T—T,). 9)

Fig. 4. An example photograph illustrates air voids at rebar trace.

Accordingly, In(—In(1 — Pf)) vs.In (T — Ty) would be a straight line
with a slope of Weibull modulus, m, as shown by the data in Fig. 9. The
values of Tp and m for each group of slabs were determined from the
test data utilizing the trial-and-error method while the correlation
coefficient of the least-squares fitting curves is maximized.

The mean T;, Tp and m for each slab set are summarized in Table 4 and
Fig. 10. The order of mean T; is: SCC50HA> 50HAR>SCC50NA>50NAR
and that of T, is: SCC50HA>50HAR>50NAR>SCC50NA. For mean T;
rebar in slabs with high alkalinity cement, SCC50HA and 50HAR, are 3.9
and 3.6 times as long as that for the corresponding rebar in slabs with
normal alkalinity, SCC50NA and 50NAR, respectively; for Ty, this
discrepancy is 8.33 and 2.56 times respectively. These results demon-
strate that the rebar embedded in slabs made with high alkalinity
cement had much better resistance to chloride-induced corrosion and
extended T; than that in slabs made with normal alkalinity cement.
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Fig. 5. Evolution of (a) potential and (b) macro-cell current over time for five G109
SCC50NA slabs.
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Fig. 8. Evolution of (a) potential and (b) macro-cell current over time for six G109
Simultaneously, higher Weibull modulus, m, acquired for rebar in slabs ~ 50HAR slabs.
with high alkalinity cement indicates that a small scatter of T;. Similar
phenomenon was also reported in literature [25]. This suggests that concrete made with high alkalinity cement featured more consistency
concrete microstructure at the rebar/concrete interface, relative to

concrete made with normal alkalinity cement.

. Table 4
% Experimental and analytical results.
g BatchNo. ID T, Mean T; To, m Chloride content Chloride
> days (T), days days at passive site,  content at
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@ The chloride content was not tracked back to T;.
Fig. 7. Evolution of (a) potential and (b) macro-cell current over time for six G109 b There were significant defects on the slab surface and data was deleted.
SCC50HA slabs. ¢ Slabs where the top bar had not corroded.
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Fig. 9. T; Weibull distribution plot for each mix set.

Addition of specific superplasticizer in mix batch with high
alkalinity cement further improved the corrosion resistance of rebar
in concrete. This is supported by the fact that the values of mean T;, T,
and m were all higher, 1.3, 1.6 and 1.3 times respectively, for SCC50HA
than that for 50HAR. The better corrosion resistance of SCC50HA can be
attributed to the improved workability and flowability of the fresh SCC
concrete, as indicated by the higher slump and spread values relative
to the conventional concrete mixes (shown in Table 3). Another factor
to consider is the effect of superplasticizer addition on the amount and
size distribution of air voids at the rebar/concrete interface, which will
be discussed later.

In the case of concrete mixes with normal alkalinity cement,
however, SCC50NA had higher mean T; but lower To and m values than
50NAR, implying the negative impacts of superplasticizer addition in
normal alkalinity cement on rebar resistance to corrosion. The actual
discrepancies should be greater than those shown in Table 4 because
there was one more rebar in SCC slab that had not shown active
corrosion until end of the experiments. The actual Weibull modulus
(or the slope of the Weibull plot) would be even smaller, and the
mean T; be greater and Ty be less for the SCC slabs. In the viewpoint of
reliability, the SCC slabs with the normal alkalinity cement showed a
higher risk for earlier corrosion initiation, implying that the specific
superplasticizer to be utilized in concrete should be carefully selected.
Higher air content (7.6%) and much more air voids at the rebar/
concrete interface of normal alkalinity cement SCC slabs might have
played a more negative role on this reduced corrosion resistance,
which will be discussed later in detail.

It is worthy to note that the findings and conclusions mentioned
above were based on laboratory experiment of a relatively small set of
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Fig. 10. Plot of mean T; (T,,), To and m for each mix set.

samples. More laboratory and field experiments are needed to
confirm these conclusions before putting them into engineering
application.

