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The corrosion resistance of ultra-high performance concrete (UH) made with different fibre contents and under
distinct curing conditions was studied. No signs of carbonation were observed after 1 year of accelerated
carbonation testing (3% CO3). The fibreless UHs’ electrical resistivity was above 5000 Q-m, although these
values were 2-fold higher than a UH with 1% fibres and approximately 5-fold higher than a UH with 2% fibres.
Concrete resistance to chloride penetration was also extremely high (the diffusion coefficient equalled 1.3-10 3
m?/s) and curing temperatures of 60 °C or 90 °C improved even more these properties, while lack of curing made

them slightly worse. Given these excellent properties, the corrosion rate in specimens submerged in chloride
solution for 1 year was negligible (icorg from 0.007 to 0.025 pA/cm?). These values remained stable with time,
unlike the 50 MPa concrete at 2 months when icoggr starting to increase and was 12-fold higher after 1 year. The
time estimated for corrosion onset in UH is on average about 150-fold higher than that of 50 MPa.

1. Introduction

One of the most frequent causes of damage in reinforced concrete
structures of very high economic importance is rebar corrosion. Several
studies point out that corrosion is the dominant degradation mechanism
in 70-90% of structures presenting premature deterioration [1].
Fundamentally, two basic mechanisms of destruction of the passive
oxide layer protecting rebars are carbonation and the action of chloride
ions. In both cases, one of the most influential factors for corrosion
process kinetics and, thus, for the durability of reinforced concrete
structures, is the material’s permeability. Using more waterproof and
gasproof concrete prolongs the service life of structures and reduces
maintenance costs, which means more sustainable constructions. One
good solution for very important structures or for those located in very
aggressive environments is to use ultra-high performance concrete
(UHPQ). This concrete type started being developed in the 1990s [2,3],
and is characterised by having excellent mechanical properties and high
durability thanks to a very dense porous structure [4,5]. It is manufac-
tured with w/b ratios below 0.2, without coarse aggregates and with
large amounts of cement and additions, especially silica fume. Steel fi-
bres also tend to be included in mixes to control cracking by shrinkage,
improve mechanical properties and increase concrete ductility. Its
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compressive strength tends to exceed 150 MPa, although some stan-
dards, such as the Swiss SIA 2052:2016 or the American ASTM C1856,
set a threshold of 120 MPa.

Most studies about this material have focused on analysing its
microstructure and mechanical properties. There are some research
works on corrosion, but they offer unalike results because very different
UHPCs were used in the tests. In fact the range of strengths worked on is
very wide, from 120 MPa to more than 250 MPa, which make comparing
the material’s performance a hard task. This means that some authors
have not detected any signs of carbonation in UHPCs [6-8], while others
state that carbonation depth is approximately 2.5- and 4.5-fold lower
than that of high-performance concrete C100 and ordinary concrete
C35, respectively, after 3 years [9]. Pierard et al. [10] reported a certain
degree of carbonation after 1-year exposure to a 1% CO5 atmosphere. On
resistance to chloride penetration, all the authors coincide in UHPCs’
excellent performance, and such penetration is practically negligible in
specimens submerged in chloride solution [11-14]. Yet, once again,
some authors’ results differ from those of others. Roux et al. [6] per-
formed diffusion tests in concretes of 230 MPa, but did not obtain any
conclusive results because they obtained a chloride concentration with
their concrete that went below the sensitivity threshold limit for the
experimental method that they followed. During chloride migration
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testing in the steady state, the same authors obtained a diffusion coef-
ficient in the order of 10~ mz/s, which was 30-fold lower than in
concrete of 90 MPa, and was 55-fold lower than conventional concrete
of 35 MPa. Tafraoui et al. [7] reported similar coefficients, but in much
less strength concretes, namely 155 MPa. In non-steady state tests, the
diffusion coefficient values recorded by Song et al. [15] in concretes of
115-140 MPa were clearly higher by a mean of 410712 m?/s. None-
theless, these results differed by approximately one order of magnitude
from this obtained by Piérard et al. [10] in concretes of 130-160 MPa,
and by about two orders of magnitude from those of Sohail et al. [8] in
concretes with similar strength. Nor does the influence of steel fibre
content on chloride permeability come over clearly because some au-
thors indicate that it had no impact [16], while others state that it tends
to rise with increasing volume [15] and others, conversely, point out less
permeability when higher fibre content is used [17,18].

