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Abstract
This paper examines the corrosion of rebar embedded in concrete when cement is partially replaced with toxic bauxite 
residues, known as red mud (RM). The concrete mixtures were made with 100% ordinary Portland cement (OPC), and OPC 
replaced with 5% of RM (95% OPC + 5% RM). In order to evaluate the rebar corrosion in aforesaid concrete mixes, 5% cal-
cium chloride was admixed while preparing the concrete. The corrosion performance of rebar in OPC concrete and concrete 
blended with RM was monitored by corrosion potential and linear polarization resistance. In addition, the performance of 
concrete blended with RM is evaluated through IR (Ohmic drop) compensated electrical resistivity. After 420 days of cor-
rosion monitoring, concrete samples were broken, and visual observations were made on the rebar. X-ray powder diffraction 
analysis is also carried out on concrete powder samples collected from the steel–concrete interface. The experimental results 
have shown that the RM blended concrete performed better to resist the corrosion of rebar as compared to OPC concrete 
across the testing period of 420 days in the case of concrete made of w/cm 0.48. However, the overall corrosion current 
density increased in RM blended concrete as compared to normal concrete for the w/cm 0.51.
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Introduction

Alumina from bauxite ore is the raw material for aluminum 
production [1]. According to the International Aluminum 
Institute (IAI), production of aluminum across the world 
has reached 60.4 million tonnes in 2020, which will increase 
in the coming years [2]. Each ton of alumina production 
generates approximately 1 to 1.5 tonnes of bauxite residue, 
generally known as red mud (RM). Continuous and robust 
growth of alumina production alarms environmental, safety 
issues, and the disposal problems of hazardous RM as well. 
RM is disposed of by various methods like pumping, sea 
dumping, and landfill into storage dams [3]. Failure or leak-
age of storage dams due to heavy rains can lead to social 
and environmental contamination when hazardous and toxic 
bauxite residue is dumped into the ponds or storage dams. 

The accident due to the failure of red mud reservoir of the 
Timfoldgyar alumina plant (Ajka, Hungary) witnessed the 
importance to safeguard red mud storage dams. Because 
RM is considered a highly toxic residue, leakage becomes a 
severe problem for communities living around the alumina 
refinery. Storage and environmental issues related to RM and 
its large-scale production attract researchers to explore the 
sustainable possibilities of utilization of bauxite residues.

Singh et al. [4] investigated the influence of RM on dura-
bility and mechanical properties of geopolymer paste made 
with fly ash and different dosages of RM. They reported 
that the geopolymer paste containing the red mud up to 
30% performed better against sulfuric and acetic acid solu-
tion. However, the higher alkalinity, lesser calcium, and 
aluminum content are also helpful for its higher resistance 
against sulfuric and acetic acid attack. Based on the stud-
ies conducted by Díaz et al. [5], it was mentioned that low 
chloride ions diffusion in RM blended cement paste is due 
to high aluminum content, which traps the chlorides. Díaz 
et al. [5] also reported that the high amount of calcium sili-
cate hydrate (CSH) gel developed in RM mixtures retained 
the carbon dioxide  (CO2) penetration. Based on the electro-
chemical and surface characterization techniques, Díaz et al. 

 * U. Raghu Babu 
 ammaraghubabu@gmail.com

 B. Kondraivendhan 
 bkv@amd.svnit.ac.in

1 Civil Engineering Department, Sardar Vallabhbhai National 
Institute of Technology, Surat, Gujarat 395007, India

http://orcid.org/0000-0003-0410-9540
http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-020-00356-1&domain=pdf


 Innovative Infrastructure Solutions (2020) 5:108

1 3

108 Page 2 of 10

[5] emphasize the passivation behavior of RM particles in 
alkaline media, which increases the corrosion resistance of 
carbon steel subjected to a large amount of chloride. Singh 
et al. [4] attributed the beneficial effects of RM with the 
higher alkalinity and lower aluminum content. On the other 
hand, Díaz et al. [5] attributed the higher chloride trapping 
due to high aluminum content. The reason for differences 
of RM behavior is owing to the composition of RM which 
changes from place to place due to the various factors like 
the type of bauxite ore, aluminum production process, etc.

