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Red mud, the main waste generated in aluminum and alumina production by the Bayer process, is considered
“hazardous” due to its high pH. The characteristic of high alkalinity associated with the presence of alumino-
silicates facilitates the assimilation and formation of compounds by reaction with chloride ions. The high pH
also provides greater protection of rebars, which is reflected in the low corrosion potential and high electrical

Ic(zﬁvcvriris"m resistivity (filler effect) of concrete. In this study, the chloride concentration was monitored by measuring the
Red mud conductivity of the anolyte. Red mud proved to be a promising additive for concrete to inhibit the corrosion

process. The corrosion potential was monitored by electrochemical measurements and the electrical resistiv-
ity was evaluated using sensors embedded in concrete test specimens. The results showed that the addition
of red mud is beneficial to concrete, reducing its chloride migration rate (diffusion coefficients) and corrosion
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potential and increasing its electrical resistivity.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The world's production of bauxite in 2008 was 205 million tons, and
the main producing countries were Australia, China, Brazil, Guinea,
India and Jamaica. Ranking third in worldwide production in 2008,
Brazil produced 26.6 million tons of bauxite. It also has the world's
third largest bauxite ore reserves (around 3.5 billion tons), concentrat-
ed mainly in the northern part of the country (state of Para) [1]. Roughly
0.3-1.0 tons of red mud waste are generated per ton of aluminum pro-
duced. Brazil has discarded about 10.6 million tons/year of caustic red
mud in recent years and the worldwide generation of red mud exceeds
117 million tons/year [2].

The storage of large quantities of alkaline residue (red mud) is ex-
pensive (between 1 and 2% of the price of alumina), requiring large
disposal areas (about 1 km? for five years of production for a factory
producing 1 million tons of alumina per year) and causing serious en-
vironmental problems [3]. Therefore, the use of this waste in cement
matrices is very attractive since the high amount of cement con-
sumed worldwide is compatible with the high generation of this
waste.

Alkaline matrices such as those provided by Portland cement in
mortars and concrete are commonly used in waste conditioning. They
are inexpensive, have an extensively documented history of safe use,
and are a draw-upon readily-accessible technology. Alkalinity greatly
reduces the solubility of many hazardous inorganic species and inhibits
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microbiological processes. Moreover, since these matrices require
water for hydration, they may readily incorporate wet wastes [1] such
as red mud.

The search for an economically and environmentally viable alterna-
tive has led to the study of red mud for various applications, such as
alternative construction material [3], an adsorbent for the removal of
heavy metals from aqueous solutions [4], building materials, namely
bricks [5,6], ceramics and tiles [ 7], ceramic glazes 8], red mud-polymer
composite panels as wood substitutes [9], and iron-rich cement [10,11].

The high alkalinity of red mud, which was initially a factor of envi-
ronmental concern, has proved to be the main advantage of using red
mud as a rebar corrosion inhibitor in reinforced concrete without af-
fecting its passivity. To ascertain its possible use, rebar corrosiveness
was evaluated by monitoring chloride diffusion, corrosion potential
and electrical resistivity.

1.1. Chloride migration test

It is widely accepted that the presence of chloride ions in concrete
structures is responsible for the breakdown of the passive film and sub-
sequent corrosion of steel bars. Several investigations [12-14] have
used the accelerated migration test to assess the resistance of concrete
to the penetration of chloride ions. Initially, these tests were employed
to evaluate the penetration of chloride ions by evaluating the total load
passing through, according to the ASTM C 1202/1992 standard, and the
steady-state diffusion coefficients of chloride ions, as proposed by
Andrade [15].

More recently, several authors have used migration tests to calcu-
late the diffusion coefficient also in the nonsteady state [12,13].
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However, no satisfactory correlation has been found among theoreti-
cal results obtained by several different techniques, although all the
tests are based on the induction of ions in response to an external
electric field [15].

1.2. Corrosion potential

Monitoring of the corrosion potential enables changes in the elec-
trochemical corrosion process to be recorded, which can be quite in-
teresting in monitoring structures. However, the results indicate a
balance between anodic and cathodic reactions, without providing
quantitative information, i.e., information about the reinforcement
corrosion rate cannot be obtained. Thus, the rebar corrosion potential
provides a rough indication of a rebar corrosion situation or a rebar
passive state.

The ASTM C-876/91 standard presents a correlation between cor-
rosion potential ranges and the probability of corrosion occurrence as
a criterion for corrosion evaluation, taking as reference a copper/copper
sulfate electrode (Cu/CuSQy4 Cu?™). This and other correlations are
presented in Table 1.

1.3. Electrical resistivity

Electrical resistivity is an important property of concrete and indi-
cates its ability to resist the passage of electrical current. This proper-
ty is fundamentally related to fluid permeability and ion diffusivity
through the pores and, in the case of concrete, is closely related to
the corrosion rate of steel reinforcement bars [14].