Based on the premises listed above, the objective of the present
experimental work was to study the corrosion resistance of UHPC. To
this end, a reference UHPC was designed whose compressive strength
lay at the lower threshold, which is normally considered for these con-
cretes; that is, from 120 to 150 MPa, and in such a way that its properties
would correspond approximately to the minimum ones expected for this
concrete type. The effect of a number of parameters, such as steel fibre
content or curing conditions, was analysed by comparing the results to
values observed in high-strength concrete. Fibre content was limited to a
maximum 2% in volume because, as pointed out by Song et al. [15],
higher fibre contents do not significantly improve mechanical UHPC
properties, and may affect durability. The present work analysed the
resistance of UHPCs to the two main factors that trigger corrosion:
carbonation and chloride ions. It also studied the material’s electrical
resistivity because corrosion process kinetics depends on this parameter.
It also included a 1-year follow-up of the corrosion rate in specimens
submerged in chloride solution.

2. Experimental programme
2.1. Concrete mixtures and materials

Six ultra-high performance concretes (UH) were produced with three
distinct fibre contents (0%, 1%, 2%) and four different curing conditions
(laboratory environment, climate chamber at 20 °C, 60 °C, 90 °C). UHs
were designed in such a way that the compressive strength of the
fibreless concrete cured at 20 °C was the minimum one normally
considered for this concrete type, i.e. between 120 and 150 MPa. A high-
strength concrete 50 MPa (C50) was also made and cured for 28 days in
a climate chamber at 20 °C and 95% RH. Three batches were made from
each mix.

As regards the UHs curing conditions, the process followed was as
follows:

e UH cured in laboratory environment: specimens were air-dried in a
laboratory environment to simulate lack of curing.

e UH cured at 20 °C: specimens were left at 20 °C and 95% RH for 28
days.

e UH cured at 60 °C or 90 °C: specimens were left at these tempera-
tures for 48 h and at 100% RH, and were later cured at 20 °C and 95%
RH until the age of 28 days.

To produce the UHs, CEM I 42,5 R/SR cement was used, as was silica
fume with more than 90% silica content. Two types of silica sand were
employed as aggregates: a fine 0/0.5 one and a medium 0.6/1.2 one,
along with silica flour of a similar particle size distribution to that of
cement. The employed additive was Sika ViscoCrete 20 HE, and its dose
was adjusted to obtain similar fluidity characteristics to self-compacting
concrete. Steel fibres were employed (13 mm long, 0.2 mm diameter)
with almost all the UHs. The nomenclature utilised to identify these
concretes refers to the percentage of fibres in the mix (OF, 1F, 2F) and to
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curing conditions (air, 20 °C, 60 °C or 90 °C).

In concrete C50, the same type of cement was used, but in different
quantities. The employed aggregates were 0/4 sand and 4/7 gravel.
Table 1 shows the characteristics of each mix and their compressive
strength.

2.2. Test methods

In order to analyse concretes’ corrosion resistance, tests were done to
determine the corrosion rate and resistance to the penetration of
aggressive substances that can depassivate steel (accelerated carbon-
ation test, chloride migration test and chloride diffusion test). The
electrical resistance test was also carried out as this parameter is related
to the corrosion rate (the corrosion process only happens if the current,
transported by ions in the pore solution, can circulate inside the concrete
between the anodic and cathodic areas of the reinforcement).

In addition, the compressive strength at the ages of 28 and 365 days
was determined from each mix on cylindrical specimens 100 mm in
diameter and 200 mm high (Table 1).

a) Accelerated carbonation test

This test was carried out in accordance with Standard UNE 83993-
2:2013. For this purpose, prismatic specimens (40x40x160 mm) were
made. Before tests started, specimens were dried at 50 °C and leaving
them for 21 days in a chamber at 20 °C and 70% RH. After this time, the
specimens were placed inside a curing chamber with 3% CO; at 20 °C
and 65% RH, and were left under these conditions for 378 days.
Different research works coincide when pointing out that accelerated
carbonation testing performed at the 3% CO; concentration produces
similar carbonation to that obtained in the long term under natural
carbonation conditions [19].

Carbonation was followed up one a week for the first 1.5 months, and
every 2 weeks thereafter. Three batches were made with each concrete
type, and two specimens were produced per batch. The arithmetic mean
of the six obtained values was taken as each test result.

b) Chloride migration test

This test provides a measure of concrete resistance to chloride
penetration. It was performed in accordance with Standard NT BUILD
492. Cylindrical specimens were used (100 mm diameter, 50 mm high).
At the testing age, they were vacuum-saturated with calcium hydroxide.
They were placed by allowing one side to come into contact with a 2-
molar chloride solution, and the other side with a 0.3-molar sodium
hydroxide solution. Then a potential differential was applied between
both specimen sides to force chloride migration through concrete. When
testing ended, specimens were axially split and the cover was sprayed
with silver nitrate solution. The chloride-polluted areas became whitish.
This enabled the penetration depth to be measured and the chloride
migration coefficient was determined according to the expression set out
in the standard.