Cabeza et al. [6] investigated the reinforcement corrosion 
inhibition effect of RM in model solutions and in mortar 
specimens contaminated with calcium chloride  (CaCl2). It 
is reported by Cabeza et al. [6] that the RM helps to form a 
thinner protective film on the rebar. It means that the pres-
ence of RM in chloride contaminated mortar mix able to 
resist the depassivation of rebar. Based on the results of 
cyclic voltammetry and electrochemical impedance spec-
troscopy studies, Collazo et al. [7] reported the effective-
ness of RM to resist corrosion of reinforcement. They also 
reported that rebar in RM solution maintains the passivity up 
to 90 days, while in solutions of sodium hydroxide (NaOH) 
and calcium hydroxide (Ca(OH)2) with the same pH, at 25 
and 55 days pit formation was observed. Yang et al. [8] men-
tioned that the addition of RM up to 6% with cement could 
enhance the compressive strength. This effect was due to the 
densification of microstructure, which was confirmed by the 
decrease in Ca(OH)2 content when there was an addition of 
RM. With the help of a heavy metal leaching test, Yang et al. 
[8] stated that the utilization of RM for the mortar matrix 
is not harmful and one can use it in cement works without 
any fear. The recent publications of Venkatesh et al. [9, 10] 
reported that the replacement of cement with RM up to 10% 
enhances the concrete strength and durability.

Nikbin et al. [11] reported that the addition of RM by 25% 
decreased the ultrasonic pulse velocity values, compressive, 
flexural and split tensile strength values and increased the 
absorption capacity of water, but that the concrete proper-
ties too remained in the acceptable range. Nikbin et al. [11] 
stated that the environmental impacts were decreased with 
the incorporation of RM. Manfroi et al. [12] described the 
pozzolanic reactivity of RM, and the replacement up to 5% 
of RM which is calcined at 600 °C was suggested as the 
most appropriate replacement  % of cement. Ribeiro et al. 
[13] evaluated the replacement (10, 20, and 30%) of RM 

and its effect on corrosion resistance of rebar in concrete 
based on half-cell potential, chloride diffusion, and concrete 
resistivity. The results showed that the replacement of RM 
increased the electrical resistivity and corrosion resistance 
of rebar.

CaCl2 is the most widely used to accelerate the setting 
and hardening of concrete, due to its low cost and ready 
availability. However, the utilization of  CaCl2 has been ques-
tioned since it accelerates the possibility of rebar corrosion. 
To investigate the effect of chloride-induced corrosion, 
researchers widely used sodium chloride (NaCl) and  CaCl2 
in their studies. At the same amount of chlorides,  CaCl2 is 
more aggressive than NaCl. NaCl promotes corrosion only, 
but  CaCl2 can also attack the cement matrix [14]. The  CaCl2 
restrained the ionization of calcium hydroxide, thus result-
ing in a low pH concrete pore solution. At the same time, 
 CaCl2 binds more chlorides, which favors decreasing the 
corrosion effect, since only free chlorides are responsible for 
corrosion [15]. Earlier studies reported that the composition 
of cementitious material strongly influences the presence of 
free chlorides [16–18]. High amounts of free alkali, gypsum, 
and less amount of alumina and ferric oxide increase the 
content of free chlorides in concrete [19]. The purpose of 
the current investigation is to determine the effect of RM on 
the corrosion performance of embedded rebar when  CaCl2 
is admixed with concrete during concrete production.

