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Abstract The critical chloride threshold is a key
parameter in the service life design of reinforced
concrete structures exposed to chloride-bearing envi-
ronments. This paper investigates the role of concrete
composition, and particularly the effect of supple-
mentary cementing materials, on the chloride thresh-
old. To simulate real exposure conditions, ponding
tests were carried out on reinforced concrete speci-
mens with bars in free corrosion conditions and
corrosion initiation was detected through corrosion
potential and corrosion rate measurements. After two
and a half years, the ponding was followed by an
ageing period and the initiation of corrosion was
further detected with anodic potentiostatic polarisa-
tion tests. Results of the tests showed several limita-
tions of the approach based on chloride penetration
and monitoring of free corrosion parameters to
investigate the chloride threshold. In spite of this, a
possible role of natural pozzolan and coal fly ash
additions in leading to higher values of the chloride
threshold and ground limestone in promoting lower
values of the chloride threshold could be observed.
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1 Introduction

A reliable estimation of the chloride threshold (Cly,) is
a fundamental step in the prediction of the service life
of reinforced concrete (RC) structures exposed to
marine environments or the action of de-icing salts
[10, 15, 55]. In the literature, several test methods have
been proposed to evaluate the critical chloride thresh-
old. Limiting to the tests in concrete, which are
expected to be intrinsically more realistic compared to
tests in solution, methods proposed by different
Authors differ regarding the way concrete is contam-
inated by chloride ions, corrosion initiation is detected
and the chloride content at the depth of the bar is
measured. Chlorides can be forced to penetrate into
concrete through external sources [8, 19, 20, 22, 24,
25,29, 31,32, 38, 40, 45-47, 50, 52-54, 56, 57], as for
instance ponding with chloride-containing solutions
[32, 46], or alternatively can be added to the concrete
mix [2, 30, 32, 35, 39, 41, 47]. The way chlorides are
introduced into concrete has several consequences.
Tests with chlorides which penetrate from an external
source can have excessively long duration, although
they are often assumed to better simulate exposure of
real structures to marine environments or de-icing
salts. Conversely tests with mixed-in chlorides are
relatively short, but the microstructure of the interfa-
cial transition zone between steel bar and concrete, as
well as the passivation of steel, can be affected by the
presence of chloride ions since the early stage of
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The initiation of corrosion is often detected by non-
destructive monitoring of electrochemical parameters
(e.g. corrosion potential and corrosion rate) [2, 8, 19,
25, 29, 32, 35, 38, 40, 41, 46, 56] and, seldom, by
extraction of bars and visual inspection [20] or weight
loss [52, 53]. As far as the measurement of the chloride
content is concerned, the analysis of total chloride
content is frequently applied in practice. Different
criteria for sampling have been proposed: directly
from the bar site at the time of corrosion onset [3, 19,
28, 31, 41, 50, 54, 57] or far from the bar considering
the same bar depth [25, 39, 40, 45, 52, 53] (sometimes
even in reference samples exposed to the same
exposure conditions, provided similar conditions for
chloride penetration occur [38]. Tests can also be
different for other aspects such as, for instance, the bar
surface conditions, the specimen geometry, etc.

Differences in the test procedures used by different
Authors is one of the reasons that may lead to a great
variation in the values of the critical chloride threshold
published in the literature [4, 7, 9, 27, 48]. This makes
the comparison of results of different works quite
difficult and, consequently, hinders the evaluation of
the role of factors that influence the critical chloride
threshold.

Nowadays there is a great interest in studying a
possible influence of the binder type (and concrete
composition, in general) on the critical chloride
threshold, due to the availability of a great variety of
supplementary cementing materials (SCMs), as also
underlined by the activity of specific technical com-
mittees (e.g. RILEM TC 235-CTC, www.rilem.org).
As a matter of fact, the type of binder may affect the
chloride threshold in several ways. It influences the
alkalinity of the pore solution, the availability of free
chlorides in the pore solution as a result of chloride
binding, the electrical resistivity of concrete or the
microstructure of the steel-concrete interface.

Even though the evaluation of the effect of SCMs
on the critical chloride threshold has received some
interest in the literature, the results are often contro-
versial. For instance, Thomas and Matthews [53], Oh
etal. [41] and also Song et al. [49] reported a reduction
in the critical chloride threshold of fly ash (FA)
concrete compared to portland cement (OPC) con-
crete. Conversely, according to Breit and Schiessl [17]
and Choi et al. [21], the critical chloride threshold for
FA concrete was higher than for portland cement.
Alonso et al. [3] did not find significant differences in

the critical chloride threshold when portland cement
was partially replaced with fly ash. Controversial
results were also obtained with the replacement of
ground granulated blast furnace slag (GGBS): Oh et al.
[41] observed a negligible influence of GGBS on the
critical chloride threshold, while Breit and Schiessl
[17] reported a higher critical chloride threshold for
GGBS concrete.

This work describes the results of a study aimed at
the assessment of the critical chloride threshold of bars
embedded in twenty-six concrete mixes made with
various types of binder. To simulate real exposure
conditions, long-term tests were carried out with
penetration of chloride ions through ponding and bars
in free corrosion conditions.

2 Experimental procedure

Binders were obtained by blending a portland cement
(OPC) with 15 % (15 %LI) and 30 % (30 %LI)
ground limestone, 30 % coal fly ash (30 %FA),
30 % natural pozzolan (30 %PZ), and 70 % GGBS
(70 %BF). The chemical composition and the specific
surface area of OPC and additions are shown in
Table 1. These binders were used to cast concrete with
three water/binder ratios (0.42, 0.46 and 0.61), and
four binder dosages, ranging from 250 to 400 kg/m°.
Crushed limestone aggregate with maximum size of
12.5 mm was used. An acrylic high-range water-
reducing superplasticiser (according to EN 934-2
Standard) was added to the mixes in order to achieve
a class of consistency S4 according to EN 206
Standard. Table 2 summarises the concrete mix pro-
portions. After mixing, concrete was cast into the
moulds, covered with a plastic sheet and stored in
laboratory at 20 °C. After 24 h, the specimens were
demoulded and cured until 7 or 28 days at 20 °C and
95 % relative humidity. In the text, specimens will be
indicated by the label “type of binder/w/b ratio/binder
dosage/curing time” (CL1 and CL2 indicate replicate
specimens cured 7 days; CL3 indicates 28-day
curing).