Testing was done at two ages: 28 and 365 days. Three batches were
made with each concrete type, and two specimens were produced per
batch. The arithmetic mean of the six obtained values was taken as each
test result.

¢) Chloride diffusion test

Chloride penetration to the concrete interior takes place mainly by
diffusion. To perform these tests, cylindrical specimens were used (100
mm diameter, 100 mm high), which were cured for 28 days. A water
tank with 0.5 M chloride was placed on one of the specimen sides and
epoxy coating was applied to the others (Fig. 1). Given the low UH
permeability, the water tank was 500 mm high and specimens were left
under these conditions for 1 year. After this time, the chloride
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Table 1
Mixture proportions of concrete (kg/m3) and compressive strength (MPa).
UH-0F-20 UH-1F-20 UH-2F-20 UH-2F-air UH-2F-60 UH-2F-90 50

Cement 800 800 800 800 800 800 450
Water 160 160 160 160 160 160 225
Superplastificiser 30 30 30 30 30 30 1.37
Silica fume 175 175 175 175 175 175 —
Silica flour 225 225 225 225 225 225 —
Sand (0/0.5) 302 302 302 302 302 302 —
Sand (0.6/1.2) 565 565 565 565 565 565 —
Sand (0/4) — — — — — — 880
Gravel (4/7) — — — — — — 880
Steel fibres 160 80 160 160 160 160 —
w/b ) 0.19 0.19 0.19 0.19 0.19 0.19 0.50
f. (28 days) 129.8 129.9 128.4 137.9 145.7 154.2 49.9
f. (365 days) 152.1 149.0 163.4 157.0 161.3 166.3 56.3

) includes the aqueous part of the SP.

Fig. 1. Water tank with chlorides placed on the specimens.

concentration was measured at different depths. To do so, the specimen
was cut into 5 mm-thick perpendicular slices to the water flow direction,
and chloride content was determined in them all in line with Standard
NT BUILD 208. Three batches were made with each concrete type, and
two specimens were produced per batch. The arithmetic mean of the six
obtained values was taken as the test result.

d) Electrical resistance test

Tests were run in prismatic specimens (40x40x160 mm) according
to Spanish standard UNE 83988-1:2008. Electrical resistance was
determined by the direct method by applying a uniform electric field
using two flat stainless steel electrodes (40x40 mm) that came into
contact with the specimen bases. The two specimens ends were cut to
remove the concrete layer cover in the area where electrodes were
placed. This was performed because this layer was richer in cement than
the rest of the specimen owing to the wall effect that occurs during

casting in the areas that come into contact with formworks. Tests were
performed with the specimens under a saturated surface dry condition
because the degree of concrete saturation affects their electrical
resistance.

Measurements were taken with a commercial conductivity meter
(Portavo 904). The inverse of conductance is the material’s electrical
resistance. To ensure good electrical contact between electrodes and
specimen, some previously dampened sponges with the same area that
electrodes had were placed. Moreover, in order to ensure that the
applied pressure was homogeneous, a press with two nylon plates and
metal bars was used (Fig. 2). The value was recorded 5 min after mea-
surements commenced to ensure that the recorded signal was stable
enough. Measurements were taken at different ages 3 months after
producing samples.

Three specimens were made with each concrete type, and the
arithmetic mean of the three obtained values was taken as each test
result.

e) Corrosion rate test

Tests were carried out in cylindrical specimens (50 mm diameter,
100 mm height) with a bar (10 mm diameter, 100 mm long) inserted
into the centre. The concrete cover of the bar was 20 mm. The two bar
ends were protected with epoxy resin, and the steel area that came into
contact with concrete measured 18.42 cm?. The electrical contact for

Fig. 2. Measuring conductance in prismatic specimens.
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measurements was at the end of the bar, which was protected with
Vaseline in order to prevent corrosion. After 28 days, specimens were
partly submerged (up to mid-height) in 0.5 M sodium chloride solution
and were left under these conditions for 1 year.