The presence of salts such as chlorides, sulfates and nitrates enables
reinforcement bar corrosion because salts are strong electrolytes (low
resistivity), allowing for the flow of electrons and corrosion of the rein-
forcement. Resistivity values indicate the probability of reinforcement
corrosion but these values are not fully recognized internationally and
vary according to the methodology employed. Commonly used refer-
ence values (Table 2) are found in the CEB standard 192 or the European
CE Bulletin — COST 509 (corrosion and protection of metals in contact
with concrete) presented by Polder [16].

Among the factors that influence the resistivity of concrete, Santos
[14] cites: the characteristics of the concrete (water/cement ratio,
type and amount of aggregates, cement consumption, the presence
of chemical additives and additions, degree of hydration); environ-
mental characteristics (temperature and relative humidity) and the
action of aggressive agents (chloride penetration and carbonation).

2. Materials and methods
2.1. Materials

The concrete was produced with a Brazilian Portland cement (CPII
Z-32, to the Brazilian NBR 11578 standard), which is equivalent to the

ASTM C 596 standard (Pozzolan-modified Portland cement). This
cement contains pozzolan and is one of the cements most widely

Table 1

Table 2
Resistivity values and risk of corrosion of reinforcement bars, according to the CEB-192
standard and the European CE Bulletin - COST 509 apud Polder [16].

Concrete resistivity (KQ.cm) Risk of corrosion

CEB-192 COST 509

>20 >100 Negligible
10-20 50-100 Low

- 10-50 Moderate
5-10 <10 High

<5 - Very high

used in the state of Sdo Paulo, Brazil. The coarse aggregate was
dense, crushed granite stone and the fine aggregate was natural sili-
ceous sand commercially available in Sdo Carlos, SP, Brazil.

The red mud was supplied by ALCOA Brazil and came from Pogos
de Caldas, MG. It is a mixture containing about 60% of solids, collected
immediately after alumina recovery from the digestion process
(Bayer process).

2.2. Methods

2.2.1. Characterization of materials and preparation of concrete samples

Characterization of the materials involved X-ray diffraction (Rigaku
Geigerflex ME 210GF2 diffractometer) and X-ray fluorescence (Philips
PW1480 X-ray fluorescence spectrometer) analyses. Physical parame-
ters such as the specific surface area (estimated by BET, using a Micro-
meritics Gemini 2370V1.02 surface area analyzer) and specific gravity
(Micromeritics Accupyc 1330V2.01 helium pycnometer) were also
determined.

The concrete mix proportions were 1.0 (Portland cement): 1.5
(fine aggregate): 1.3 (coarse aggregate) and the water/cement ratio
was 0.5. The mortar content was 75% and the cement consumption
was 526 kg/m>. After mixing, a vibrating table was used to ensure
efficient compaction. Concretes containing distinct additions of red
mud (10, 20, and 30% in weight) were prepared and analyzed.

The specimens for the migration tests were cylindrical (50 mm in
diameter and 100 mm in length). These specimens were cut into
40 mm thick slices, and the end portions of each cylinder were
discarded to minimize heterogeneities and ensure water saturation.
The corrosion potential was measured using prismatic specimens
(50 % 70 x 90 mm?) into which steel bars were inserted during mold-
ing. The electrical resistivity of the concrete was tested using molded
concrete blocks (200x200x 100 mm?) with sensors embedded in
them.

All the specimens were unmolded 24 h after being cast and were
cured for 28 days in a humid chamber (>95% HR). A minimum of 4
samples were tested in all determinations.

2.2.2. Chloride migration test
The American ASTM C-1202/97 standard (Standard Test Method
for Electrical Indication of Concretes Ability to Resist Chloride Ion

Probability of rebar corrosion activity as a function of ranges of corrosion potential of various reference electrodes in accordance with the ASTM C-876/91 standard.

Electrode Probability of rebar corrosion activity

<10% 10%-90% >90%
NHE? >0.118V (0.118 V) —(0.032 V) <—0.032V
Cu/CuS04,Cu®* (ASTM C 876) >—0.200V (—0.200V) —(0.350 V) <—0350V
Hg,Hg,Cl,/KCl (saturated solution)® >—0.124V (—0.124V) —(0.274 V) <—0.274V
Ag,AgCl/KCl (1 M) >—0.104V (—0.104V)—(0.254 V) <—0.254V

2 Normal Hydrogen Electrode (NHE) standard.
b Saturated Calomel Electrode (SCE) used in this work.
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Penetration) advocates the use of vacuum saturated samples before
submission to migration tests. This procedure has been adopted by
other researchers [12,14] to ensure that the penetration of chlorides
into the sample was caused predominantly by diffusion. In this
work, vacuum saturation was not used; instead, the samples were
soaked in water for 24 h prior to testing.