100 mm cubes were cast for the measurement of
compressive strength (two replicate cubes) and results
obtained after 28 days of curing are shown in Table 2
(further results can be found in [34]). 64 prism
specimens, 60 mm x 250 mm x 150 mm, rein-
forced with ribbed carbon steel bars with a diameter
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Table 1 Main chemical components and specific surface area, o, of portland cement and mineral additions
CaO SlOz Aleg SO'; F6203 MgO KQO Na20 Mn203 T102 ClI™ (e} (sz/
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) )
OPC 635 20.5 5.28 3.29 2.84 1.53 1.0 0.29 0.07 0.24 0.01 5340
LI 43.8 15.8 1.98 0.27 0.80 1.10 0.6 0.06 0.05 0.11 - 6102
FA 2.92 52.9 332 0.73 5.23 1.06 1.2 0.72 0.04 1.17 - 5437
PZ 4.49 54.6 21.1 0.14 4.4 1.19 7.0 3.52 0.15 0.55 0.01 4606
BF  41.7 339 13.0 2.10 0.37 6.62 0.3 0.45 0.24 0.54 0.257* 5624

# This amount corresponds to 0.18 % with respect to the mass of binder, since BF cement was made with 70 % of ground granulated

blast furnace slag

Table 2 Mix proportions Type of w/b Binder Water Aggregate focubens
of concrete and average binder (kg/m) (kg/m®) (kg/m’) (MPa}
value of compressive
strength on cubes after OPC 0.61 300 183 1857 59
28 days of curing, fe.cune2s 0.46 300 138 1979 87
0.46 350 161 1868 80
0.42 350 147 1913 87
15 %LI 0.61 250 152 1983 55
0.61 300 183 1857 45
0.46 300 138 1979 75
0.46 350 161 1868 68
0.42 350 147 1913 83
0.42 400 168 1815 68
30 %L1 0.61 300 183 1857 37
0.46 300 138 1979 61
0.46 350 161 1868 57
0.42 350 147 1913 67
30 %FA 0.61 300 183 1857 44
0.46 300 138 1979 76
0.46 350 161 1868 75
0.42 350 147 1913 81
30 %PZ 0.61 300 183 1857 43
0.46 300 138 1979 70
0.46 350 161 1868 69
0.42 350 147 1913 73
70 %BF 0.61 300 183 1857 45
0.46 300 138 1979 55
0.46 350 161 1868 55
0.42 350 147 1913 83

of 10 mm and a length of 200 mm, were cast. Before
casting the bars were sandblasted in order that the bars
had the same surface condition. Each specimen had
three rebars at different cover depths (i.e. concrete

cover thickness was 10, 25 and 40 mm respectively for
the upper (u), middle (m) and lower (/) bar) and
stainless steel wires were used as auxiliary electrodes
for electrochemical measurements (Fig. 1). The
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lateral surface of the specimens as well as the external
parts of the rebars were masked with an epoxy coating.
After 90 days from casting, a pond was mounted on
the upper surface of the specimen and a 35 g/l sodium
chloride solution was poured inside (evaporation of
water was allowed from the bottom surface of the
specimens). The corrosion behaviour of steel was
monitored throughout an exposure period of more than
2 years by means of electrochemical measurement of
half-cell potential of steel (E..,) versus a saturated
calomel electrode (SCE), placed on the specimen

surface in the central part of each bar, and corrosion
current density, measured through linear polarisation
resistance measurements (Rp) as: Veor = B/(Ry),
where B was assumed equal to 26 mV. Electrochem-
ical measurements were carried out daily in the first
month of exposure and then weekly and monthly.
During the measurements the pond was not removed.

When corrosion initiation was detected on any of
the three rebars, a sample was cored in the lateral non-
reinforced part of the specimen and the chloride profile
was measured by analysing the total chloride content
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(acid soluble) at intervals of 10 mm, as shown in
Fig. 1. Known the nominal binder content (Table 2)
and the concrete density measured on the cubes for
compressive strength, the chloride content was
expressed by mass of binder. The chloride profiles
were fitted with the relationship:

| —erf—2
/Dy -1

(1)

and the apparent diffusion coefficient, D,,, and the
surface content, Cs were calculated (the initial chloride
content, Cy, was considered 0 % except for concrete
with BF where 0.18 % by mass of binder was
considered, see Table 1). The specimens were then
exposed to ponding again (the hole of coring was filled
with epoxy). Additional coring for the determination
of the chloride profile was carried out after the
interruption of the ponding exposure on all the
specimens regardless the occurrence of corrosion.
After the interruption of ponding, the specimens
were kept in dry conditions, i.e. in the lab at
20-23 °C and 60-65 % R.H. (ageing phase), for
approximately 1 year, and then they were wetted
again through a ponding with tap water for approx-
imately 1 month, during which the electrochemical
behaviour of bars was monitored (the ageing phase
was not performed on OPC concrete specimens).
Afterwards, selected specimens were cut parallel to
the bars to obtain three samples with a single bar
each and the extremities of these samples (approx-
imately 15 mm on each side) were cut and masked
with an alkaline mortar with a thickness of
20-30 mm (carbonation depth was nil) (no OPC
samples were tested). These samples were then
immersed individually in a container filled with a
saturated Ca(OH), solution and kept in a climatic
chamber at 23 °C. In each container a silver/silver
chloride (Ag/AgCl) reference electrode and an
activated titanium mesh for cathodic protection, to
be used as counter-electrode, were placed. After a
24-hour period of immersion, the corrosion potential
and the corrosion current density were measured and
then the potential was increased by steps of +50 mV
per hour, monitoring the circulating current (poten-
tiostatic tests). The polarisation was interrupted
when the circulating current exceeded 100 mA/m>
or when the potential reached +600 mV versus SCE.

C(x,1) = Cyo+ (Cs — Cy) -

Specimens with bars where corrosion had initiated
during the ponding tests and specimens subjected to
polarisation tests were split to extract the bars and the
steel surface was visually observed. Furthermore,
concrete dust was manually ground within a depth of
1-2 mm near the top and bottom bar sites (Fig. 1) and
the total chloride content was analysed.