The corrosion current is the rate at which anodic or cathodic re-
actions occur on rebars, and the corrosion current density (icogrgr) is the
current per unit area of the rebar. To calculate icorg, the Potentiostatic
Step Voltammetry method described in [20] was followed. This method
is based on the Tafel extrapolation method, but a symmetrical poten-
tiostatic pulse pattern of various amplitudes was applied to obtain the
linear stretches of the anodic and cathodic Tafel curves. The igorgr value
is established from the intersection of both lines, considering the ohmic
drop between the bar and concrete surface. Using pulses instead of long
and slow linear sweep voltammetry allows corrosion density to be very
quickly measured and avoids polarising rebar. Having determined icoggr,
the following equation, which derives from Faraday’s law, can be used
to calculate the corrosion rate:

icorr'M

Veorr = 3.27- = 11.6-icorr (€H)

where vcogr is the corrosion rate (pm/year), icorg is corrosion current
density (pA/cmz), M is the atomic mass of steel (g/mole), p is steel
density (g/cm3) and n is the number of electrons in the reaction (2 with
iron).

The corrosion current density measurements were taken using a
three-electrode cell, where the embedded rebar was the working elec-
trode. The employed reference electrode was a saturated calomel elec-
trode, and a stainless steel mesh acted as the counter electrode, which
was placed around the specimen to make the electric field as homoge-
neous as possible (Fig. 3). A wet cloth was placed between the concrete
surface and the counter electrode to ensure good electrical contact. An
Autolab PGSTAT 100 potentiostat was employed for measurements. To
reduce electrical noise, tests were run in a Faraday cage. Six specimens
were made per concrete and the arithmetic mean of the six obtained
values was taken as the test result.

SRR X
Yo 'e e

Fig. 3. Setup for the electrochemical measurements.
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3. Results and discussion
3.1. Carbonation resistance

When calcium hydroxide is combined with CO,, calcium carbonate
forms by the following reaction:

Ca(OH), + CO,—CaCO; + H,0

As the molecular weight of Ca(OH); is 74.10 g/mol and that of
CaCOg3 is 100.09 g/mol, weight increases during the reaction, and a
quantity of water evaporates. By bearing this scenario in mind, and to
perform long-term follow-up without having to break specimens,
carbonation was controlled by regularly weighing specimens and only
occasionally checking carbonation depth by the phenolphthalein
method. This procedure also allows the instant when the specimen is
completely carbonated to be accurately estimated. In any case, the
relation between increased weight and carbonation depth was periodi-
cally verified with some specimens. As seen in Fig. 4, the correlation
between both parameters was very high, and the R? correlation coeffi-
cient equalled 0.998.

a) UH versus C50

Fig. 5 represents the weight evolution of the specimens left in the
carbonation chamber. It shows a large difference between the UH con-
cretes and the reference concrete 50 MPa. The total carbonation of the
specimens with concrete C50 was achieved at the age of 195 days. This
was also checked by periodically breaking some specimens and
following the phenolphthalein method (Fig. 6).

In all the UHs, except for the poorly cured concrete (UH-2F-air),
carbonation depth was still null after 1 year of testing (378 days) and,
therefore, the CO, diffusion inside the material could be considered
either null or practically null (Fig. 7).

b) Effect of curing conditions and fibre content

For the poorly cure concrete (UH-2F-air), Fig. 8 shows the slight
increased specimen weight up to the age of 100 days, from which time
values stabilised. This weight increase corresponded to concrete
carbonation of around 1 mm deep (Fig. 9), which did not continue to
evolve. In other words, due to lack of curing, the upper concrete layer
became somewhat more porous and, therefore, carbonated. However,
this layer thickness was minimum, and CO5 no longer penetrates once
this depth has been reached. When comparing the weight increase
curves of concretes UH-2F-air and C50, it was noteworthy that the
carbonation rate in the porous layer of UH-2F-air is considerably slower
than in concrete 50 MPa. As a guideline and in a very simplified way, if
as Ho and Lewis [21] point out, a 1-week exposure in accelerated test

300000
y =16320x + 293.94

?ﬁg\ 250000 1~ R2=0998] —//.o—
S 200000
£ /
2
S 150000 /
el
Q
5 100000
=]
B /
5 50000
S
0 : : :
0 5 10 15 20

Weight increase (g)

Fig. 4. Relationship between increased specimen weight and carbon-
ated volume.
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Fig. 5. Weight evolution of the specimens inside the carbonation chamber.

can be considered the equivalent to a 1-year exposure in a normal at-
mosphere, then the CO5 diffusion coefficient in the porous layer of UH-
2F-air would even be in the order of 13-fold lower than in the high-
resistant concrete C50.