Experimental study

Materials and specimen preparation

To examine the influence of red mud on the corrosion per-
formance of rebar embedded in concrete, concrete prepared 
with ordinary Portland cement (OPC) 53 grades which con-
form to Indian Standard IS12269:2015 is compared with 
concrete made with binder composed of 95% of OPC and 
5% of RM. The chemical composition of OPC and RM is 
shown in Table 1. Due to limited available literature on the 
incorporation level of RM in concrete and its effect on corro-
sion, the investigation has been conducted [12]. To examine 
the influence of water to cementitious material (w/cm) ratio 
on corrosion behavior of concrete, two w/cm ratios, such 
as 0.48 and 0.51, were used. Higher w/cm ratios were con-
sidered to expedite the corrosion process and to complete 

Table 1  Chemical composition 
of cementitious materials

a LOI Loss of ignition

Chemical com-
pound (%)

Al2O3 Fe2O3 SiO2 TiO2 CaO MgO Na2O SO3
aLOI

OPC 5.32 4.23 20.65 – 64.12 1.13 – 2.16 2.39
RM 16.15 54.8 6.3 3.7 1.98 1.0 3.55 0.72 11.8
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the investigation within the stipulated time period. Four 
concrete mixes were made with two w/cm ratios and two 
cementitious materials. The concrete mix proportions are 
given in Table 2. The coarse aggregate of 20 mm maximum 
size aggregate (MSA) and 10 mm MSA was used in the 
ratio of 60% and 40% of the total mass of coarse aggregate, 
respectively. Locally available sand confirming to grading 
Zone II was used as fine aggregate. The gradation curve for 
fine and coarse aggregate is shown in Fig. 1. Laboratory tap 
water with 5% of calcium chloride was used as mix water for 
concrete preparation. Thermomechanically treated rebar of 
diameter 10 mm, and length 360 mm was used as reinforcing 
steel. One end of the rebar is threaded to attach one screw 
and two nuts of stainless steel for electrical connections. The 
rebars were cleaned with sulfuric acid and water, followed 
by wire brushing as per the ASTM G109-99a [20]. The rebar 
after cleaning is shown in Fig. 2a. Both ends of the rebar 
were taped with electroplaters tape, leaving the middle por-
tion of length 250 mm for exposure. Neoprene tubes were 
placed over the tape, and the ends were sealed with epoxy, 
as shown in Fig. 2b.

R e i n f o r c e d  s l a b  s p e c i m e n s  o f  s i z e 
320 mm × 320 mm × 21 mm embedded with 10 mm rebar 
were cast for corrosion monitoring. The pictures of slab 
molds and the preparation of slab specimens are shown in 
Fig. 2c and d, respectively. After 24 h, the reinforced slab 
samples were removed from molds and exposed to moist 

Table 2  Concrete mix proportion

w/cm Constituents (kg/m3) Ordinary Port-
land cement

Red mud

0.48 Cement 395.83 376.04
Pozzolan – 19.79
Coarse aggregate 1034.72 1034.44
Fine aggregate 849.95 849.71

0.51 Cement 372.55 353.92
Pozzolan – 18.62
Coarse aggregate 1045.96 1045.63
Fine aggregate 859.13 858.91

Fig. 1  The gradation curve for fine and coarse aggregates

Fig. 2  The picture of a Rebars after cleaning as per ASTM G109-99a [20], b Rebar prepared to place in concrete, c Slab specimen molds with 
rebars at center d Casting of reinforced slab specimens
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curing for 27 days. The specimens at the age of 28 days 
were removed from the curing tank and exposed to ambient 
laboratory conditions till the day of testing.

Test techniques

After moist curing, the 28 days old specimens were removed 
and allowed to dry for 2 days in laboratory conditions before 
conducting the electrochemical studies for the first time. It 
helps to minimize the error caused by too much wetness. 
The corrosion parameters were monitored on reinforced slab 
specimens for a period of 420 days at the cycle of 30 days. 
From second cycle onwards, to minimize the errors due to 
excessive dryness, the slab specimens were subjected to wet-
ting for 10 h prior to commencing the test. Nondestructive 
electrochemical studies were conducted on the reinforced 
slabs with a corrosion monitoring instrument (ACM Gill 
AC guard serial no. 1824), which is provided with the guard 
ring, as shown in Fig. 3. The influence of RM on corrosion 
of rebar is evaluated by corrosion potentials and corrosion 
current density values (Icorr). Icorr values were measured by 
linear polarization resistance (LPR) technique. Besides, the 
electrical resistivity of reinforced slab specimens was meas-
ured by Ohmic drop compensation. Since the concrete elec-
trical resistivity is not the definitive measure of corrosion, 
in this study, it is used as a complement to other corrosion 
studies.