3 Results

Ninety days after casting, the monitoring of the
corrosion potential (E.,,) and the corrosion rate
(Veorr) Of the bars started. As expected, all the bars
were in passive conditions: the corrosion potential was
between —150 and 100 mV vs SCE, whilst the
corrosion rate was lower than 1 mA/mz, regardless
the concrete composition, the curing time and the
concrete cover thickness. The upper bar of specimen
70 %BF/0.61/300/CL2 was the only exception, since
E.or was lower than —400 mV versus SCE and v¢q
was around 4 mA/m?. It seems that chlorides present
in the slag (0.18 % by mass of binder, Table 1) were
enough to initiate corrosion of this bar.

3.1 Ponding

All the specimens were subjected to ponding with a
3.5 % NaCl solution. Results of these tests are
summarized in Tables 3, 4, and 5. By monitoring
E o and v, four different cases were detected,
which are shown in the examples of Fig. 2. Figure 2a
depicts the time evolution of the corrosion potential
and the corrosion rate of the middle bar of specimen
OPC/0.61/300/CL2: in this case, stable values of E,
and V.o, respectively around —100 mV versus SCE
and 0.5 mA/m?, were measured throughout the expo-
sure period, showing the maintenance of the passive
state in spite of chloride penetration. This stable pas-
sive condition was observed on 133 out of 192 rebars,
i.e. approximately 70 % of the total bars (these bars
are indicated as P in Table 3). In Fig. 2b, the
behaviour of the upper bar of the same specimen is
reported. After 121 days of ponding the potential
sharply dropped to about —350 mV vs SCE and the
corrosion rate increased to about 3 mA/m?. A further
decrease of E.,; and an increase of v, occurred in
time. The sudden drop in E.,, together with a
significant increase of v, clearly identified the onset
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Table 3 Results of

) Binder w/b  Series CL1 CL2 CL3
ponding tests on upper u, curing (days)
middle m, and lower [, bars: 7 28
for active bars = time (in 3
days) when corrosion b (kg/m”) v m ! v m ! v m 1
initiated (bold cells); OPC 061 300 B 121 p P _
P = passive bar; U bars
with unstable condition; 0.46 300 u p u u p u p L
? = unclear case 0.46 350 P U U P P P P P P
0.42 350 P P P U P P P P P
15 %L1  0.61 250 - 14 313 341 -
0.61 300 - 13 106 854 -
0.46 300 Uu P Ut U P U ? P U
0.46 350 P P U U+ P P u? U U
0.42 350 P P P P P P P P P
0.42 400 P P P u+? P P P P U
30 %L1  0.61 300 - 7 140 276 -
0.46 300 Ut P Ut U P u* 229 P P
0.46 350 27 U4+ U 89 ®» U U P U
0.42 350 P P P P P U U? P P
30 FA 0.61 300 - 359 P U -
0.46 300 P P u* P P P P P P
— = absence of specimen 0.46 350 Ut P P U P P U PP
% At the end of ponding 042 350 Ut P P P P P P PP
exposure the corrosion 30 %PZ 0.61 300 - 54 P U* -
potential was lower than the 046 300 P P P P P P U P P
lc)orr.om.on potential at the 046 350 p P P U p P p P P
eginning of the exposure
b . 0.42 350 P P P P P P P P P
Ponding test was .
interrupted before detecting 70 %BF  0.61 300 - <0 p P -
a clear trend 0.46 300 P P P 9P P P U P P
¢ Corrosion occurred before 0.46 350 P P P P P P P P P
the initiation of ponding 042 350 P P P P P P P P P
exposure

of corrosion on this bar after 3 months. Initiation of
corrosion, after different times of exposure ranging
from few days to 2 years and an half, was observed on
only 15 bars (less than 10 % of the total number of
rebars). These bars are shown in Table 4. Considering
only the upper bars of the specimens (¢, 10 mm cover
thickness), corrosion occurred on 1 out of 10 rebars
embedded in OPC, 30 %FA and 30 %PZ concretes, 2
out of 14 rebars in 15 %LI concrete and 4 out of 10
rebars in 30 %LI concrete (Table 3). In these bars the
drop in E.,, and the associated increase in Ve,
occurred in a period of time ranging from few days up
to 2 weeks. E_,, values measured before corrosion
initiation are shown in Table 4.

The third case is illustrated in Fig. 2¢ (upper bar of
specimen OPC/0.42/350/CL2): after 90 days, E.oy

decreased to about -350 mV verus SCE and v
increased to 2.5 mA/m>. However, few days after-
wards this trend was reversed and both E ., and v o,
returned to the initial values after about 100 days. This
behaviour, that suggests that the passive state was
unstable for some time but then stable passive condi-
tions were recovered, was observed on 40 bars (i.e.
about 20 % of the total tested bars), as it can be seen in
Table 3. In few specimens, this phenomenon occurred
even twice during the ponding exposure time. Finally,
Fig. 2d shows results for the upper bar of the specimen
15 %L1/0.46/300/CL3. After about 470 days from the
beginning of the exposure, the corrosion potential of
the bar abruptly decreased by about 200 mV,
approaching values of —200 mV versus SCE. Except
some oscillations, the potential was thereafter stable,
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Table 4 Summary of results on the 15 bars which showed corrosion initiation during the ponding phase
Binder ~ w/b b (kg/m’) Series Bar Ely;  Cloores Cliting v.0.!
Cs D,pp Cliop Clye Clyy Top Bottom Top  Bottom

OPC 0.61 300 CL2 u —101 2.82 16.7 178 132 095 5.67 211 vv vv
15 %L1  0.61 250 CL2 u —107 234 4935 098 053 025 3.00 238 vv vv

m —65 228 335 125 1.07 091 251 3.56 - 4

1 —-102 377 125 048 032 021 414 1.8l v -
15 %L1  0.61 300 CL2 u -91 206 355 054 019 0.05 190 227 v vv

m —104 247 209 050 031 018 237 392 vv v

1 —84 6.14 164 087 063 044 3.62 197 v 4
30 %L1  0.61 300 CL2 u —-56 1.01 166 056 038 024 730 7.77 vv vv

m —65 380 283 132 099 072 496 3.81 vv vv

1 =79 34 27.8 077 059 044 238 043 4 v
30 %LI  0.46 300 CL3 u -=52 181 125 1.18 091 0.67 229 190 v v
30 %LI  0.46 350 CL1 u —65 093 1342 0.67 055 044 240 216 v vv
30 %LI  0.46 350 CL2 u —63 1.88 35.1 123 094 070 220 248 vv v
30 %FA  0.61 300 CL2 u —51 220 2194 332 189 096 485 1.88 vv v
30 %PZ 0.61 300 CL2 u —-91 220 2194 106 064 035 464 4.06 v v

# Corrosion potential before the occurrence of corrosion, E, (mV vs SCE)

® Results of chloride profiles measured soon after detection of corrosion initiation on the bars: chloride surface concentration, Cs (%
vs binder), diffusion coefficient, Dy, (10’12 mzls), and chloride content (% vs binder) calculated at top, Cly,p, average, Clyy., and

bottom, Cly,, depths of the bars

¢ Chloride content measured by grinding in the vicinity of the top and bottom part of the bar after the specimens breaking

9 Visual observation — = no sign of corrosion; ¢/ = low level of corrosion (was localised in a limited area); /¢ = high level of
corrosion (corrosion was present on the whole surface of the bars or a broad portion of the surface)

but no appreciable increase in the corrosion rate could
be detected. This undefined behaviour was observed
on 7 bars (<5 % of the total number of bars).