For the influence of curing temperature (20 °C, 60 °C or 90 °C) or
fibre content (0%, 1%, 2%) on the carbonation of ultra-high-
performance concretes, no statistically significant differences were
observed between the different concrete types.

In short, according to the obtained results, producing rebar corrosion
by the carbonation of UH concretes is not foreseeable because the COy
diffusion to the material’s interior is null or practically null.

3.2. Resistance to chloride penetration

Chloride penetration which takes place due to migration and diffu-
sion (which are two of the main mechanisms of ions transport inside
concrete) was analysed. Migration is due to an electrical potential
gradient and diffusion to a concentration gradient.

3.2.1. Chloride migration
Fig. 10 shows the chloride migration Dy, coefficient values in the

P e

167 days
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Fig. 7. Phenolphthalein method in concrete UH-OF-20 at the age of 1 year.
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Fig. 8. Specimen weight evolution in UH concretes (accelerated carbon-
ation test).

209 days

Fig. 6. Carbonation depth of concrete C50 at different ages.
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Fig. 9. Carbonation depth of concrete UH-2F-air at the age of 104 days
(accelerated carbonation test).

non-steady state. Logically, and in general, the older the age, the lower
the Dpssm coefficient as a result of the cementitious material’s progres-
sive hydration.

a) UH versus C50

The chloride migration that took place in all the UH concretes was
much lower than in the reference concrete C50, and the differences
between both were around two orders of magnitude. For example, the
mean Dy coefficient value in concretes UH-2F-20 and C50 was
2.0-107'3 m?/s and 2.1-107! m?%/s, respectively, at the age of 28 days.
The high UH resistance to chloride penetration is due to two factors. On
the one hand, a very dense microstructure, characterised by low
porosity, a very fine porous structure and capillary network segmenta-
tion, which decrease water permeability (with chlorides dissolved in
water). On the other hand, as a result of the high cement content used in
UH mixes, the tricalcium aluminate content is also high. This compound
easily reacts with chlorides to form calcium chloro-aluminate (Friedel’s
salt), and therefore the free chlorides content in concrete lower.

b) Effect of curing conditions
When only UHs were analysed, Fig. 10 shows how the initial curing

performed at high temperatures (UH-2F-60 and UH-2F-90) increased
concrete resistance against chloride penetration at early ages. In fact, the

1.0E-10
B 28 days 0365 days

1.0E-11

Q

‘E LOE-12

g

2

A 1.0E-13

1.0E-14 . . . . . .
Q Q Q Q : Q Q
SRR A e e
¥ ¥ & & &

Fig. 10. Chloride migration coefficient.
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Dnssm coefficient for concrete UH-2F-20 at 28 days was, on average, 54%
and 82% higher than in UH-2F-60 and UH-2F-90, respectively. Ac-
cording to the porosimetry and SEM results obtained in a previous work
[5], this improvement was due to the reduction in the total pore volume
and to increased porous structure fineness, which occur with rising
curing temperature. Indeed when curing temperature was increased in
the first hours, cement hydration accelerated and more portlandite was
produced, which pozzolanically reacted with silica fume to, in turn,
generate more C-S-H. Moreover, the 90 °C temperature induces higher
water vapour pressure, which favours easier and faster vapour pene-
tration through the porous network and, with it, cement hydration and
the silica fume pozzolanic reaction. Nevertheless at older ages (365
days), the Dygsm coefficient of concretes UH-2F-60 and UH-2F-90 tended
to equal that of the UHs cured at 20 °C. At this age, the ANOVA of the
results indicated that the differences in the three concretes (UH-2F-20,
UH-2F-60 and UH-2F-90) were not statistically significant (p-value =
0.67). That is to say, as with the evolution of compressive strength
(Table 1), increased chloride penetration resistance with age was
somewhat less in the UHs cured at 60 °C and 90 °C, and their properties
tended to equal those of the UH cured at 20 °C in the long-term.

The results in Fig. 10 also show that resistance to chloride penetra-
tion was affected by lack of curing. At the two studied ages, chloride
penetration depth and, consequently, the Dygy, coefficient was in con-
crete UH-2F-air of the order of the double than in UH-2F-20. Never-
theless, according to the classification by Baroghel-Bouny [22], even
with poor curing, the obtained values were indicative of extremely du-
rable concrete (Dpssm <1072 m?%/s). Similarly, and based on the criteria
provided by [23], UH-2F-air can be classified as having “extremely high”
resistance to chloride penetration at 28 days (Dpssm <2.5-.107'2 m?/s).