PVC cells were used, consisting of a 50 mm diameter “T” tube with
a top cover for output measurements and a side containing the elec-
trode, properly sealed to prevent loss of solution. The specimens
were placed at the interface between the two chambers, and were
also glued with a silicone-based adhesive. Thus, the ion exchange
between cells took place only through the body surface-to-test ex-
posed area. The test setup and its implementation are illustrated in
Figs. 1A and B, respectively. A 12-Volt current was applied to the sys-
tem by means of electrodes positioned at the ends of the cell, which
were connected to copper wires from a controlled voltage source.

The principle of the migration test is to apply a potential differ-
ence between two cells: the first containing a chloride solution (cath-
olyte chamber) and the other without chlorides (anolyte chamber).
The concrete sample is placed between these chambers (Fig. 1) and
the external electric potential applied forces the chloride ions to
pass through the concrete sample from the first to the second cham-
ber [14]. The positive cell (anolyte chamber) is filled with distilled
water to prevent corrosion-induced chloride deposition. A 1 M NaCl
solution was used in the negative cell (catholyte chamber).

The concentration of chlorides in the anolyte chamber (initially free
of chlorides) was analyzed at regular intervals during the experiment
using a portable digital conductivity meter (CD-880, Instrutemp). The
chloride concentration was estimated based on the correlation between
this parameter and the electrical conductivity, as indicated in Fig. 2.
Conductivity values were referenced to a temperature of 25 °C, by
considering an increase of 2% in the conductivity of the solution when
the temperature rose by one degree centigrade.

250
£
£ 200
17}
£ 50
=15
2 . N y = 89,749x
] R?=0,986
s 100 //
3
=
5 s0 v
o
00 . . . .
000 005 0.10 015 020 025

Chloride Concentration (M)

Fig. 2. Experimental relationship between conductivity (at 25 °C) and chloride concen-
tration in the anolyte compartment, which initially contains distilled water.

2.2.3. Corrosion potential

The reinforcement steel bars were weighed on an analytical balance
with an accuracy of 0.01 g. The area exposed to chloride attack (about
15.83 cm?) was then delimited by electrical insulating tape, as shown
in Fig. 3. The bars were positioned so that the exposed area was located
in the central region of the specimens, as illustrated in Fig. 3D.

The corrosion potential is basically verified from a chloride-
activated accelerated corrosion test. The electrochemical cell used
for corrosion potential measurements was composed of a working
electrode, the reinforcement steel bars and the saturated calomel
electrode (SCE) used as reference electrode.

Before taking the measurements, the side of the specimens to be
measured was pre-moistened with a wet sponge for 1 min. A conduc-
tive solution containing 5 mL of neutral detergent to 1L of water,

PVC Pipe
CATHOLYTE @=50mm)  anoLYTE
NaCl i Distilled
Solution 1M Water
100 mm 100 mm \ Electrode
O . Specimen
230 mm
v

®

Fig. 1. (A) Setup and assembly of the chloride migration test; (B) chloride migration test apparatus.
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Fig. 3. (A) and (B): Scheme of the exposed area of the rebar delimited (in mm), and (C) and (D): sample dimensions (in mm) and steel rebar positions in concrete samples.

according to the ASTM C-876/91 standard (Standard Test Method for
Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete) and an
electrical conductivity of 0.15 £ 0.02 mS/cm were used. For the mea-
surements, the reference electrode was positioned approximately at
mid-span over the rebar under analysis. The contact between the ref-
erence electrode and the specimen was aided with a damp sponge.

The corrosion test was started after 63 days, when the specimens
showed a constant mass (1.0 g of variation in two consecutive 24-
hour readings) and when the measured corrosion potential indicated
the formation of a passive film on the surface of the steel bars (Eco>
—0.124 V). This reference value corresponds to a lower than 10%
possibility of corrosion occurrence, according to the ASTM C 876/91
standard (for the saturated calomel electrode used in this work).

In other works [14,17], it was necessary to define a specific age, or
reference age, from which the procedures of the accelerated corrosion
tests started. The authors of those studies associated the reference age
to the stabilization of the cement hydration process and defined the
ages of 63 days [17] and 80 days [14] as sufficient for the cement
paste to acquire a relatively well developed physical structure and a
significantly high degree of hydration.

After reaching the “safe potential,” the specimens were subjected
to semi-cycles of partial immersion in 3 wt.% NaCl solution for two
days and semi-cycles of drying in a ventilated oven at 50 °C for five
days. During the semi-cycle of partial immersion, the level of

Amperi meter

A AC Generator

Concrete

immersion solution was kept at half height of the specimens. In this
condition, the chloride inflow occurs primarily by capillary
absorption, since the specimens are first dried, and after the pores be-
come saturated, the inflow occurs by diffusion, which is accelerated
due to water evaporation through the exposed concrete. The corro-
sion potential (E.or) was measured at the end of each semi-cycle.