Corrosion potentials

The measurement of half-cell potential or corrosion poten-
tial is a well-known and most widely used electrochemical 

method to assess the rebar corrosion risk. It measures the 
potential difference between the rebar and a reference 
electrode. In this study, corrosion potential of the rebar 
embedded in concrete is measured over 420 days using 
saturated calomel electrode (SCE) as a reference electrode. 
In order to provide the proper ionic conduction, the sponge 
soaked with soap water is placed in between the surface of 
concrete and SCE. The potentials were measured by plac-
ing the SCE just above the concrete surface and parallel 
to rebar at five different points. The corrosion potential is 
considered as the average of five readings. The probability 
of corrosion is evaluated from the corrosion potential-time 
plot, as per the ASTM C876 [21], a criterion of − 275 mV 
SCE.

Corrosion current density

LPR technique can give the quantitative information about 
the rebar corrosion in terms of polarization resistance. A 
small potential scan in the range of − 20 to + 20 mV of the 
corrosion potential with a scan rate of 0.1 mV/s was used 
to determine the polarization resistance (Rp). To increase 
the accuracy of results, the current is confined to a spe-
cific surface area of rebar by using a guard ring setup. The 
particulars of the guard ring setup are detailed elsewhere 
[22, 23]. The high resistance of concrete causes the error 
in corrosion results due to ohmic drop (IR) between SCE 
and rebar. To avoid this error, Rp values were measured for 
the IR-compensated LPR technique. Icorr values were deter-
mined from the measured polarization resistance by Stern 
and Geary formula:

Fig. 3  Corrosion monitoring 
instrument with guard ring 
setup
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Here, Icorr is the corrosion current density, µA/cm2; Rp is 
the polarization resistance of reinforcing steel, KΩ cm2; and 
B is the Stern–Geary constant

�a and �c are the anodic and cathodic Tafel constants, mV/
decade, respectively.

In the absence of tafel constants data for rebar embed-
ded in concrete, it is commonly taken B value as 26 mV for 
active and 52 mV for passive conditions [24, 25]. In this 
study, B value is adopted as 26 mV for the measurement of 
Icorr values.

IR‑compensated electrical resistivity

The instrument used in the current investigation can measure 
the IR drop between the rebar and the reference electrode. 
Generally, ohmic drop or IR drop is referred to the resistance 
offered by the concrete media during the flow of electrical 
current. Ahmad and Bhattacharjee [26] reported that the 
ohmic resistance of concrete could be used as an approxi-
mate estimate of the concrete electrical resistivity. Samson 
et al. [27] proposed a model based on the link between the 
ohmic drop and concrete resistivity. Pradhan and Bhattacha-
rjee [28] also discussed the resistivity of concrete based on 
the measured IR-compensated value. Since the distance 
between the electrodes maintained the same throughout the 
testing period, the resistance of cover concrete was measured 
using IR-compensated resistance.

Results

Corrosion potentials

As shown in Fig. 4, in concrete made of w/cm 0.48, the 
rebar in OPC and RM blended concrete reaches the more 
active potentials than the threshold potential of − 275 mV 
SCE as specified by ASTM C876 [21] before 60 days. The 
same can be observed in the concrete made with w/cm 0.51. 
That is to say that the presence of chlorides at the concrete 
preparation did not allow to passivate the rebar, or there is 
no stable passive layer was formed in the calcium chloride 
contaminated concrete.