¢) Effect of fibre content

For fibre content (0%, 1%, 2%), the Dysm coefficient in the fibreless
concrete (UH-OF-20) and that made with 1% (UH-1F-20) tended to be
lower than that produced with 2% (UH-2F-20). However, owing to
dispersion of the results, the differences in the three concretes were not
statistically significant (p-value equalled 0.07 and 0.24 at 28 and 365
days, respectively). Steel fibres have influenced on the resistance to
chloride penetration in two ways, a favourable and an unfavourable one,
which tended to counteract one another. On the one hand, they helped
to control shrinkage cracking of the cement paste but, on the other hand,
they generated weak points through which chlorides more easily
penetrated because the interphases among materials are the most porous
zones [24,25]. Besides, using higher fibre contents means that fibre balls
can form with pores inside them.

3.2.2. Chloride diffusion
Fig. 11 represents the total chloride content per weight cement,
obtained at the various depths in specimens exposed to sodium chloride

3.0
® UH-0F-20

25 1@ ©UH-1F-20 -

- © UH-2F-20

S 20 ‘o )

% o L Y @ UH-2F-air

E 15 ooy @® UH-2F-60 |

8 o® © UH-2F-90

g 10 ° °C50

= [

Q

0 20 40 60 80 100
Depth (mm)

Fig. 11. Chloride penetration profile (content per cement weight).
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solution for 1 year.

If, as some authors and certain standards and codes point out
[26,27], chloride diffusion inside concrete in the non-steady state can be
assumed to approximately follow Fick’s second law, the chloride con-
centration at different depths and at a given age C(x,t) is given by Eq.

2).
x
1—erf (—2 D,,,,~t> } (@3]

where the Gaussian error function is:

erf(z) — % /0 "o du 3)

and where Cy is the initial chloride concentration (chloride content
in % mass prior to immersion in NaCl solution), Cs is the chloride con-
centration on the concrete surface, and D, is the apparent diffusion
coefficient, expressed as m?/s, that depends on the concrete’s charac-
teristics. The initial chloride concentration (chloride contributed by raw
materials) per cement weight was experimentally determined in the
samples not contaminated by chloride solution, with 0.04% in UH and
0.06% in C50.

The surface chloride concentration (Cs) and the Dy, coefficient were
obtained by fitting Eq. (2) with the experimental data about the chloride
concentration at different depths by a non-linear least squares regression
analysis. Fig. 12 represents some of the obtained fit curves and Fig. 13
offers the Dy, coefficient results.

C(x,1) = Cy + (C, — Cy)

a) UH versus C50

The D,;, coefficient is a good indirect indicator of durability because
it is closely related to concrete resistance to chloride penetration and is,
thus, related to the onset of the corrosion period and concrete’s service
life. The test results were similar to those recorded in the migration tests.
Once again, they showed large differences between UH and high-
resistance concrete C50, where the Dy, coefficient was two orders of
magnitude lower than in UH.

In order to evaluate the relevance that these differences have on a
structure’s service life, the time required for rebar corrosion onset (tcrit)
was calculated by Eq. (4), which was obtained from Eq. (2):

XZ

2
— Cs—Ceris
4 D, D erf 1(—6’,‘ < )

where erf ! is the inverse Gaussian error function, x is the concrete
cover and C; is the critical chloride concentration threshold that alters
rebar passive layer stability and leads to corrosion onset.

Cerit is not a well-defined value in the scientific literature. The higher
the chloride concentration on the steel surface, the more likely corrosion
onset is. A wide range of values has been suggested [28,29]. By taking
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1.0% cement weight as a value that some authors suggest [26], Fig. 14
represents the concrete cover-onset corrosion curves. These curves are
only estimated and cannot, thus, be taken as a true value, but they allow
comparisons to be made between concretes. Once again on them it can
be seen large differences between UH and concrete C50. As the calcu-
lation shows, the time estimated for corrosion onset in UH is on average
about 150-fold higher than that of C50.

b) Effect of curing conditions and fibre content

The D, coefficient results obtained for UH are similar to those
recorded in the migration tests. After a 1-year testing period, neither
curing temperature (20 °C, 60 °C or 90 °C) nor fibre content (0%, 1% or
2%) significantly impacted ultra-high performance concrete resistance
to chloride diffusion. The mean D,p diffusion coefficient value was
approximately 1.3-10 2 m?/s. Fig. 13 also shows that chloride diffusion
was slightly greater with the poorly cured concrete, with a mean D,p
value of 3.6-107 1% m%/s.
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Fig. 12. Experimental values and fit curves in the concrete UH-2F-20 and C50 specimens.
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3.3. Electrical resistivity