In order to describe the ranges of variation of
corrosion potential and corrosion rate during the
ponding phase, Fig. 3 shows the relationship between
E o and v, for the three rebars of each specimen.
Values measured on all the bars at the end of ponding
exposure are reported; furthermore, for those bars
where corrosion initiated, values at the end of the
transition period between passive/active state are
reported and, for bars which experienced unstable pas-
sive conditions, the peaks reached in the unstable pe-
riod are shown. At the end of ponding exposure (empty
symbols), the passivity of most of the bars is shown by
corrosion potential between —150 and +50 mV
versus SCE and corrosion rate lower than 1 mA/m?.
On bars where corrosion initiated, E.,, values lower
than —250 mV versus SCE and v, values higher

than 1 mA/m? were measured after the transition from
passive to active state (black symbols), regardless the
type of cement, the water/binder ratio, curing time and
concrete cover thickness. The typical linear relation-
ship between E.,, and log(v.;) was observed [1, 26].
Also values measured during the unstable initiation
condition, observed on some bars (grey symbols),
followed this relationship.

In order to measure the chloride content as close as
possible to the time of initiation, chloride profiles were
measured in the non-reinforced part of specimens
when a bar showed a drop in E, below —250 mV
versus SCE or an increase in veo, above 2.5 mA/m>.
Figure 4 shows, as an example, the chloride profiles
measured when corrosion occurred on the upper (after
16 days) and middle (after 106 days) bars and after
about 2 years of ponding on the specimen 15 %LI/
0.61/300/CL2. The chloride profile was fitted with
relationship (1) considering # equal to time of ponding
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Table 5 Chloride surface

Binder w/b Series CL1 CL2 CL3
C(.)ncentration,.CS (% VS curing (days)
binder), and diffusion 7 28
coefficient, Dy, ( 1072 m% 3
s), after 2 years of exposure b (kg/m”) Cs Dapp s Dapp Cs Dapp
OPC 0.61 300 - 4.51 6.5 -
0.46 300 1.83 4.21 1.62 3.03 1.95 5.6
0.46 350 0.67 8.43 1.1 32 1.07 74
0.42 350 n.a. n.a. n.a. n.a. 0.92 7.1
15 %LI 0.61 250 - 2.6 15.2 -
0.61 300 - 6.14 16.4 -
0.46 300 1.71 11.39 1.38 5.7 1.19 14.7
0.46 350 2.76 4.30 1.31 7.78 1.28 5.5
0.42 350 0.67 13.5 0.79 10.23 0.96 6.7
0.42 400 1.33 4.7 2.31 4.83 0.96 39
30 %L1 0.61 300 - 34 27.8 -
0.46 300 143 14.5 2.84 18.2 242 13.56
0.46 350 1.90 19.02 2.28 17.32 1.77 8.6
0.42 350 1.96 2.52 1.35 8.2 1.54 7.6
30 %FA 0.61 300 - 7.38 1.14 -
0.46 300 6.28 0.84 3.89 1.0 7.17 0.35
0.46 350 6.59 0.63 6.88 0.82 6.12 0.88
0.42 350 3.29 0.42 3.89 0.43 5.33 0.47
30 %PZ 0.61 300 - 3.51 9.21 -
0.46 300 4.97 1.80 4.39 2.8 2.61 2.8
0.46 350 3.01 2.4 2.05 1.9 2.35 2.9
0.42 350 2.11 2.9 2.07 2.7 2.6 1.6
70 %BF 0.61 300 - 6.9 1.1 -
0.46 300 7.31 0.33 5.6 0.33 6.11 0.46
0.46 350 5.13 0.36 7.92 0.20 6.80 0.24
— = absence of specimen; 042 350 883 0.1 918 009 502 03

n.a. = not available data

exposure and values of surface content Cg and
apparent diffusion coefficient D,,, were determined.
Due to the high number of specimens, all the
experimental profiles cannot be reported here and
Table 4 summarises the results by showing the surface
content C, and the apparent diffusion coefficient D,
calculated by fitting each profile. Furthermore,
Table 4 also shows the chloride content calculated
from the profiles at the top (Cly.p,), average (Cl,y.), and
bottom (Cly.) depth of the bar (for the upper bars
depths of 10, 15 and 20 mm were considered respec-
tively, for middle bars values depths of 25, 30 and
35 mm were taken into account and for lower bars,
depths of 40, 45 and 50 mm were considered). In
addition, after the end of the ponding phase chloride
profiles were measured on all specimens and Table 5

summarises these results by showing the fitting values
of Cs and D, of the experimental profiles.

3.2 Ageing

After the interruption of the chloride ponding, spec-
imens were kept in the dry atmosphere of the
laboratory for approximately 1 year, then they were
wetted with water for 1 month. The corrosion
behaviour of all the rebars was measured before and
during wetting. Figure 5 shows the relationship
between the corrosion potential and the corrosion rate
both in dry and wet conditions. The correlation
between E.; and v, was slightly different from
the correlation obtained at the end of the ponding
phase (Fig. 3). It can be observed that, in dry
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Fig. 2 Typical examples of (a) 100 100 (b) 100 100
corrosion potential (E.o,
black symbols) and 0 0
corrosion rate (Veorr, grey _ =
symbols) trends as a function § -100 3 L 10 2 -100 L 10
of time: middle bar (a) and @ 1 NE 2 1 %
. > 2200 ] -200
upper bar (b) of specimen > 1 = E 1 g
OPC/0.61/300/CL2, upper 5{_ 300 ] 5; ~ 300 ] =
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350/CL2 (c) and upper bar 400 1 400 ] 1
of specimen 15 %L1/0.46/ 1?&&
300/CL3 (d) 500 1 -500
P 01 600 01
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (days) Time (days)
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condition, the corrosion potential values were in
general higher than those at the end of the ponding
phase (Fig. 3); this can be attributed to the rather dry
condition of the concrete at the end of ageing. After
wetting, E... of numerous rebars had rather low E.,
lower than —250 mV vs SCE. The bars that showed
low E.. values after wetting were more numerous
than those that showed low E.,; values in the ponding
phase. This suggests that some bars experienced
corrosion initiation during the ageing. However, in
most cases, even after 1 month of wetting v, was
often still lower than 1 mA/m? on these bars. In order
to investigate the possible onset of corrosion on these
bars, potentiostatic tests were carried out.