The active state of corrosion (Ec<—0.274 V) or passive state
(Ecorr>—0.124 V) was analyzed based on the corrosion potential
(Ecorr), using the saturated calomel electrode (SCE) as reference.
The test was concluded when two consecutive and full cycles
resulted in corrosion potential values below the critical value
(Ecorr<—0.274 V).

After concluding the test, the rebars were extracted from the
samples, cleaned according to the ASTM G-1/03 standard, and
weighed to determine weight loss and to compare them with
the initial value. Thus, the corrosion rate (CR) can be calculated
according to Eq. (1).

KW

R= ATD

(1)

where K= constant (for CR(um/year), K= 8.76 x 107; for CR(g/m>.year),
K=8.76x10".D); W =weight loss (grams); A=exposed rebar area
(cm?); T=exposure time (hours); D = steel rebar density (for CA-50

Fig. 4. (A) Schematic diagram of the measurement of concrete electrical resistance, (B) electrical probe used, and (C) electrical current measure.
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steel, D=7.85 g/cm?). In this study, A=15.83 cm? and T=4320h
(180 days).

2.2.4. Electrical resistivity

The electrical resistivity of concrete was calculated from the
electrical current (I) passing through the specimens. The system,
which is shown schematically in Fig. 4, consists of two cylindrical
probes, each with two electrodes (different measurement levels)
made of stainless steel (rings/washers) and spaced at different layer
depths. The probes used in this study were supplied by the Institute
of Corrosion (ICorr), which specializes in corrosion studies. The two
probes of the system should be placed 10 cm apart.

Through this monitoring system, the ionic resistivity of concrete at
each depth can be determined by the paired-electrode technique. An
alternating current is applied between the electrodes and the resistivity
is determined by measuring the resistance (AE/Al, Ohm's law) and by a
parameter that depends on the geometry of the electrodes and on the
distance between them (A/L). Thus, the resistivity (p) is calculated
according to Eq. (2):

V-A
-7 )

For circular electrodes, Eq. (2) is equivalent to:

2n-V-L
- 3)

where p is the electrical resistivity of concrete (Q.cm); V is the
applied voltage; I is the current intensity; A is the area of the side of
the specimen in contact with the electrode (cm?); and L is the
distance between the electrodes (cm). The European CE Bulletin -
COST 509 (Corrosion and Protection of Metals in Contact with Con-
crete) was used as the evaluation parameter since it is more stringent
in relation to values than those suggested by the CEB-192 standard.

3. Results and discussion
3.1. Materials characterization

The Portland cement used here has a specific surface area of
0.93 m?/g and a specific gravity of 3.11 kg/dm?>. The sand has a specif-
ic surface area of 0.68 m?/g and a specific gravity of 2.70 kg/dm?>, and
is classified as fine sand by the Brazilian NBR 7211 standard. The grav-
el has a specific gravity of 2.74 kg/dm® and a maximum dimension of
19 mm.

The red mud was received as a paste containing about 40% of free
water. In this study, the material was dried, crushed, and used as a
powder additive. Ideally, if its potential as a constituent of concrete
is demonstrated, red mud incorporation should be tested in the as-
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Fig. 5. Particle size distribution of the dry red mud.

Table 3
Chemical composition of red mud estimated by XRF.

Component Al,O3 Fe,03 NayO CaO SiO,
19.87 19.85 7.35 4.61 1434 1.87 021 266 1.01 27.20

K20 MnO TiO, Others LOI

Content
(wt.%)

2 LOI=loss on ignition.

received condition, thus accounting for the free water present in the
mud as a mortar mix component.

The specific surface area of bauxite waste is 20.27 m?/g, according
to the particle fineness shown in Fig. 5. Maximum particle size is
under 40 um and the mean value is only about 8 um. The specific
gravity is 2.90 kg/dm?® and the pH is very high (12.95), exceeding
the limit (12.5) for non-hazardous wastes defined by the Brazilian
NBR 10004 standard.

Table 3 presents the chemical composition of the waste while
Fig. 6 shows the corresponding XRD pattern. As expected, the major
components are aluminum hydroxide (Al(OH)3), calcium carbonate
(CaCO3), and iron oxide (Fe,03), but the relative amounts of SiO,,
muscovite and FeO(OH) are also relevant. Some of these oxides are
also detected by XRD, in addition to aluminum hydroxide and a com-
plex NasAl5CSiz0,5 phase.

In the hydration of high-iron Portland cement, the calcium alumi-
nate ferrite phase reacts with calcium sulfate, yielding the ettringite
phase. The formation of ettringite in high-iron cements progresses
more slowly than in cements with Fe,03; contents corresponding to
ordinary or low-iron Portland cements [29].

The high fineness (20.27 m?/g of surface area) of red mud can
interfere with drying shrinkage because, due to its fineness, it retains
a reasonable amount of water.