Electrical resistivity reflects a material’s capacity to transport elec-
tric charges. Rebar corrosion is an electrochemical process during
which, in addition to the electron transport through steel, an ionic
current through the dissolved ions in the pore solution must be involved
for the electric circuit to close. So by having depassivated rebars, con-
crete’s resistivity controls the corrosion process kinetics. In concrete
with high electrical resistivity, the corrosion process is slow because the
current cannot easily pass between the anodic and cathodic areas of
rebars.

a) UH versus C50

The electrical resistivity (p) for each concrete type at different ages is
found in Fig. 15. Like all the other analysed properties, a large difference
appears in the values recorded in conventional concrete C50 and those
for UH, and these differences vary in some cases by more than one order
of magnitude. UHs’ high resistivity is justified by the material’s high
compactness, its low porosity and connectivity between pores. In such
concretes, p values are generally above 1000 Q-m, which denotes a
negligible corrosion risk [30] and very high durability [22].

b) Effect of curing conditions

When only the UH concretes were analysed, Fig. 15 shows that
curing temperature initially affected the material’s resistivity, although
the results obtained in the concretes cured at 60 °C and 90 °C were
similar. For example, in UH-2F-20 (cured at 20 °C), the average re-
sistivity value after almost 400 follow-up days was 1100 Q-m, but
concretes UH-2F-60 and UH-2F-90 were 2000 Q-m and 1900 Q-m,
respectively.

Lack of curing (UH-2F-air) also influenced the p values. The mean
resistivity in this concrete type was 35% lower than in the concrete
cured in a chamber at 20 °C (UH-2F-20), that is, about 700 Q-cm. Ac-
cording to the results obtained in a previous work [5] and those found by
carbonation test, the lower resistivity of concrete UH-2F-air was due to a
small more porous concrete surface layer caused by lack of curing.

c) Effect of fibre content

The fibre content (0%, 1%, 2%) results showed that steel fibres
increased the material’s conductivity as steel possesses negligible
resistance to electrons’ movement, and the resistivity of the fibreless
concrete (UH-OF-20) was around 2-fold and 5-fold greater than the
concretes with the 1% and 2% fibre content (UH-1F-20 and UH-2F-20),
respectively. That is, fibres act as linkage bridges between pores and,
thus, when their content increases they provide the shortcut for the ionic
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Fig. 15. Resistivity evolution.
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current to flow more easily. In any case, even though fibres significantly
reduce concrete resistivity, the resistivity of the UH with 2% fibre con-
tent was almost one order of magnitude higher than that of concrete
C50.

3.4. Corrosion rate

Fig. 16 shows the average corrosion density evolution (icorr) on the
semilogarithmic scale of the rebars embedded into specimens partially
submerged in chloride solution.

d) UH versus C50

In all cases, e.g., the UH concretes and the conventional concrete,
icorr Was not initially negligible, but soon lowered and went below 0.1
pA/cm?. That is, a low corrosion firstly took place before a protective
oxide film was formed on the rebars and then icorgr stabilised. This is
because during the first hours after casting, the oxygen content (retained
while mixing) and humidity inside the material are high, which favour
the rebars corrosion process. Then, during hydration of cement, porosity
lowers and pH rises, which allows rebars to passivate and icogrr to
decrease. According to some authors, this passive film formation period
can take at least 20 days [31], although Fan et al. [32] suggest that UH
can take somewhat longer owing to the low oxygen content present in
concrete.

In concrete C50, rebar corrosion density tended to increase 2 months
after casting; i.e., after specimens were partially submerged in chloride
solution for 1 month. This implies that chlorides had started reaching
steel and destroying the passive oxide layer. Some researchers state that
corrosion onset takes place when the averaged sustained corrosion
density is higher than 0.2 pA/cm? [27,28,33]. This situation takes place
at approximately 1 year. As the concrete cover employed in our tests
measured 2 cm, according to the theoretical curves obtained in Section
3.3 (Fig. 14), the estimated time for corrosion onset was slightly more
than 8 months and, hence, well agrees with the real obtained data.