3.3 Potentiostatic polarisation
Potentiostatic anodic polarisation tests with steps of

50 mV were carried out on selected rebars. The
correlation between the applied potential and

Time (days)

circulating current, measured after 1 h of polarisation,
showed three different trends:

(a) the typical anodic behaviour of active steel,
characterised by high values of current density
even at low potential values (case a of Fig. 6);

(b) the typical behaviour of passive steel until the
application of a potential of +600 mV versus
SCE, where the steel is brought to a condition of
transpassivity (E,) and the anodic reaction of
oxygen evolution takes place on its surface
(case b of Fig. 6);

(c) the typical behaviour of passive steel where the
breakdown of the passive film occurs at a pitting
potential E,; (case ¢ of Fig. 6).

Table 6 summarises the behaviour of the tested bars
according to these three typical cases and shows the
potential at which corrosion initiated (Ej,). 18 bars
showed an active behaviour (a), showing that corro-
sion had already initiated before the potentiostatic test,
i.e. in the ageing phase. Two of these bars (the upper
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bars of specimens 15 %L1/0.46/350/CL2 and content obtained on bars that experienced corrosion

70 %BF/0.46/300/CL2) had shown, at the end of the
ponding exposure, an undefined behaviour. For these
bars the corrosion potential measured in dry condition,
at the end of the ageing phase was taken into account
as Ej,. The other tested bars showed passive
behaviours b and c. In 7 bars corrosion occurred
during the polarisation tests (case c); in these speci-
mens Ej, = E,; and values between —250 and
+300 mV versus SCE were determined. In the
remaining cases, bars were passive up to E, SO
E;, > 600 mV versus SCE.

3.4 Final observations

At the end of the tests, bars were extracted from the
concrete for visual observation, and the chloride
content was measured on the concrete samples ground
near the top and bottom steel surface, Clging as shown
in Fig. 1. Results of visual observation and chloride

initiation during the ponding phase are shown in
Table 4. In particular it was evaluated if the bars
showed attacks of limited extent (low level of
corrosion) or an extended corroded surface which
interested the whole surface or a broad portion of the
surface (high level of corrosion). Most of these bars
showed an extended corroded surface.

Results of visual observation and chloride content
of bars subjected to potentiostatic tests are summa-
rized in Table 6. Penetrating attacks of limited extent
were observed on bars where the breakdown of the
protective film occurred during or before the polari-
sation test (cases a and c of Fig. 6). As expected, no
signs of corrosion were visible on bars with the passive
behaviour b.

Careful observation of the initiation sites showed
that corrosion did not only initiate on the top of the
bars (i.e. where higher chloride content is expected).
As a matter of fact, some bars showed corrosion only
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Fig. 4 Example of chloride profiles measured on concrete core
taken in non-reinforced part of the specimen 15 %LI1/0.61/300/
CL2 (white symbols chloride measured when corrosion initiated
on the upper bar; grey symbols chloride measured when
corrosion occurred on the middle bar; black symbols chloride
measured at the end of ponding exposure)

in the top side, whilst other bars only in the bottom side
(where chloride content is lower, but effects of
bleeding on concrete microstructure are expected to
be more relevant). Even mixed conditions occurred.
For instance, the middle bar of the specimen 15 %LI/
0.61/250/CL2 showed the presence of pits in the
bottom side, whilst in the lower bar embedded in the
same specimen corrosion occurred in the top side.

Furthermore, no effect of compaction voids present
at the steel-concrete interface could be observed.
Although macropores with diameter up to several
millimetres were present at the concrete/steel inter-
face, they did not act as preferential sites for corrosion
initiation.

4 Discussion

It is well known that supplementary cementing
materials (SCMs) with pozzolanic or hydraulic prop-
erties have a key role in defining the resistance of
concrete to the penetration of chloride ions [11, 13, 14,
18, 36, 37, 42, 51]. The beneficial role of natural
pozzolan (PZ), coal fly ash (FA) and blast-furnace slag
(BF) was confirmed also in this work, as shown by the

lowering in the apparent chloride diffusion coeffi-
cients induced by these additions compared to con-
crete with portland cement or addition of ground
limestone (Table 5). Nevertheless, the positive influ-
ence of SCMs on the service life of RC structures
exposed to chloride environment may be mitigated if
they had a negative influence on the chloride threshold
of steel corrosion initiation, as suggested by several
Authors [41, 49, 53]. This work started with the
optimistic aim of determining the chloride threshold
for steel reinforcing bars embedded in concrete with a
wide range of SCMs under constant exposure condi-
tions. Following the suggestion of many Authors [8,
32, 46], in order to reproduce more ‘realistic’ condi-
tions, long-term tests were planned with penetration of
chloride ions through ponding and rebars were left in
free corrosion conditions (without any external per-
turbation, apart from negligible polarisation during
polarisation resistance measurements). Nevertheless,
during more than 2 years of the ponding phase plus
1 year of ageing phase a series of limitations of this
approach emerged both for the detection of corrosion
initiation and the measurement of the chloride content.
These will be discussed first and, then, the results of
the tests will be analysed in relation to the influence of
SCMs.

4.1 Measurement of the chloride threshold

The chloride threshold Cly, may be defined as:
Cly = Cl(x, tin)

where Cl(x, t;,) is the amount of chlorides in the
concrete measured at the depth of the bar (x) and at the
time when corrosion initiates (f;,). Hence, to evaluate
the critical chloride threshold, there are two critical
steps: the detection of the initiation time (#;,) followed
by the (immediate) measurement of the chloride
content near the steel surface.