A high iron oxide content in concrete structures can promote the
formation of hydrated iron oxide (Fe,03; nH,0), which, to occupy its
space, exerts a pressure in the order of 15 MPa on its confining mate-
rial, which suffices to fracture the concrete [29]. However, this
phenomenon was not observed in the specimens used in this study.

Manso et al. [30] examined the effect of adding a waste with high
iron oxide content (EAF slag) on the durability of concrete. These
authors found that, after freezing and thawing cycles, the internal
pressure of ice in the accessible pores of the concrete (matrix and aggre-
gates), allied to thermal changes, caused surface spalling of the samples
and drastically reduced their compressive strength. A similar behavior
was observed after wetting and drying tests. In this case, damage was
produced by the combination of two effects: thermal dilation and con-
traction, and shrinkage due to variations in humidity [30].

On the other hand, Pellegrino and Gaddo [31] obtained excellent
results and their specimens showed no significant surface deteriora-
tion despite the severity of the tests. Thus, it is clear that the
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Fig. 6. X-ray diffraction (XRD) pattern of dry red mud.
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Fig. 7. Evolution of CI™ concentration in the anolyte chamber of a migration test cell
over time, in concrete samples containing distinct amounts of red mud waste (0-30%).

implications of high iron oxide content for concrete durability are not
yet well understood.

The high loss on ignition (LOI) observed in red mud (27.2%) may
lead to consequences in the long-term durability of concrete. Due to
the presence of hydrated compounds and residual organic matter, a
highly porous cement matrix may be observed, which reflects the
low stability of the concrete in terms of wetting-drying and freeze-
thaw cycles.

3.2. Chloride migration test

Fig. 7 shows the evolution of chloride concentration in the anolyte
chamber during migration tests. As expected, the CI~ concentration
increases over time once the voltage is applied, following the predict-
able trend.

Initially, there is a period in which the amount of chlorides passing
into the anolyte chamber is negligible. Its duration corresponds to the
so-called “time lag” (7), and can be defined as the time required for
chlorides to pass through the concrete disc, causing its saturation.
This period of time will later serve as the basis for estimating the
D,s values. After this period, the flux of chloride ions through the
specimen becomes constant, which corresponds to the steady-state
period.

The time lag is determined empirically from the intersection
between the extension of the line that characterizes the steady-
state and the time axis, according to the diagram in Fig. 8.

Fig. 9 shows that the time lag increases with increasing waste
content, probably due to the reduction of a relative number of capil-
lary pores [18]. Moreover, the mud particles may close or interrupt
the connectivity between some of those pores, thus diminishing the
capillary suction of the concrete and hindering the transport of

CI- Concentration (M)

T Time (h)

Fig. 8. Experimental determination of the time lag (7); start (A) and end (O) of the
steady-state diffusion stage, whose diffusion coefficient is Ds.
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Fig. 9. Time lag estimated from chloride migration tests as a function of red mud con-
tent added to concrete cured for 28 days.

substances [19]. This occurs even in samples showing higher total
porosity, meaning that within certain limits this parameter is not rel-
evant. Microstructural changes should therefore be accounted for to
better explain behavioral differences between the samples.

After the time lag, the flux of chloride ions through the specimen
increases at a constant rate, which corresponds to the steady-state
regime [12]. The steady-state diffusion coefficient (Ds) in migration
tests is estimated using the Modified Nernst-Planck equation:

~ JoRTI
57 ZFCqyAD @

where Jo=flux of chloride ions (mol/cmZ%s); R=gas constant
(1.9872 cal/mol.K); T=temperature (K); I=sample thickness
(4cm); z=ion valence (chlorides=1); F=Faraday's constant
(23063 cal/volt.eq); Cq=chloride concentration in the catholyte
(mol/cm3); +y=activity coefficient of the catholyte solution
(C1I™ =0.657) and A® = effective applied voltage (12 V).

The chloride ion flux (J¢;) represents the speed at which the ions
are transported through the concrete, and the steady-state and
nonsteady-state diffusion coefficients are calculated based on this
flux. These coefficients can be calculated using the linear slope of
the graph representing the evolution of the chloride concentration
in the anodic cell as a function of time (see Fig. 8):

V dC
JCIZK < it (5)

where A= exposed area (cm?) and V = volume of the cathodic cham-
ber (cm?).

The steady-state diffusion coefficient (D,s) was calculated as fol-
lows. First, by estimating the enhancement or progress ratio obtained
by applying an electrical field, comparing the time that chlorides
would require under natural conditions of diffusion to reach the pen-
etration depth observed in migration tests (tq;), according to Egs. (6)
and (7) [12].

1 6 v
@:§x vxcothj—z (6)
zeAD
kT (7)

where T=time lag in the migration test; tg;= time equivalent if no
electrical field were applied (s); e=1.6 107 C; k=Boltzmann's
constant (1.38 10723 J/K).
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Fig. 10. Flow of chloride ions estimated from the migration tests as a function of red
mud content in the concrete cured for 28 days.