The icorr values in UH were similar in all cases and remained quite
stable with time, between 0.007 and 0.025 |,1A/crn2 (without considering
the values recorded during the first weeks). In other words, accordind to
Eq. (1), the corrosion rate (vcorr) lay between 0.08 and 0.29 pm/year,
and thus, according to Standards UNE 112072:2011 and ASTM STP
1065, or design guideline RILEM TC-154, these values indicate a
negligible corrosion rate (icorr < 0.1 1.1A/cm2 or vcorr < 1.16 pm/year).
In fact, after 1 year, the icorr values were around 12-fold lower than
those recorded in the high strength concrete C50. This excellent UH
corrosion performance was due to their good resistance to chloride
penetration (rebars remained in the passive state), high resistivity
(current intensity is much lower according to Ohm’s law), and also
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S
g
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Fig. 16. Corrosion density evolution of specimens submerged in chlo-
ride solution.
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probably due to a very low oxygen availability.
c) Effect of curing conditions and fibre content

Given negligible rebars corrosion, the obtained icorg results did not
reflect any differences between the concretes submitted to the different
curing conditions.

For fibres content, no differences appeared between the different
concrete types. Nonetheless in the UH with fibres, small oxide stains
were seen due to the oxidation of surface steel fibres. In these concretes,
fibres are surrounded by a very dense cementitious paste, which hinders
oxide crystal growth and oxygen diffusion [34]. Thus, oxidation affects
only the fibres zone closer to the surface (Fig. 17), where there is
practically no concrete cover. This minimal corrosion of some surface
fibres did not affect resistance to chloride diffusion (see Section 3.2.2.b)
and, coherently with this, it did not influence rebar corrosion because
the icorr values in the UHs with fibres (UH-1F-20, UH-2F-20) were the
same as those in the fibreless UH (UH-0F-20).

4. Conclusions

The following conclusions can be drawn from the study of the
corrosion resistance of the ultra-high performance concretes (UH) made
with different fibre volume contents and under distinct curing condi-
tions. UHs were designed to the minimum compressive strength defined
for them (120-150 MPa). In this way, the obtained characteristics can be
deemed to correspond approximately to the minimum characteristics
expected for this concrete type.

e UHs displayed no signs of carbonation after undergoing an acceler-
ated carbonation test for 378 days. Minimum carbonation was
detected only in UH-2F-air (1 mm depth) due to a thin more porous
concrete surface layer caused by lack of concrete curing. At any rate,
this minor carbonation development took place in the first 100 days
and then stopped.

e UHs’ resistance to chloride penetration can be classified as

“extremely high”. The migration (Dpsm) and diffusion (Dap) co-

efficients obtained in the non-steady state were 2.0-10~'* m?/s and

1.3-10713 m?/s, respectively. These values were two orders of

magnitude lower than those obtained for concrete 50 MPa.

Initial UH curing at 60 °C or 90 °C increased concretes’ resistance to

chloride at early ages, and the Dy coefficient lowered by 54% and

82%, respectively, in relation to one UH cured at 20 °C. Nonetheless,

the increase in resistance to chloride penetration with age was

somewhat lower in the UHs cured at a higher temperature, and
similar Dy, values were obtained for all the UHs at the 1-year age

(approximately 1.0-107 '3 m?/s).

Fibre content (0%, 1% or 2%) did not significantly influence resis-

tance to chloride diffusion in the ultra-high performance concretes.

Rebar corrosion onset was calculated based on diffusion equations.

The results show that the time estimated for corrosion in UHs to start

was about 150-fold higher than for concrete 50 MPa.

Fibreless UHs’ electrical resistivity (p) was generally above 5,000

Q-m, although these values may be lower depending on the steel

fibre content employing in the mix. The fibreless UHs’ resistivity was

about 5-fold higher than a UH with 2% fibres, and approximately 2-

fold higher than a UH with 1% fibres

The initial UH curing at 60 °C or 90 °C increased concrete’s re-

sistivity in the first months, while lack of curing lowered it. None-

theless in the long term, the p values tended to equal those of a UH
cured at 20 °C

After leaving specimens in chloride solution for 1 year, the corrosion

rate of all the analysed UHs was negligible, with icorg values be-

tween 0.007 and 0.025 pA/cm?. These values remained stable with
time, unlike those observed with concrete 50 MPa because icorr
began to increase after 2 months, and was 12-fold higher after 1 year.

Construction and Building Materials 306 (2021) 124914

Fig. 17. Concrete UH-2F-20 sample: 1) oxide stains, 2) corrosion-free fibres, 3)
fibres with corrosion.

UHs’ excellent performance was due to their high resistance to
chloride penetration and their excellent resistivity.
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