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a b s t r a c t

This work investigates the sulfate and chloride resistance of cement composites (mortar

and concrete) manufactured using electrolyzed water. Control and electrolyzed water-

based cement composites were prepared using distilled water and 30 min electrolyzed

water, respectively. These were exposed to 5% Na2SO4, 3.5% NaCl, and a combined mixture

of 5% Na2SO4 and 3.5% NaCl solution for 200 days. Additionally, rebar reinforced control

and electrolyzed water-based samples were exposed to ambient air and 5% NaCl solution

for 180 days, and their corrosion potential was monitored. For control specimens, the re-

sults show compressive strength losses of 5, 12.4, and 6.1% when exposed to the above

solutions, respectively, whilst for electrolyzed water-based specimens, the losses were

reduced to 1, 10.1, and 3.4%, respectively. Statistical analysis of the potential values from

the accelerated corrosion tests also show reduced corrosion (58 mV less negative potential)

in rebar embedded in electrolyzed water-based specimen (�548 mV at 180 days) than in

control specimen (�606 mV). Based on the spectral and microstructural analysis, the

enhanced durability performance of electrolyzed water-based specimens is attributed to

the lower ingress of deleterious agents through the less porous and compact microstruc-

ture of the hardened composites.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The global construction industry is expected to make signifi-

cant changes to address the global grand challenges of climate

change, urbanization, and sustainability. Hence, modern civil

infrastructure requires new materials with improved perfor-

mance and sustainability. Improved performance is expected

not only at early age but also in the long-term. This is because

in general it is the long-term durability performance that

dictates the feasibility and acceptability of new technologies

[1e5], as low durability can lead to the deterioration of con-

crete and increase the risk of loss of use and maintenance

costs [4].

Durability of concrete is governed by microstructural

degradation and ingress of deleterious agents. Deterioration is
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more frequently seen due to attack from chlorides, sulfates,

andmarine salt, and their combined effects [6e9], resulting in

loss of both the physical and mechanical properties of con-

crete [1e4,10e13]. A range of chemical and mineral admix-

tures or alkali-activated geopolymers can be used to control

the durability of concrete [14e22].

Chloride attack takes place by chloride ion permeation into

the mortar/concrete from both external and internal chloride

sources, which are present in the cement, aggregates, water or

admixtures. Severe deterioration occurs if chloride content

exceeds certain permissible limits [15]. In reinforced concrete,

chloride ingress mainly causes rebar corrosion by depleting

the passive layer, consisting of either a b gFeOOH or gFe2O3,

which is self-generated on the surface of the rebar soon after

the cement hydration reaction starts [23,24]. Corrosion in

reinforced concrete is an electrochemical process that occurs

due to the difference in electrochemical potential on the steel

surface in the presence of water and oxygen [9]. This process

is driven by developing anodic and cathodic regions locally

connected by an electrolyte, i.e., the pore water of hardened

cement [9]. Corrosion of steel produces oxides (rust), which

occupy a larger volume than that of the un-corroded steel.

This volume expansion leads to internal stresses that cause

cracking and spalling of concrete [9,20], thus accelerating the

deterioration process. To mitigate rebar corrosion, many

corrosion inhibitors are available commercially [19]. Some of

them aim to maintain the alkalinity of the concrete by

increasing the pH of the pore solution and developing an

enhanced passive layer on the rebar [23,25].