3.2. Chloride analysis

The data of chloride content are summarized in Table 4 and plotted
in Fig. 11. The chloride contents experimentally measured from passive
and corrosion active sites of different slab sets increase linearly with the
logarithm of time-to-open regardless the different composition and
microstructure of the concrete sets. In spite of the large scatters of
experimental data, it is still observable that the average chloride content
at the active spots are, at a given exposure duration, higher than those at
the passive sites. This phenomenon cannot be revealed by the
traditional coring sampling approach. If extrapolating the straight
lines of chloride content vs. log(typen) to zero time-to-open, we can
obtain the minimum duration required for chloride ions reach the rebar
surface via mass transport. The data in Fig. 11 indicate that the minimum
duration required arriving at the active and passive sites are almost
same. However, the exact mechanism to produce the uneven
distribution of chloride on the rebar surface is still unknown. Herein,
we propose a possible mechanism to interpret this phenomenon.
The chloride accumulation at the active spots is faster than that at the
passive sites owing to defects presence at the rebar/concrete interface.
However, direct experimental evidence is needed to confirm this
mechanism.

Fig. 12 shows a plot of chloride data from Table 4 partitioned
according to, first, the different concrete sets and, second, active
versus passive locations. This plot illustrates that both the SCC and
control regular slabs employed high alkalinity cement generally had
higher chloride content at corrosion active and passive sites than
normal ones. Several mechanisms may be at play that contributed to
chloride content difference induced by the cement alkalinity. First and
the most important of all, an approximate function [39], as described
in Eq. (10), can be used to explain the correlation between chloride
content and cement alkalinity.

pH = xPM + yPCl + M (10)

where the concentration index of hydroxyl anion (pH), metallic
cation (PM), and chloride anion (pCl), coefficients x and y, and M is a
constant, respectively. From Eq.(10), with the increasing pH, higher
chloride content is needed to initiate corrosion of rebar. In other
words, the higher pH causes the need for more chloride to be present
before a critical level is reached that disrupts the passive film. This is
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Fig. 11. Chloride content at corrosion active and passive sites respectively as a function
of time-to-open for all the slabs.
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Fig. 12. Chloride content at active and passive sites respectively as a function of time-to-
open and concrete mix.

the dominant mechanism. Secondly, a two-fold decrease in the
effective CI™ diffusion coefficient (D) [40] has been reported for a
Na,0-equivalent increase in the approximate range involved here.
Finally, higher Na,0-equivalent has been reported to result in reduced
Cl™ binding [41], and thus higher availability of free chlorides. This
has the opposite effect of the first two mechanisms and apparently
plays a relatively minor role.

To further verify the non-uniform chloride content distribution at
rebar/concrete interface, the top of rebar trace for slab SCC50HA#1
was sectioned into seven pieces after dissection, as shown in Fig. 13(a).
For each piece, chloride content at two spots, one of which at the left
side of rebar/concrete interface and the other at the right, was
determined using the EDX. The results shown in Fig. 13(b) indicate
that the average chloride content was 0.183 concrete wt% (0.732 kg/
m? for 400 kg/cm> concrete) at passive locations along the bar and
0.335wt.% (1.34 kg/m> for 400 kg/cm®> concrete) at active ones
(corresponding to piece #2 in Fig. 13(a) and sites 2L and 2R in
Fig. 13(b)). This confirmed the finding from titrating milling samples
that the chloride content at corrosion active site is generally greater
than where the steel remained passive. Note that the chloride contents
inFig. 13(b) are lower than Table 4 and Fig. 11, which is due to chloride
content derived from different approaches (EDX spectrum for the
former and chemical titration for the latter).

3.3. Air void analysis

The results of air void analysis are provided in Fig. 14. Fig. 14(a)
and (b), respectively, illustrates the cumulative number and percent-
age of air voids as a function of void diameter.

(@) (b)

[Cl-] (concrete
weight%)
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Fig. 14(a) shows that the number of air voids at the rebar/concrete
interface followed the order of SCC50NA >> SCC50HA>50NAR>50HAR.
This is similar to the order of air content in these concrete mixes
measured in the plastic state, 7.6%>6.6%> 3.1%~3.3%, as shown in
Table 3. It is reasonable to attribute more air voids at the rebar/concrete
interface and air content throughout the concrete matrix of SCC
concretes, relative to the regular PCC mixes, to the addition of specific
superplasticizer. This conclusion may differ from the findings in
literature [22,42] since different types or amounts of superplasticizers
were used. It can be found that SCC50NAR shows maximum air content
in concrete and air void amount at the rebar/concrete interface. These
factors facilitate the rapid accumulation of deleterious Cl~ ions and
dissolved oxygen at the rebar/concrete interface, especially at the defect
(e.g., air void) locations, and further result in higher risk for earlier
corrosion initiation.