The potential values were more negative and reached 
more than − 650 mV in w/cm 0.48 and − 550 mV in case 
of w/cm 0.51 and then moved toward positive values. The 
similar trend of potentials, i.e., moving toward to positive 
direction can also be observed by Vedalakhmi et al. [29] 

(1)Icorr = B∕Rp

(2)B =
(�aX�c)

2.3(�a + �c)

in the cases of reinforced concrete specimens made with 
Portland pozzolan and Portland slag cement. In w/cm 0.48, 
rebar shows negative potential than threshold potential up 
to 150 days and then the potential values shifted to positive 
direction. Nevertheless, in the case of concrete with w/cm 
0.51, the rebar shows negative potential up to 180 days. This 
can be attributed to changes of microstructure over the time 
and the availability of free chlorides. It is also observed that 
the rebar in concrete with w/cm 0.51 shows active poten-
tial (negative than threshold) values for longer period as 
compared to rebar in concrete with w/cm 0.48. With these 
outcomes, it can be noted that even a small change in w/
cm ratio can influence the potential values. While observing 
the effect of cementitious material on potential values, no 
significant difference was observed in both w/cm 0.48 and 
0.51. Figure 4 indicated the behavior of potential trend with 
time keeps on varying. This may be due to the influence of 
several factors such as temperature, humidity, oxygen avail-
ability, and resistance of concrete on corrosion potential at 
the time of measurement.

Corrosion current density values

The variation of Icorr data with time for rebar embedded in 
concrete made with OPC and RM is shown in Fig. 5. The 
Icorr values shown in Fig. 5 were derived from polarization 
resistance values measured from IR-compensated LPR tech-
nique. While observing the influence of w/cm on Icorr val-
ues, the higher corrosion current values were found in the 
reinforced slabs made with w/cm 0.51, as compared to those 
made with w/cm 0.48. It is also observed that the Icorr values 
are not increasing with the time significantly in concrete 
with w/cm 0.48, whereas slight variation can be observed 
in w/cm 0.51 across a period of 420 days.

Over a period of 420 days, the maximum and minimum 
Icorr values reached by rebar in OPC concrete with w/cm 

Fig. 4  Corrosion potentials on rebar embedded in OPC concrete and 
concrete made with RM for both w/cm ratios 0.48 and 0.51
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0.51 were 2.7 µA/cm2 and 0.9 µA/cm2, respectively, whereas 
the same for RM concrete are 4.1 µA/cm2 and 0.6 µA/cm2, 
respectively. It means that the concrete made with w/cm 
0.51 presents the large variability in Icorr data with time as 
compared to concrete made with w/cm 0.48. Figures 5 and 
6 depict the influence of RM on Icorr data of rebar in differ-
ent w/cm ratios namely 0.48 and 0.51. It is also observed 
from Fig. 5, in the case of w/cm ratio 0.51, rebar in RM 
blended concrete shows almost less corrosion initially as 
compared to OPC concrete, but Icorr value of rebar in RM 
blended concrete increased significantly over the time. Over 
a period of 420 days of corrosion monitoring on specimens 
made with w/cm 0.48, the difference between Icorr values 
of OPC and RM blended concrete is not significant. The 
overall performance of concrete with two cementitious mate-
rials and two w/cm ratios on the corrosion of rebar can be 
understood more clearly through Fig. 6. The mean values 
of Icorr data measured on rebar embedded in OPC concrete 

and RM blended concrete for w/cm 0.48 are 0.47 µA/cm2, 
and 0.23 µA/cm2, respectively. For w/cm 0.51, the mean Icorr 
values are 1.65 µA/cm2 and 2.4 µA/cm2 for OPC and RM 
blended concrete, respectively.