This mathematical solution allows migration tests to be
“converted” into natural tests. In other words, using this “equivalent”
time, tqir, Dps is obtained directly from Eq. (8):

12
Dns: lef (8)

where 1= specimen thickness (cm).

Fig. 10 shows the flow of chloride ions, ], through the concrete as
a function of red mud content in the material. This parameter repre-
sents the speed at which the ions are transported through the con-
crete and from which the steady-state and nonsteady-state diffusion
coefficients (Fig. 11) are calculated. A clear decrease is observed in
samples containing increasing amounts of waste. This is very positive
because it reveals a delay in the onset of the corrosion process caused
by the migration of chloride ions. These observations are in agree-
ment with findings reported by Santos [16] and Aitcin [20], who
showed the tendency of supplementary cementitious materials
(such as red mud) to significantly reduce the mobility of chloride
ions, reflecting the effect of increased tortuosity and better pore di-
ameter distribution resulting from the pozzolanic reactions, which
hinder ionic movement.

Moreover, red mud contains mineralogical phases such as sodium
aluminosilicates, known as sodalites, i.e., zeolite-type compounds
with an extremely high ion-exchange capacity, which makes red
mud a good absorber of heavy metals [21] and influences their
surface properties [22], including the formation of compounds by
reaction with chloride ions. Other authors [23] also cite the impor-
tance of the presence of aluminates, which play an important role in
anchoring the chloride ions, which would otherwise be free and avail-
able to start the corrosion process.
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Fig. 11. Steady-state and nonsteady-state diffusion coefficients of chloride ions esti-
mated from migration tests as a function of red mud content in concrete cured for
28 days.
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Fig. 12. Evolution of the corrosion potential of rebars embedded in reinforced concrete
specimens containing red mud, as a function of age.

The aspects discussed in the above paragraph are also reflected in
the steady-state and nonsteady-state diffusion coefficients of chloride
ions shown in Fig. 11, both of which decreased due to the addition of
a higher red mud content.

3.3. Corrosion potential

Based on the corrosion potential measurements an analysis was
made of the onset of rebar corrosion, i.e., the moment when the
potential was below —274 mV (the probability of corrosion exceeds
90% for the saturated calomel electrode). Results obtained by Bauer,
as described by Santos [14] show that, in most cases, the evaluation
of the corrosion onset period based on corrosion potential tests is
consistent with assessments based on more accurate electrochemical
parameters such as corrosion intensity (icorr).

Fig. 12 presents the results of the corrosion potential measure-
ments. In the first 63 days, the specimens were not subjected to
wetting and drying cycles in NaCl solution until the “safe potential”
(—124 mV) was reached, and the tests were interrupted when the
“unsafe potential” (—274 mV) was reached in two consecutive dry
state measurements. The values represent the average of six mea-
surements taken for each composition. The error bars were not placed
in graphs because they would render the graphs very confusing and
difficult to visualize. However, it can be stated that the results were
highly reproducible, with a variation of less than 6%.

One of the aspects of the test procedure adopted is that the rebar
corrosion potential varied throughout the test, showing more nega-
tive or more positive values depending on the semi-cycle to which
the specimen was subjected.
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Fig. 13. Rebar corrosion onset period as a function of red mud content.
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The most positive corrosion potential values were recorded after
the drying cycles because, due to the decreasing amount of electro-
lyte, the concentration of dissolved substances increased. In fact,
according to the Nernst equation, the equilibrium potential increases
with the increase in activity, i.e., the increase in the effective concen-
trations of oxidized substances. Studies by Santos [14] confirm this
behavior and show an inverse correlation between the corrosion po-
tential and the concrete's moisture content, indicating that an in-
crease in moisture content implies a decrease in the measured rebar
corrosion potential.

According to the results shown in Fig. 12, the reference samples
showed a greater difference between the corrosion potential mea-
surements in the wet and dry states (0%). Due a larger network of
capillary pores, the reference samples presented a higher absorption
capacity (capillary suction) and greater difficulty in losing this mois-
ture (lower porosity) than the other samples.

The tests were interrupted when the “unsafe potential” was
reached in samples in the dry state. For a better view, these results
are presented in Fig. 13. As can be seen, the reinforcing bars in spec-
imens containing red mud took longer to depassivate than the refer-
ence samples, regardless of the amount of red mud added.

These results indicate only the onset of the corrosion process,
without, however, presenting quantitative information about the
phenomenon. Although they reached the end of test more quickly,
the specimens that reached the unsafe potential continued to be
subjected to wetting and drying cycles for up to 180 days, when the
last samples (10%) reached this potential. Thus, it was possible to
calculate the corrosion rate of all the samples according to Eq. (1).
The results are shown in Fig. 14.