Combined sulfate and chloride attack is also responsible

for the degradation of concrete structures in marine envi-

ronments [9,26e28]. Sulfate ions, on their own, deteriorate

concrete due to volume expansion caused by secondary

ettringite and gypsum formation [9,29,30]. However, for the

combined sulfate and chloride attack, the volume expansion

of secondary ettringite and gypsum gets suppressed due to

either less availability of C3A and Ca2þ, as they react with Cl�

ions quickly to form chloroaluminate compounds and soluble

calcium chloride, for the reactionwith sulfate ions, or increase

in solubility of gypsum and ettringite due to the reduction of

pH in the presence of Cl� ions [9,31]. However, deterioration

can still occur due to the formation of pores following leaching

of Ca2þ from the internal structural arrangement of the hy-

drate cement phases by dissolving the calcium-based salts,

e.g., gypsum, ettringite, and calcium chloride, in the low pH

solution that develops due to the ingress of Cl� ions [8,31]. To

mitigate concrete degradation in combined sulfate and chlo-

ride environments, several techniques are adopted, such as

use of silica fume (SF), fly ash (FA), ground granulated blast

furnace slag (GGBFS), limestone cement, and self-

consolidating Portland limestone cement-based concretes

[14,29,32e35].

The reported techniques and admixtures for themitigation

of the various types of chemical attack are availablemainly for

conventional concrete mixes. However, the durability perfor-

mance of concrete formulated using cement set accelerating

admixtures is yet to be investigated adequately, in particular

when electrolyzedwater is used as a potential set accelerating

admixture [36]. Recently, the effect of electrolyzed water on

setting, hydration, and physico-mechanical properties of

cement composites was evaluated and reported [36e38]. It

was found that electrolyzed water accelerates the setting and

hydration of cement. As electrolyzed water contains a higher

amount of hydroxyl ions than normal distilled water, the

durability performance of the concrete mixes made with

electrolyzedwater is expected to be better due to lower ingress

of aggressive ions through the denser microstructure (devel-

oped due to the higher rate of hydration) and thicker passive

Fig. 1 e Oxide composition (in percentage) of Portland pozzolanic cement used in this study.
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layer on the rebar surface. Nonetheless, it is important to

establish the mechanism that drives chemical attack and

rebar corrosion in electrolyzed water based concrete, so as to

find ways to control them. Thus, this study investigates the

durability of electrolyzed water based concrete to sulfate,

chloride and combined sulfate-chloride attack, as well as

resistance to normal and accelerated corrosion conditions.

2. Experimental study

Cement composite (mortar and concrete) mixes were manu-

factured using distilled and electrolyzed water (30 min) to

produce specimens with and without embedded steel rebars,

which were subsequently exposed to a range of deleterious

environments to investigate their durability properties. Con-

crete samples prepared using distilled water and electrolyze

water were designated as CC and 30MEC, respectively, whilst

mortar samples were designated as CC(M) and 30MEC(M),

respectively.

2.1. Raw materials

The electrolysis of water was performed using a commercially

available water electrolysis device, i.e., HydrogenWater Bottle

(VYOM™, Ward Wizard Solutions Pvt. Ltd., Gujarat, India).

Electrolysed water was produced by applying DC voltage be-

tween titanium and platinum electrodes separated using a

semi-permeable membrane at ambient conditions (25 ± 2 �C

and 65% Relative Humidity (RH)) for 30 min. The power con-

sumption for the electrolysis device was 5 W-h, leading to

small temperature increase of 4 ± 2 �C during electrolysis.

After electrolysis, the hydrogen (H2) concentration and pH of

water were determined using an H2 Sensor (Model No.: ENH-

1000, TRUSTLEX, Japan) and a pH-meter (PH-08 Hydrotester,

HM Digital Inc., Culver City, CA), respectively. These were

found to be 0.5 ± 0.02 ppm and 9.3 ± 0.1, respectively. As the

electrolyzed water shows high pH, it is anticipated that the

electrolyzed water contains hydroxyl ions, see Eq. (1), which is

expected to influence the hydration of cement and durability

of the cement composites.

H2O���������������������!
Electrolysis

H2 þOH�Spontaneous (1)

Portland Pozzolanic Cement (PPC) conforming to IS: 1489

(part 1) [39] purchased from Ambuja Cement Ltd. was used to

prepare all samples. The oxide composition of cement was

assessed by wavelength dispersive X-ray fluorescence spec-

troscopy and is presented in Fig. 1. As expected, over 75% of

the oxides are calcium and silicate. The specific gravity of

cement was measured to be 2.79 [37,38] using a Le Chatelier’s

flask and moisture-free Kerosine of specific gravity 0.79.