4.1.1 Detection of the onset of corrosion

When reinforcing bars are left in free corrosion
conditions, corrosion initiation due to chloride pene-
tration may be detected by corrosion potential and
corrosion rate measurements, as shown in Fig. 2b. In
this work, in agreement with other Authors [2, 6, 25], a
criterion based on a potential decrease below
—250 mV versus SCE or a corrosion rate increase



4158

Materials and Structures (2016) 49:4147-4165

Fig. 5 Relationship (a)200 (b) 200
between the corrosion A15% LI D A15% LI
otential and corrosion rate 100 1 100 1 X
p x 030% LI % 030%LI
of the three rebars—upper a, 0 - 0 A
middle b, lower c—at the = ©30% FA a ©30% FA
end of the ageing period $ -100 A 4 $ -100 A
. X30% PZ o %30% PZ
(empty symbols) and in wet 4 2001 x X g > 200 |
condition (grey symbols) E - J_‘IJ X 70%BF >E X70% BF
(OPC concretes are not < -300 - © < -300
shown) 3 a o s
= 400 = 400 |
-500 -500 -
-600 T T T e -600 T
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Veorr (MA/m?) Veorr (MA/m?)
(c) 200
A A15% LI
OXX 030% LI
= « XRERE X ©30% FA
O :
(2 ><Eyi : %30% PZ
= pEs) X70% BF
5300
3
-600 T
0.01 0.1 1 10 100
Veorr (MA/m?)
700 above 2.5 mA/m?* was assumed a priori in order to
600 - detect the time when the chloride measurement was
500 necessary. However, the example of Fig. 2c shows
400 that unstable conditions may occur where the chloride
= 300 amount at the bars depth is sufficient to nucleate a pit
% 200 - but it is unable to sustain its growth, and repassivation
4 100 - occurs. Since usually the initiation of corrosion is
E 0] associated with the development of pits able to
; . propagate spontaneously [5], a continuous monitoring
-100 ] in time of the corrosion parameters is necessary even
-200 -} after the abrupt change is detected. Although moni-
-300 toring for 1 week after the potential drop has been
-400 4 2)) proposed by some Authors to confirm the bar active
-500 A 0 state [24], the results of this work show that a longer
-600 -‘'——rrrmr—rrrrr——rrr—r——rrm period could be necessary. Passive/active transition,
0.1 1 10 100 1000 which takes place over a period of time rather than

current density (mA/m?)
Fig. 6 Typical examples of polarisation curves: active steel (a),

passive steel, with indication of E; (b) and steel where corrosion
initiated during the polarisation step above E; (¢)

PIEM

being a one-step occurrence [8, 16], occurred usually
within about 2 weeks; however for some specimens a
more prolonged time was needed to significantly break
the passivity film. Detection of corrosion initiation is
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Table 6 Bars behaviour detected during the polarisation tests (in accordance with the three cases depicted in Fig. 6), potential when
corrosion initiated, Ej,, chloride content measured with grinding near the bar sites, Clging, and results of visual observation, V.O.

Binder w/b b (kg/m3) Series Bar Bar behaviour E;, (mV Clgring (% vs binder) V.0.
(Fig. 6) vs SCE)
Top Bottom Top Bottom

15 %L1 0.46 300 CL1 u c —150 1.38 1.19 - vv

1 a —-30 1.12 0.21 vv vv
15 %LI 0.46 300 CL2 u c 0 1.24 0.93 vv vv

m a +14 0.38 0.30 vv v

1 a +12 0.36 0.53 vv v
15 %L1 0.46 300 CL3 u c +100 1.45 1.51 v v

m a —47 1.45 1.93 - vv

1 a —45 2.02 1.65 (4 vv
15 %L1 0.46 350 CL1 u a +18 1.75 2.23 - vv

m b >4600 1.39 0.42 - -
15 %L1 0.46 350 CL2 u a 0 1.86 1.84 - vv

m b >4-600 0.84 0.17 - -
15 %LI 0.42 350 CL1 u c +302 0.89 0.66 v -

m b >4-600 0.45 0.24 - -

1 b >4600 0.23 0.37 - -
15 %LI 0.42 350 CL2 u b >+600 0.72 0.18 - -

m b >4600 0.24 0.18 - -

1 b >+600 0.19 0.18 - -
30 %LI 0.46 300 CL1 u c —252 2.04 2.44 vV vv

m c 0 1.69 1.19 vV vv

1 a —253 1.17 0.77 - vv
30 %LI 0.46 300 CL3 m c —50 1.79 1.22 vv -
30 %FA 0.46 300 CL1 u a —112 5.84 0.47 vv -

m b >+600 0.33 0.3 - -
30 %FA 0.46 300 CL2 u a —45 3.80 0.83 vv -

m b >+600 0.32 0.37 - -

1 b >+600 0.43 0.32 - -
30 %FA 0.46 300 CL3 u a -21 2.34 0.84 vv -

m b >+600 0.15 0.39 - -

1 b >+600 0.15 0.48 - -
30 %PZ 0.46 300 CL1 m b >+600 0.99 0.43 - -

1 a —13 0.10 0.52 - vv
30 %PZ 0.46 300 CL2 u a +46 275 2.18 vv vv

m b >+600 0.73 0.71 - -

1 a +17 0.33 0.12 - vv
30 %PZ 0.46 300 CL3 u a +64 2.72 2.21 vv vv

m b >+4600 0.63 0.51 - -
70 %BF 0.46 300 CL1 m b >+600 0.40 0.27 - -
70 %BF 0.46 300 CL2 u a —159 2.78 0.50 vV -

m b >+4600 0.42 0.21 - -

1 a —61 3.34 1.35 - vv
70 %BF 0.46 300 CL3 u a —7 0.40 0.29 vv -

m b >+4600 0.37 0.45 - -

— = no sign of corrosion; ¥¢/ = low level of corrosion, i.e. in a limited area; ¥'¢/ = high level of corrosion, i.e. present on the
whole surface of the bars or a broad portion of the surface

PIEM
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further complicated by the presence of undefined cases
as those shown in Fig. 2d.