According to these results, the higher the content of red mud the
lower the corrosion rate, which reached stability between 20 wt.%
and 30 wt.% of red mud content. This behavior may be due to three
isolated factors or to their combination: i) increasing alkalinity in
the region near the steel-concrete interface; and/or ii) greater
anchoring of chloride ions due to the presence of sodium aluminosil-
icates, which prevent the free movement of these ions and make
them unavailable to start the corrosion process, as discussed with
respect to the results of the chloride migration test; and/or
iii) according to McCarter apud Santos [14], larger pores (existing in
the specimens containing red mud) lose water more easily than the
small and tortuous pores that are present in the reference sample.

Therefore, no clear correlation was found between rebar depassi-
vation time and corrosion rate, i.e., the rebar corrosion process may
begin sooner, but after this moment, the corrosion process may
occur at a lower rate. However, this may have occurred simply due
to our reliance on the parameters defined in the ASTM 876 standard
to determine the onset of corrosion and the variation in the half-cell
potential measured by our technique with the location of the anodic
areas on the rebar surface.

300

215 |

250
225 =

200
S
175 -
150 \\‘:___‘_'_____,_.....m

Corrosion Rate (ym/ano)

125

100

0% 10% 20% 30%
Red Mud Content (%)

Fig. 14. Corrosion rate of steel bars embedded in reinforced concrete specimens, calcu-
lated after the corrosion potential test, as a function of red mud content.

The specialized literature offers controversial explanations about
phenomena involving corrosion potentials. However, it seems there
is a consensus that this technique is insufficient and should always
be accompanied by some other technique to quantitatively determine
the corrosion kinetics of rebars [24,25].

3.4. Electrical resistivity

Electrical resistivity is a property widely used to monitor concrete
structures because it is a nondestructive method and allows for exter-
nal monitoring by means of embedded electrodes. This property is
fundamentally related to fluid permeability and to ion diffusivity
through concrete pores.

Several authors [14,16,26-28] have shown that electrical resistiv-
ity is related to the microstructural characteristics of the cement ma-
trix, such as porosity, pore size distribution, pore connectivity, and
the conductivity of the aqueous solution in the matrix. In this study,
three specimens were prepared for each amount of red mud content,
providing a total of six results (each specimen yielded two different
measures because of the two electrodes embedded at different mea-
suring depths).

Fig. 15 shows the average results of the electrical resistivity of the
reference specimens (0%) and the specimens containing red mud
additions (10%, 20% and 30%). The specimens were kept in a
moist chamber up to the age of 28 days, and the dotted lines in the
figure represent the corrosion risk levels: high (<10 KQ.cm),
moderate (10-50 KQ.cm), low (50-100 KQ.cm), and insignificant
(>100 KQ.cm), according to the COST 509.

All the samples showed increased electrical resistivity due to
increased paste hydration and to the reduction of fluid concentration
in concrete pores as the specimens became increasingly dry, making
them less conductive. According to Andrade [15] and Santos [14],
the conduction of electrical current through concrete occurs through
continuous pores and microcracks that are present in the matrix and
filled with water.

The behavior of the specimens differed significantly according to
different moisture contents. Among the specimens that were kept in
the moist chamber (up to 28 days), the samples containing red mud
were more resistive than the reference samples (0%). This effect con-
tinued to be visible in the first days after the specimens' removal from
the moist chamber.

After drying the specimens, the reference samples showed a high
increase in resistivity which exceeded that of the 40 to 80-day-old
samples containing red mud. This effect can be explained by the
high ionic concentration of red mud, which becomes more pro-
nounced and active as the moisture content decreases when
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Fig. 15. Electrical resistivity of concrete specimens containing red mud, as a function of
age.
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Table 4
Equivalent conductivity of aqueous ions in infinite concentrations at 25 °C (Adamson
apud Shi [24]).

Ion Na* K+ Ca®t

No (m~'Q71)

No/a OH™ -
0.00798

0.00501  0.00735  0.00595 0.0198  0.00763

compared to reference samples. A similar behavior was observed by
Whiting and Nagi [26].

The equivalent electrical conductivities of aqueous ions typical-
ly found in concrete pores were determined by Adamson apud Shi
[24] and these values are presented in Table 4. As can be seen, the
Na*, OH™, Ca?* and K* ions in red mud are highly conductive,
contributing to lower the resistivity of concrete when it loses
moisture.

Another factor to be considered is the higher porosity of concrete
specimens containing red mud, which contributes decisively in re-
ducing resistivity. Although they showed lower resistivity values
than the reference samples, the samples of concrete containing red
mud showed values well above the limit considered as low corrosion
probability (>50 KQ.cm). Hence, even if the presence of red mud does
not prevent the occurrence of corrosion, it also cannot be considered
harmful.

Another positive analysis factor is that the specimens containing
red mud showed a higher resistivity in a humid environment, which
is more conducive to corrosion. Unfortunately no measurements
were taken of specimens kept moist throughout the experiment in
order to verify if this behavior would be maintained.