Fine aggregate (FA) collected from the local market (Kol-

kata, India) was used to make concrete. From the sieve anal-

ysis performed in accordance with IS: 383 [40], the average

particle size of FA was found to be 0.3 mm, its grading zone

was II, and its specific gravity according to IS: 2386 (part 3) [41]

was 2.66. Local coarse aggregate (CA) with specific gravity 2.74

measured in accordance with IS: 2386 [41], was used. Sieve

analysis (in accordance with IS: 383 [40]) showed that the

maximum size of CA was 20 mm.

2.2. Cement composite specimen preparation and

characterization

Table 1 shows the mix ratios of the examined cement com-

posites. The mixes were designed to achieve a strength

equivalent to that of an M20 concrete in accordance with IS

10262 [42] and IS 456 [43], using a water-cement ratio (W/C) of

0.55. The mortar mixes were prepared using a ratio of cement

to FA of 1:3 and W/C 0.49.

2.2.1. Preparation of concrete and mortar samples

For eachmix, the dry components weremixed together before

the water was added. The concrete mixes were poured into

100 mm of edge cubic moulds and vibrated using a poker

vibrator. The mortar samples were cast into 70.6 mm of edge

cubic moulds and vibrated using a table vibrator. For the

corrosion tests, the concrete mixtures were poured into cy-

lindrical moulds, 100 mm diameter and 200 mm height, con-

taining a centrally place steel rebar and were vibrated using a

table vibrator.

All samples were then left undisturbed for 24 h to set. After

setting, the samples were removed from the moulds and

allowed to cure in water for 28 days.

2.2.2. Chemical exposure

Concrete cube samples cured in water for 28 days were

exposed to a combined mixture of sulfate and chloride solu-

tion (5% Na2SO4 and 3.5% NaCl) [29] for 200 days at ambient

atmospheric conditions (25 ± 2 �C, 65% relative humidity and

atmospheric CO2 content: 408.5 ppm). Separately, mortar

samples were exposed to 5% Na2SO4 and 3.5% NaCl solution

for 200 days at ambient atmospheric conditions. Additionally,

the cylindrical samples were exposed to a 5% NaCl solution at

the ambient atmospheric conditions. Similar experiments

were carried out by Jo et al. [23] to evaluate accelerated

corrosion of reinforced concrete.

Table 1 e Mix design of control cement composite and 30 min electrolyzed water based cement composite.

Sample Code Type of composite Cement (kg/m3) F.A.a (kg/m3) C.A.b (kg/m3) Water (kg/m3) Type of water used

CC Concrete 348 709 1142 191.6 Normal distilled

30MEC Concrete 348 709 1142 191.6 30 min electrolyzed

CC(M) Mortar 568 1704 e 278 Normal distilled

30MEC(M) Mortar 568 1704 e 278 30 min electrolyzed

a Fine aggregate.
b Coarse aggregate.
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2.2.3. Mass loss and compressive strength measurements

The mass and compressive strength of three samples per mix

were determined at 50 day intervals. The compressive

strengthwas determined in accordance with IS: 516 [44], using

a hydraulic universal testing machine (AIM: 31402, AMIL Ltd.,

India) of 2000 kN capacity at a loading rate of 13 kNmin�1. The

mass of the samples was determined after removing them

from the exposure medium and surface drying at ambient

conditions for 6 h. Themass variationwas calculated using Eq.

(2). The mass of the concrete sample was measured using a

commercial balance of 10 kg capacity showing three decimal

points.

Mass gain ð%Þ¼
ðMiD �M28DÞ

M28D
� 10 (2)

where MiD ¼mass of ith days exposed sample in the chemical

solution andM28d¼mass of 28 days’ water cured sample. Figs.