Table 3 shows that corrosion initiated only on 15
bars, whilst for the rest of the 192 bars tested in this
work no corrosion onset could be detected after two
and a half years of ponding (case of Fig. 2a), even on
bars that had a concrete cover of only 10 mm.
Specifically, no corrosion initiation was detected on
rebars in concrete with high resistance to chloride
penetration (i.e. concrete with low water/binder ratio
and the use of fly ash and blast furnace slag). On the
one hand this shows that ponding tests may not
provide useful results for the evaluation of the chloride
tests even after long times, especially for those
concrete compositions of more interest for chloride-
bearing environments. On the other hand, it raises the
question whether exposure under free-corrosion con-
ditions of specimens subjected to ponding is really
representative of real structures. In fact, several rebars
showed corrosion initiations during the ageing phase,
when the specimens were left to dry for about 1 year
(thus allowing their corrosion potential to raise to
higher values, where corrosion initiation is favoured
[43]). By wetting the specimens at the end of the
ageing period, these bars, in fact, showed a decrease in
E.or compared to the values previously measured
during the ponding phase. Initiation of corrosion of
these bars, however, could only be clearly detected by
means of potentiostatic polarisation tests, when cases a
and c of Fig. 6 were observed. Table 6 shows that
corrosion could be detected on further 25 bars.
Potentiostatic polarisation, although it induces some
perturbation to the steel, appeared to be more
discriminant in the detection of corrosion onset than
the monitoring of E. and ve. Furthermore, the
stepwise polarisation procedure followed in this work
allowed determining the potential at which corrosion
initiated (E;,, Table 6), which is an important param-
eter affecting corrosion initiation [43, 3, 12]. These
results suggest that ponding tests on specimens with
bars under free-corrosion conditions may not be really
representative of exposure conditions of real struc-
tures, since they bring about values of E., rather
stable, due to the constant exposure of the bars to moist
concrete, and they do not reproduce the typical
fluctuation in potential of bars due to changes in time
of the concrete moisture content (e.g. due to splashes
or raining followed by drying). As a matter of fact in
atmospheric conditions potential values between

—200 mV vs SCE and +200 mV vs SCE can be
measured, whilst in the tidal zone values between -
500 mV and +100 mV vs SCE can be obtained [23,
33, 44].

4.1.2 Evaluation of the chloride content

Two approaches can be used for the measurement of
the chloride content in specimens aimed at the
determination of the chloride threshold: the sampling
of concrete near the steel surface (in some case even
near the corrosion spot [3]) or the measurements in
remote sites at the same depth of the bars. Although
the first method might appear more appropriate since it
gives a localised information, it requires the demoli-
tion of the specimens as soon as corrosion is detected.
Therefore, errors in the early interpretation of the
onset of corrosion from E_,, and vy, measurements
may lead to wrong estimation of the chloride threshold
(e.g. if repassivation takes place). The sampling of
concrete far from the bar has the advantage that the
removal of the bar is not required and the exposure
continues allowing a clearer detection of corrosion
initiation.

In this work both methods of sampling were
performed. Cores in the non-reinforced part of the
specimens where taken each time corrosion was
detected (and only from further monitoring of the
bars it could be verified if corrosion initiation was
stable) and at the end of the ponding phase. Chloride
profiles where then measured (Tables 4, 5) and, by
fitting with Eq. (1), the value at the top, middle and
bottom of bars were calculated. Sampling of the
chloride content near the steel bars was carried out by
manual grinding within a depth of 1-2 mm at the top
and the bottom of each bar site when the specimens
were splitted at the end of the tests (Table 6).

Figure 7 compares the chloride contents measured
on the concrete cores taken after the interruption of the
ponding and the content measured on the concrete
samples ground from the bar sites after the breaking of
the specimens (no more chlorides had penetrated after
the interruption of the ponding). For both techniques,
values at the top and bottom of each bar are shown. A
significant scatter of results can be observed. This is
common for this type of measurements, especially for
the manual grinding of small samples near the steel
surface (where the ratio between cement paste and
aggregates may be quite variable). Nevertheless, some
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Fig. 7 Comparison between the chloride content evaluated
from chloride profile measured at the end of the ponding phase
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relationships between the results of the two methods
were found. In general, the chloride content measured
by the concrete cores was slightly lower than the
chloride content at the bar sites, which can be
explained by the different location of the sampling:
according to [57] and [48], the amount of chlorides
around the top of the rebar could be higher than that at
the same depth away from the rebar owing to the
relatively low content of coarse aggregates in the
vicinity of the rebar and to a physical barrier effect of
the bar itself. Furthermore, since grinding was carried
out about 1 year after coring, it cannot be excluded
that some redistribution of chloride could have
occurred during the ageing phase (although concrete
was rather dry).

In our opinion results from cores, being obtained
from the interpolation of bulk concrete samples taken
at different depths, might be considered a more
reliable estimation of the chloride content at the depth
of the bars. Thus values extrapolated from chloride
profiles will be considered in the following section.

Nevertheless, a further problem in the detection of
the chloride content is the reference depth. Visual
observation of the bars at the end of the tests (Tables 4,

6) showed that corrosion did not always initiate at the
top side of the bars (where the chloride content was
higher), in accordance to similar observations reported
by other Authors [8]. Table 4 shows that the difference
between the chloride contents measured at top (Cliop)
and bottom (Cly,.) depths of bars where corrosion
initiated can be up to 0.6 % by mass of binder or even
higher for the concrete made with fly ash (due to the
high chloride surface concentration and the low
diffusion coefficient). This large variation makes the
definition of the chloride threshold difficult. Consid-
ering Cly, would be on the safe side, leading to an
underestimation of the service life and for example the
adoption of more restrictive prescriptions on the
concrete composition. Conversely, considering Cl,,
could lead to an overestimation of the service life and
to a premature failure of the structure.

Therefore, the results of this work show that the
measure of the chloride threshold on specimens
subjected to chloride penetration, besides being quite
time-consuming, is affected by a series of criticalities
related to both the detection of corrosion initiation
and the evaluation of the ‘appropriate’ chloride
content.

4.2 Effect of SCMs

In spite of the limitations described in the previous
section, an attempt can be made to estimate the
chloride threshold for the concrete compositions
studied in this work and assess the role of the
supplementary cementing materials.