IR‑compensated electrical resistance

The IR-compensated electrical resistivity versus time for 
the specimens made with OPC and RM blended concrete 
is shown in Fig. 7. The resistivity values shown on the plot 
correspond to the average of three replicates. Generally, the 
resistivity of concrete is used as an indicator of the corro-
sion of rebar [30, 31]. An oversimplified interpretation of 
concrete resistivity value is described as below [32]:

Electrical resistivity (kΩ cm) Probability of corrosion

< 5 Very high
5–10 High
10–20 Low to moderate
> 20 Low

It can be seen from Fig. 7, that the electrical resistivity of 
all concrete mixes was almost lower than the 5 kΩ cm except 
concrete made with OPC and w/cm 0.48. It implies that the 
rebar embedded in all concrete mixes is prone to very high 
corrosion. An increase in electrical resistivity with time can 
be observed in all concrete mixes, mostly up to the age of 
270 days, thereafter decreasing trend can be seen. While 
observing the effect of w/cm ratio on concrete electrical 
resistivity, the rise in w/cm ratio decreases the resistivity 
of concrete in both concrete made with OPC and RM as 
expected. Due to the change in available moisture content 
in concrete, the fluctuations can be observed in the electri-
cal resistivity of the concrete over the time. The influence 
of RM on the concrete electrical resistivity is observed in 

Fig. 5  Variation of Icorr of rebar embedded in concrete made with 
OPC and RM for w/cm 0.48 and 0.51

Fig. 6  Box plot of corrosion current density values of rebar in con-
crete made with OPC and RM

Fig. 7  IR-compensated electrical resistivity of concrete made with 
OPC and RM for w/cm 0.48 and 0.51
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Fig. 7. According to Fig. 7, concrete made with RM shows 
lower electrical resistivity as compared to OPC concrete for 
both the w/cm ratios 0.48 and 0.51.

X‑ray powder diffraction (XRPD) analysis

As shown in Fig. 8, the hydration products of concrete 
admixed with  CaCl2 are calcium chloro-aluminate (Frie-
del’s salt), quartz, calcium hydroxide, calcium carbonate, 
and calcium hypochlorite. In addition, some amounts of 
ettringite can be observed in XRPD maps at 25.6° 2θ and 
27.5° 2θ (Powder diffraction file 00-041-1451, ICDD). This 
formation of ettringite is due to the reaction of hydrated 
calcium aluminate and gypsum, which was added during the 
cement production to control initial setting time. Thauma-
site observed at 27.5° 2θ on the XRPD map can be formed 
either by the direct route, i.e., from the reaction among 
CSH,  Ca2+, CO3

−2, and SO4
−2, or indirect from ettringite like 

woodfordite and heterogeneous nucleation on the surface 
of ettringite. The direct formation of thaumasite is still not 
clear. When comparing the thaumasite peak intensities of 
concrete made with OPC and RM for w/cm ratio 0.51, it 
can be observed that the thaumasite peak intensity is higher 
in OPC as compared to RM blended concrete. However, the 
opposite trend can be seen when ettringite peak intensities 
of concrete made with OPC and RM are compared. Dur-
ing the hydration process, ettringite can be formed based 
on the availability of sulfate ions and aluminates. The for-
mation of ettringite ceases once the aluminate is fully con-
sumed, and then, thaumasite precipitation starts. Hence, the 
presence of high amount of aluminates and ferrites in RM 
as compared to OPC favors the higher ettringite fraction. 

Since thaumasite formed due to reaction of gypsum with 
calcium carbonates and CSH gel, high sulfate content in 
OPC as compared to RM also favors for higher thaumasite 
fraction in OPC. Aggregates in concrete, dissolved carbon-
ates in mix water may serve as sources of carbonate ions. 
There is a clear difference in calcium carbonate fraction of 
both concrete mixes made with OPC and RM, which can be 
identified on the XRPD map at 29.6° 2θ (Powder diffraction 
file 00-005-0586, ICDD). The significantly low fraction of 
calcium carbonate in OPC could be due to the formation of 
a higher fraction of thaumasite as compared to RM blended 
concrete.