S1a and b, see supplementary information, show the concrete

cube samples exposed to the combined solution and the

compressive strength testing procedure, respectively.

2.2.4. Corrosion tests

The corrosion of the embedded rebar was determined at 60

days intervals (up to 180 days) by measuring the corrosion

potential at ambient conditions, using the half-cell electrode

potential measurement technique in accordance with ASTM

C876 [45]. Figs. S2a and b, see supplementary information,

show the concrete cylinder samples exposed to 5% NaCl so-

lution at the ambient condition (25 ± 2 �C, 65% relative hu-

midity and 408.5 ppm atmospheric CO2 content) and the

corrosion potential measurement procedure, respectively.

The corrosion potential was measured at 10 different posi-

tions to evaluate statistically the level of corrosion. The Wei-

bull distribution was used to determine the level of corrosion

at the 95% confidence level (i.e., analysis of corrosion potential

values for a particular sample at 95% survival probability).

2.2.5. Weibull analysis of corrosion potential data

The Weibull distribution is a two-parameter semi-empirical

distribution probability function [46e48] defined as:

fðxÞ¼mxm�1expð�xmÞ (3)

where, f(x) is the frequency distribution of random variable x,

and m is a shape factor generally known as Weibull modulus

[46,47]. Eq. (3) is represented by a bell-shaped curve, the width

of which defines the distribution of the data through m.

For corrosion potential, the random variable x can be

defined by s/s0, where s is the corrosion potential data value

and s0 is the normalizing parameter, i.e., corrosion potential

at the (1/e) 37% survival probability. The survival probability

(S) can be calculated by substituting x in equation (3) by s/s0

and integrating both sides of the equation, such as:

S¼

Z

s

s0

∞ f

�

s

s0

�

�d

�

s

s0

�

¼

Z

s

s0

∞m

�

s

s0

�m�1

exp
�

�

s

s0

�m

d

�

s

s0

�

¼ exp

�

�

�

s

s0

�m�

(4)

Inverting Eq. (4) as 1/S ¼ exp(s⁄s0)
m and taking the loga-

rithm on both sides of the equation twice, the final equation

can be written as

�lnln

�

1

S

�

¼ mlnðs0Þ �mlnðsÞ (5)

From the plot of -lnln (1/S) versus ln(s), a straight line with

slope -m can be obtained. For a particular set of corrosion

potential data, the s0 value can be calculated from the inter-

cept and m from the gradient of the straight line. Hence, the

physical significance of s0 is the value of the corrosion po-

tential of a particular specimen/set of data at the survival

probability equal to 1/e, i.e., 37%. For the determined corrosion

potential data, the values of ln(s) of CC and 30MEC were

calculated using the corrosion potential values (s) of each set

of data (for a particular specimen). Table S1 (see supplemen-

tary information) summarizes the -lnln(1/Sj) and ln(s) for each

set of data for all samples (CC and 30MEC). Then, the plots of

ln(s) vs elnln(1/Sj) of CC and 30MEC for different exposure

duration were drawn, see Fig. S3 supplementary information,

to evaluate the Weibull modulus (m) and corrosion potential

(s0) at the survival probability ¼ 1/ez 37%. The R2 of the plot

of ln(s) vs elnln(1/Sj) indicates the suitability of the Weibull

model in calculating the corrosion potential statically and

helps to judge the corrosion performance of CC and 30MEC at

a particular exposure duration. Subsequently, the design

value of the corrosion potential (sdesign) for each set of data

(for each sample exposed for a particular duration) is calcu-

lated at the survival probability ¼ 95% using m and s0 of that

particular set of data.