3.5. Correlations

To assess the reliability of the results and determine if the addition
of red mud gives reinforced concrete a stable behavior, several corre-
lations are made between the results obtained by different tech-
niques, as shown below.

3.5.1. Diffusion coefficients vs. corrosion potential

The correlation between the diffusion coefficients and corrosion
rate obtained by the corrosion potential test is shown in Fig. 16.

This figure shows a directly proportional correlation between the
diffusion coefficients and the corrosion rate, confirming that the
higher penetration of chloride ions leads to a higher corrosion
rate. The correlation coefficients were also quite satisfactory
(R?=0.8460-0.9635).

Thus, according to our analysis of the correlations between results
obtained by different methods and involving different corrosion
mechanisms, our conclusions about the performance of red mud as

)
- 40
E 1 = Non-steady-state. Dns
% - ( + Steady-state, D,
= 30 L -
a y=-0.571x + 45.746 "“-..___
c R’= 0.9913 S
8 ~ee ]
S 20 -
s 3 1~ :
T e
e 10 = ==lE
_<_:| y=-0.223x + 19.443 %
7] R’= 0.9603
=
E 5 : i : e
o 15 20 25 30 35 40 45 50 55

Resistivity (KQ.cm)

Fig. 17. Correlation between the diffusion coefficients and the electrical resistivity
obtained by the corrosion potential test measured at 21 days of age in concrete speci-
mens containing red mud and kept in a humid environment.

a concrete additive can be considered the most consistent, since
they fully satisfy the scientifically accepted correlations.

3.5.2. Diffusion coefficients vs. electrical resistivity

Recent researches [14,16,27] indicate that there is an inverse rela-
tionship between the resistivity and the chloride penetration of con-
crete. In this study, these variables could not be correlated because
the conditions of measurement and maintenance of the specimens
differed. While the resistivity test was conducted on nearly dry
samples, the chloride migration tests were performed on moist sam-
ples. However, an analysis was made of the results obtained at
21 days (last resistivity measurement taken of the samples in the
moist chamber). In this situation, an inversely proportional correla-
tion was observed, as shown in Fig. 17.

Albeit inconclusive, this result is an indication that the correlation
is valid for concrete samples containing red mud and kept in a humid
environment, which is the most favorable situation for corrosion.
Thus, the higher the concrete's resistivity, the lower the penetration
of chloride ions and hence, the lower the probability of corrosion.

3.5.3. Corrosion potential vs. electrical resistivity

Fig. 18 shows the correlation between the resistivity results and
the corrosion rate obtained by corrosion potential test. As expected,
the correlation between resistivity and corrosion rate is inverse, con-
firming the principle that a higher resistivity is associated with a
lower rate of corrosion. The correlation coefficients, R?, are quite
satisfactory (0.9466 and 0.9048).
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Fig. 16. Correlation between the diffusion coefficients and the corrosion rate obtained
by the corrosion potential test.
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Fig. 18. Correlation between electrical resistivity and corrosion rate obtained by the
corrosion potential test.
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4. Conclusions

Based on an analysis of the results, the following conclusions can
be drawn:

» The time lag increases with increasing red mud content as a result
of the reduction in the relative amount of capillary pores.

The decrease in the interconnectivity between capillary pores in
samples containing red mud and the presence of typical mineralog-
ical phases such as sodium aluminosilicates, known as sodalites, are
responsible for reducing the flow of chloride ions, and hence, the
steady-state and nonsteady-state diffusion coefficients.

Electrical resistivity is a good indicator of the possible occurrence of
chloride ion penetration. Thus, the higher the concrete's resistivity,
the lower the penetration of chloride ions, and hence, the lower the
probability of corrosion.

* The degree of saturation (humidity) of the concrete samples con-
taining red mud appears to exert a considerable influence on the
concrete's resistivity.

The concrete specimens containing red mud presented higher resis-
tivity in a humid environment, which is more favorable for
corrosion.

Evaluating the evolution of the corrosion process by corrosion po-
tential tests is not possible; moreover, this technique only indicates
the possibility of corrosion occurring, and should therefore be used
as a complementary technique.

The difference between the corrosion potential measures in wet
and dry states is more pronounced in the reference samples (0%)
which, due to their larger network of capillary pores, have a higher
capacity to absorb solutions (capillary suction) and greater difficul-
ty in losing this moisture (lower porosity) than samples containing
red mud.

The depassivation process of reinforcing bars is retarded by the
presence of red mud.

The higher the red mud content the lower the corrosion rate, which
stabilizes between 20 wt.% and 30 wt.% of added red mud content.
An inversely proportional correlation was observed between the
resistivity and the chloride ion penetration in concrete containing
red mud in samples subjected to the same saturation condition.
The corrosion rate obtained by the corrosion potential test was
inversely proportional to the electrical resistivity and directly pro-
portional to the diffusion coefficients, and the results showed satis-
factory correlation coefficients (R?).
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