Firstly, the bars where corrosion initiation was
detected during the ponding phase (Table 4) or during
ageing or potentiostatic tests (Table 6) can be consid-
ered. Figure 8 shows the chloride content estimated
from chloride profiles at the depth of these bars (the
symbols show the value at the centre of the bar, Cl,,.,
while the scatter band shows the range between Cly,o,
and Clp). Since the potential affects the critical
chloride threshold, only results of potentiostatic
polarisation tests where Ej, was in the range of
+100/—100 mV vs SCE were taken into account.
Ranges shown in Fig. 8 may be assumed as an
estimation of the chloride threshold for these bars.
Empty square symbols also show the chloride content
measured at the location where corrosion initiation
was detected by visual observation of the bars, i.e. on
top side or bottom side respectively if corrosion was
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observed only or mainly on one of these sides or the
average depth in the other cases.

To have an indication of the lower bound of the
critical chloride threshold also from some of the large
number of bars that did not show corrosion initiation
during the tests, Fig. 9 shows the chloride content
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Fig. 9 Chloride contents estimated from chloride profiles (top,
average and bottom depths) on the passive bars at the end of the
ponding phase. Symbols show the water/binder ratio of concrete
(circle = 0.61, diamond = 0.46, triangle = 0.42). Colours
define the position of the bar upper (black), middle (grey)
lower (white)

measured on the outermost bars where corrosion did
not initiate neither during ponding nor the potentio-
static tests.

In spite of the relatively small number of available
data, some considerations on the role of the type of
cement can be made, whilst the large variability of
results and the limited number of useful results do not
allow an evaluation of the effect of the water/binder
ratio and cement content.

Figure 8 shows that bars in concrete with addition
of ground limestone (15 %LI and 30 %LI) had
chloride threshold values, Cl,,., in the range between
0.15 and 1.4 % by mass of binder, with a mean value
of 0.7 % by mass of binder evaluated by considering
all data. The majority of results fall in the typical range
of 0.4—-1 % by mass of binder reported in the literature
for RC structures exposed to the atmosphere, although
several values below or above this range can be
observed (as for instance for the specimen with 15 %
limestone and w/b = 0.61 where on the upper bar a
Claye of 0.19 % by mass of binder was measured).
Also the chloride content where corrosion initiation
was detected by visual observation of the bars (square
symbols in Fig. 8) was within this range. The chloride
contents reported in Fig. 9 show that, even on the bars
that remained passive, chloride contents at the end of
the tests were comparable to those measured in the
bars where corrosion initiation took place; chloride
contents higher than 1 % by mass of binder were
measured in several cases. This confirms the random
nature of pitting corrosion initiation and supports the
search for a statistical approach for its evaluation,
which is, however, inapplicable in practice with
ponding tests considering the previously described
difficulties in obtaining valid experimental results.

Unfortunately only one chloride value, equal to
1.3 % by mass of binder, could be associated to
corrosion initiation for bars embedded in portland
cement concrete (OPC) and, hence, the chloride
threshold in this type of binder cannot be derived
from the results of this work. Some effect of the
pozzolanic and hydraulic additions may, conversely,
be inferred from Fig. 8, where higher values of the
chloride threshold can be observed for PZ and FA
concrete. In concretes with natural pozzolan cement, a
mean value of 0.9 % by mass of binder was measured
(Clyye was 0.1-2 % by mass of cement). In fly ash
concrete, Cl,,. was between 0.3 and 1.9 % by mass of
binder, with a mean value of 1 % by mass of binder.



Materials and Structures (2016) 49:4147-4165

4163

However, chloride content values measured where
corrosion initiated (square symbols) support the
hypothesis that the critical chloride content is even
higher for fly ash concrete. Also chloride contents
measured on passive bars embedded in fly ash and
pozzolanic concretes were higher than those that
promoted corrosion in limestone concrete (Fig. 9).
The number of useful results in concrete with
pozzolanic additions is, however, quite limited due
to its high resistance to chloride penetration. Only two
chloride values leading to corrosion initiation are
available for BF concrete, and they are quite different.
Therefore for BF concrete it is not possible to derive
any useful information about the chloride threshold. It
should also be observed that the chloride content of
0.18 % by mass of binder introduced by the slag may
have affected the initial passivation of the steel,
negatively affecting its resistance against depassiva-
tion due to subsequent chloride penetration.

Due to the lack of clear critical chloride threshold,
no statistical treatment could be made on OPC and BF
concretes, whilst regarding the LI, PZ and FA mixes,
Fig. 10 shows the relative cumulative frequency of the
critical chloride threshold obtained considering the
chloride content measured at the location where
corrosion initiation was detected by visual observation
of the bars (square symbols in Fig. 8). It can be
observed that the relative cumulative frequency of the
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Fig. 10 Relative cumulative frequency of the critical chloride
threshold for limestone, natural pozzolan and fly ash concretes

critical chloride threshold for FA concretes was
shifted to the right compared to LI concretes,
suggesting, as previously observed, a higher value of
the chloride threshold for fly ash in comparison to
limestone concretes. The relative cumulative fre-
quency of critical chloride threshold for natural
pozzolan concretes showed a higher scatter compared
to those of limestone and fly ash concretes, with an
upper limit in between the values of limestone and fly
ash. In order to refine the evaluation of the relative
cumulative frequency, further research is needed and,
in the opinion of the Authors, new test procedures
should be developed that are able to provide a number
of results sufficient for statistical evaluations in a
reasonable time.

5 Conclusions

Ponding tests on concrete specimens with bars in free
corrosion conditions showed to be unsuitable for the
study of the chloride threshold of steel in concrete.
After two and half years of ponding, corrosion
initiation could be detected only on a rather limited
number of bars (15 out of a total number of 192). Even
on the outmost bars, with a concrete cover of only
10 mm, corrosion occurred on few specimens (9 out of
64, i.e. <15 %). Although this type of test is often
suggested because it is a priori assumed to be more
representative of real exposure conditions, its long
duration made it unsuitable for the measurement of the
critical chloride threshold, especially for concrete with
high resistance to chloride penetration. Furthermore,
the ageing phase showed that the moist condition of
concrete induced by ponding may prevent corrosion
that can conversely initiate under drier conditions.

Even when corrosion initiation could be detected,
the measurement of the chloride content was a second
critical step. Both the sampling procedure (i.e. local
grinding near the bar or remote determination of
chloride profiles), and the location on the bars (i.e. top
position, where chloride content was higher, or the
exact position where corrosion initiation was
detected), had a remarkable influence on the measured
chloride content and thus on the estimated value of the
chloride threshold.

Despite the experimental problems and the conse-
quent limited number of useful data, results of this
work suggested higher critical chloride threshold
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values for concrete with natural pozzolan or fly ash
cements compared to concrete with portland-lime-
stone cements.
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