2.2.6. Fourier transform infrared spectroscopy analysis

To identify the nature and extent of products formed in the

samples, the Fourier transform infrared spectroscopy study in

the attenuated total reflection mode (ATR-FTIR) of CC and

30MEC samples a) cured in water for 28 days, b) exposed to

combined sulfate and chloride solution for 200 days and c) the

cementitious layer deposited on the surface of steel rebar

embedded in CC and 30MEC samples exposed to 5% NaCl so-

lution for 180 days, was performed using a spectrometer

(Dimond-ATR, FTIR-4700, JASCO, Japan). The samples were

dried in an oven for 3 h at 85 �C [36,38] and 1 mg of powder

sample was put onto the ATR sample holder before placing

into the FTIR instrument to record the spectrum. A total of 16

scanswere considered for the FTIR analysis for each sample in

the wave number range 4000e400 cm�1. The whole experi-

mental work was conducted at controlled temperature (25 �C)

and humidity (40%).

2.2.7. Microstructure analysis

To verify the microstructure of CC, 30MEC and the layer

deposited on the surface of the rebar embedded in CC and

30MEC, the secondary electron mode of scanning electron

microscopy (SEM) analysis was performed using a scanning

electron microscope (HITACHI, S3800, Japan) with 15 kV

accelerated voltage and 5kX magnification. Microstructural

analysis was performed after using a sputtered thin gold

coating on the sample to avoid charging.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 1 : 1 1 9 3e1 2 0 51196



3. Results and discussion

3.1. Mass variation of cement composites exposed to

combined sulfate and chloride solution

Fig. 2 shows the mass variation of CC and 30MEC exposed to

the combined sulfate and chloride solution versus exposure

time. There is a small (less than 0.5%) increase in mass

possibly due to the formation of further cement hydration

products with time and or the precipitation of salts inside of

the samples due to the ingress of sulfate and chloride ions

from the exposure solution [32]. The mass increase of 30MEC

is slightly smaller than that of CC, possibly due to lower ion

permeation into its less porous and more compact micro-

structure. This concurs with the hypothesis that electrolyzed

water speeds up cement hydration reactions and achieves

more compact and mature microstructure with less porosity

than that of the normal water based cement composites

[36,38]. This hypothesis be further examined by the FTIR and

SEM analysis.

3.2. Compressive strength variation of cement

composites exposed to aggressive media

Fig. 3 shows the variation in compressive strength (MPa) and

the rate of compressive strength change (MPa/day) of mortar

samples CC(M) and 30MEC(M) exposed to (a) Na2SO4 and (b)

NaCl solutions with exposure time. For sulfate exposure up to

100 days, Fig. 3a shows that the compressive strength of both

CC(M) and 30MEC(M) increases by 26 and 18%, respectively.

This strength enhancement is likely to be due to the perme-

ation of sulfate ions and formation of gypsum and secondary

ettringite in the matrix pores. The higher strength enhance-

ment in CC(M) is likely to be due to the formation of larger

amounts of secondary products by the percolation of a greater

amount of deleterious ions through its higher porosity than

that of 30MEC(M) [38]. Beyond 100 days of exposure, the

compressive strength of both the mortar samples decreases,

indicating internal degradation. This is likely to be the result

of expansive pressures caused by the formation of secondary

ettringite and gypsum formation [1,2]. The loss of strength is

relatively lower in the 30MEC(M) samples (1% after 200 days

exposure) than that of CC(M) (5%) due to its denser structure,

which restricts ion penetration and secondary product

formation.

For exposure to the chloride solution, it can be seen from

Fig. 3b that the compressive strength of both the mortar

samples decreases with exposure time. Strength losses of

12.4% and 10.1% are observed for CC(M) and 30MEC(M),

respectively, after 200 days exposure. Though less severe

overall degradation takes place than for sulfate exposure, the

degradation starts from the beginning, with faster degrada-

tion at the early ages and slower after 100 days of exposure

(see Fig. 3).