Fig. 14(b) shows that, regarding big voids (greater than 2.5 mm in
diameter), there is only a minor difference for all sets; whereas a
greater percentage of small voids (less than 1.0 mm in diameter) exist
at the SCC rebar/concrete interface. Regarding the impact of air void
size distribution on rebar corrosion initiation, it was revealed [24] that
void gap formation under reinforcement greatly increased the risk of
rebar corrosion whereas the presence of smaller defects did not show
significant impact. A laboratory investigation [25] also indicated that
entrapped air voids with diameter >2.5 mm at the rebar/concrete
interface facilitated the corrosion initiation of steel rebar whereas air
voids with diameter <2.5 mm (typical size range of entrained air
voids) seemed to be irrelevant to Cy, and T;.

These findings can be used to explain why rebars in SCC50HA slabs
exhibited better corrosion resistance than those in 50HA. Although
more air voids exist at the SCC50HA rebar/concrete interface, there is
almost no difference in their big void amount, which facilitates chloride
accumulation and rebar corrosion initiation. However, for rebar
embedded in normal alkalinity concrete, even though a relatively
small percentage of big voids was shown at the SCC50NA rebar/concrete
interface, the amount of big void is still more than that of 50NAR owing
to much higher total void amount for SCC50NA. Therefore, it is
reasonable for SCC50NA to indicate higher risk for earlier corrosion
initiation and scatter T; value shown in Fig. 9. Since no analysis was
conducted to directly relate air void location/size and rebar corrosion
initiation spot, it is difficult to discern the higher risk for earlier corrosion
initiation of SCC50NAR resulted from relatively small or large air voids.

The specific mechanism related to how the air voids at the rebar/
concrete interface facilitate the corrosion initiation of rebar is unclear,
presumably involving an active-passive electrochemical cell between
the concrete-covered steel and the contiguous air void(s) where more
dissolved oxygen and free chlorides are available. It can be reasoned
that concrete with a relatively high air void content at the steel/
concrete interface should have lower C, and T; values than concrete
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Fig. 13. A dissected SCC50HA slab (a) and the EDX-derived chloride content profile along the top rebar trace (b), once corrosion had initiated.
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with less air voids, provided that other relevant factors of the two
concrete mixes are comparable. This assumption is well correlated to
results acquired from this study and published literature [24-28].

4. Conclusions

This work studied time-to-corrosion (T;) of reinforcement in

concrete and chloride threshold content (Cy;,) for seemingly identical
reinforced ASTM G109 SCC using regular concrete slabs as control. The
following conclusions can be drawn:

1)

Experimental results confirmed that T; and C,, the two service life
determinants of reinforced concrete, should be treated as
distributed parameters.

Based on Weibull analysis, results indicate that corrosion initiation
of rebar embedded in SCC is dependent on cement alkalinity and
superplasticizer. Rebar, embedded in high alkalinity cement SCC,
exhibits better corrosion resistance expressed as extended T; (3.6
to 3.9 times of their normal alkalinity counterparts) and higher Cy,.
However, regarding rebar embedded in normal alkalinity cement
SCC, scattered T; and Cy, illustrated that high risk of earlier corrosion
initiation exists, compared with rebar in regular concretes. This
conclusion needs to be further confirmed with more laboratory
and field tests.

It is believed that the addition of specific superplasticizer,
interplaying with other factors, improves corrosion resistance of
rebar in high alkalinity cement SCC (1.6 times of its normal
alkalinity counterpart); whereas, for rebar in normal alkalinity
cement SCC, air void amount and size distribution analysis reveal
that more voids (defects) produced at the rebar/concrete interface
ultimately led to higher risk of earlier corrosion initiation.

4)

1515

A new sampling method, milling powder from corrosion active
and passive sites at the rebar/concrete interface, for C,, determi-
nation was adopted. Chloride content at corrosion active site was
found to be greater than that at the passive site, and the results of
EDX analysis confirm this conclusion.
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