Calcium chloride forms calcium hypochlorite by con-
suming the portlandite in the presence of water. It can be 
identified at 39.4° 2θ (Powder diffraction file 00-002-0280, 
ICDD) on the XRPD map. As compared to concrete made 
with OPC, calcium hypochlorite peak intensity is signifi-
cantly higher in concrete made with RM. Calcium hypochlo-
rite has the potential to decrease the pH of pore solution by 
consuming hydrated Ca(OH)2 and thus causes the corro-
sion of rebar [33, 34]. It indicated that the high Icorr value 
of rebar in concrete with RM, as shown in Fig. 8, is due to 
high amounts of calcium hypochlorite. The XRPD map of 
concrete made with OPC and RM indicates that the peak 
intensity of Ca(OH)2 at 36.55° 2θ (COD database: 96-100-
1788) is lesser in concrete with RM as compared to those 
made with OPC. Therefore, from the XRPD analysis, the 
concrete with RM shows significantly lower pH due to the 
consumption of Ca(OH)2 and leads to more corrosion of 
rebar as compared to the rebar in OPC., for w/cm ratio 0.51. 
Due to the aggregates present in concrete, the peaks cor-
responding to Quartz can be identified at 20.85° 2θ, 26.61° 
2θ, 42 .42° 2θ, 50.1°, 54.8° 2θ, 59.86° 2θ, 68.2°2θ (Powder 
diffraction file 00-046-1045, ICDD) in concrete with OPC 
and RM for w/cm ratio 0.51.

Discussion

As per the corrosion potential versus time plot (Fig. 4), the 
corrosion has been initiated before 60 days age of concrete. 
However, at the age of 60 days Icorr values of rebar embed-
ded in concrete made with OPC and RM for w/cm 0.51 are 
2.5 µA/cm2 and 1.5 µA/cm2, respectively, and for w/cm ratio 
0.48, these values are 0.76 µA/cm2 and 0.3 µA/cm2, respec-
tively. Significantly higher Icorr values and lower electrical 
resistivity of slab specimens also confirmed concrete cor-
rosion at 60 days of age. This can be due to the addition of 
calcium chloride during concrete preparation. The presence 
of high chloride content at initial days leads to high rebar 
corrosion and low electrical resistivity of concrete.

The variation of potential, Icorr, and concrete resistivity 
values over the period of 420 days can be observed due to the 

Fig. 8  XRPD map of  CaCl2 admixed concrete samples of OPC and 
RM for w/cm ratio 0.51
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changes in concrete microstructure over the period of time. 
While observing the trend of both potential and Icorr values 
of rebar in OPC and RM blended concrete made with w/cm 
0.48 and 0.51, no unambiguous relation has been observed. 
After reaching the maximum negative potential value in all 
concrete mixes, the potential values tend toward positive, 
during which there is no significant change in Icorr, value. In 
order to investigate the relation between potential values and 
Icorr values, the scatter plot has been drawn between them, 
as shown in Fig. 9. From Fig. 9, it is confirmed that there is 
no correlation exists between the potentials and Icorr, values. 
This can be due to the composition of rust formed on the 
rebar effects the potential values. However, various aging of 
the rust (proportion  Fe+2/Fe+3) induce various potential val-
ues for the same corrosion current density values [35]. The 
trend of the potentials toward to the positive direction may 
be due to the corrosion products deposited on rebar surface.

In order to correlate the behavior of Icorr data with elec-
trical resistivity measured by IR compensation, the scatter 
plot of Icorr versus electrical resistivity was drawn, as shown 
in Fig. 10. According to Fig. 10, no general correlation has 
been observed between Icorr value and electrical resistivity 
of concrete contaminated with  CaCl2. However, it is essen-
tial to consider the range of electrical resistivity of concrete 
specimens in the present study, as previous literature [36, 37] 
reported that resistivity is not a controlling parameter for the 
corrosion of the rebar if the concrete resistivity is less than 
10 kΩ cm. As the resistivity of all concrete specimens was 
lower than 10 kΩ cm, concrete resistivity is not controlling 
factor of the corrosion rate. Therefore, for the corrosion pro-
cess, although ionic transport is required by concrete pore 
solution, the concrete resistivity is not the controlling fac-
tor of rebar corrosion at high conductivity of concrete. The 

presence of significant chlorides in the concrete can be due 
to the high conductivity and low resistivity of the concrete.

From the  Icorr values, as shown in Figs. 5 and 6, the effect 
of RM on the rebar corrosion varies with respect to w/cm 
ratios of 0.48 and 0.51. According to Table 3, low and mod-
erate corrosion levels were observed on rebar embedded in 
RM and OPC concrete, respectively, in the case of w/cm 
0.48 over a period of 420 days, whereas in the case of w/cm 
0.51 higher corrosion levels were observed in both types of 
concrete. The lower corrosion of the rebar in the concrete 
blended with RM as compared to OPC concrete for the w/cm 
0.48 may be due to the filler effect of RM in concrete [12]. 
For w/cm 0.51, rebar in concrete made with RM performed 
better than those embedded in OPC concrete up to 210 days; 
after that, the trend was different. This can be attributed to 
the changes in concrete pore solution chemistry. In order to 
understand the high corrosion activity of rebar in concrete, 
X-ray powder diffraction analysis was conducted on concrete 
powder collected from the steel–concrete interface of slab 
specimens made for w/cm 0.51. From the XRPD map, the 
higher corrosion of rebar embedded in RM blended concrete 

Fig. 9  Scatter plot of corrosion current density and corrosion poten-
tial

Fig. 10  Scatter plot of corrosion current density and electrical resis-
tivity

Table 3  Classification of the level of corrosion based on corrosion 
current density [36]

Corrosion current density (µA/cm2) Corrosion level

< 0.1 Negligible
0.1–0.5 Low
0.5–1 Moderate
> 1 High
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with w/cm 0.51 can be attributed to a higher fraction of 
calcium hypochlorite.

While observing the overall performance of RM blended 
concrete on rebar corrosion, in case of w/cm 0.51 RM 
blended concrete increased the corrosion as compared to 
OPC concrete for the same chloride content. On the other 
hand, for w/cm 0.48 RM blended concrete decreased the 
corrosion of rebar as compared to OPC concrete. This can 
be evident from the visual observation of rebar, which was 
taken out from the slab specimens after 420 days of age. 
Small pits were observed on rebar embedded in concrete for 
w/cm 0.51, as shown in Fig. 11, whereas the brownish rust 
strains were observed on rebar in concrete for w/cm 0.48. 
Among all the rebars, severe corrosion has been observed 
on rebar embedded in concrete with RM with w/cm 0.51. 
The current investigation is limited to determine the effect 
of RM on the corrosion performance of embedded rebar 
when  CaCl2 is added to concrete during concrete production. 
This work can be extended to more variations of w/cm ratios 
and % of  CaCl2 with different sources of RM to draw more 
significant outcomes in near future.

Conclusions

Based on the experimental investigation and the analysis of 
results carried out, the following conclusions can be drawn:

1. In the case of concrete with w/cm 0.48, concrete made 
with 5% red mud reduces the corrosion of rebar over the 
test period of 420 days as compared to concrete made 
with OPC alone.

2. In the case of concrete made of w/cm 0.51, concrete 
made with red mud initially showed better performance, 
but this trend was reversed in concrete at later ages.

3. Corrosion current density values   show no relationship 
between corrosion potential and IR-compensated electri-
cal resistivity values.

4. Pits were observed on the rebar embedded in concrete 
made for w/cm 0.51, while brownish rust strains were 
observed on rebar in concrete made for w/cm 0.48, in 
the case of concrete made by RM.

5. For the same chloride content, the formation of high 
amounts of calcium hypochlorite indicates higher Icorr 
values of the rebar embedded in the concrete blended 
with RM as compared to OPC concrete.
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