For exposure to combined sulfate and chloride solution the

results are shown in Fig. 4. The compressive strength of both

the concrete samples (CC and 30MEC) increases up to 150

days, followed by a slight loss at 200 days exposure. The rapid

initial strength increase seen in this case may be attributed to

the hydration of cement, as these samples appear to have

hydrated much less than the other samples by the time they

were exposed to the chemical environment. The formation of

secondary products due to the permeation of sulfate and

chloride ions into the concrete matrix may also have helped.

Fig. 2 e Mass variation of CC and 30MEC (concrete)

specimens exposed to the combined (5% Na2SO4 and 3.5%

NaCl) solution with increasing exposure time.

Fig. 3 e Compressive strength and rate of compressive

strength versus time for mortar samples exposed to (a) 5%

Na2SO4 solution and (b) 3.5% NaCl solution.
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The loss of strength at 200 days may be due to: (i) leaching out

of Ca2þ ions through the formation of the soluble salts as a

result of the drop in pH due to the presence of chloride ions

and (ii) volume expansion due to the formation of secondary

ettringite and gypsumas a result of the sulfate attack [17,25]. It

appears that the sulfate attack is inhibited in the presence of

the chlorides. These phenomena will be further examined by

microstructural analysis.

3.3. Corrosion analysis

3.3.1. Normal corrosion

Fig. 5 shows the corrosion potential of rebar embedded CC and

30MEC samples exposed to the ambient environment up to

180 days, whilst Fig. 6 shows images of two specimens that

were split open after the test. Each data point presented in

Fig. 5 is the average of three data points obtained from three

different positions on the circular cross-section of the spec-

imen surface, keeping the distance between the edge of the

specimen and electrode/circular line constant. The corrosion

potential of both samples is less than�200mV, indicating that

no corrosion has taken place on the rebar. The analysis also

reveals that the value of corrosion potential is always lower

for the 30MEC samples, possibly due to the anticipated for-

mation of a thicker passive layer on the rebar than on that

embedded in CC.

3.3.2. Accelerated corrosion

Fig. 7 shows the corrosion potential of rebar embedded sam-

ples exposed to 5% NaCl solution versus exposure time. The

corrosion potential wasmeasured from ten different positions

and the curves show the average and range. Corrosion po-

tential values of 30MEC are consistently lower than those of

CC and they enter the active corrosion stage at about 100 days

of exposure, twice the time it takes for the CC specimens. This

clearly shows that the use of electrolyzed water enhances the

corrosion resistance of concrete. This is further verified by

visual inspection, see Fig. 8a and b, of the split specimens after

testing. The lower corrosion rate is likely to be due to the high

pH of the electrolyzed water (9.3 ± 0.1) that facilitates the

formation of a thicker passive layer around the rebar

[23,25,49]. This slows down the corrosion process, but even-

tually the rapid chloride ion penetration into the concrete

depletes the passive layer of the rebar.

3.3.2.1. Statistical analysis of corrosion level using Weibull

distribution. The corrosion potentials measured from the 10

locations of a particular sample vary to some extent as shown

in Table 2. Hence, there is a need to assess the level of

corrosion for a particular sample at a particular confidence

level. This was done using the Weibull distribution model

considering 95% survival probability, as shown in Table 3 and

Fig. 9. For each set of data, the plot of ln(s) vs -lnln(1/Sj) shown

in Fig. S3 (supplementary information) follows the linear

fitting with R2 � 0.90, demonstrating the suitability of the

Weibull model to precisely predict the level of corrosion.

Based on the Weibull analysis at the 95% survival probability,

it is assessed that the corrosion potential of both the samples

(CC and 30MEC) will not be higher (means less negative) than

�585.8 and�536.2mV, respectively, when exposed to 5% NaCl

for 180 days. Additionally, it can be seen that to reach a

threshold value (�350 mV) of the active corrosion potential,

30MEC takes twice the time (102 days) needed for CC (53 days).

Hence, it can be anticipated that the corrosion of 30MEC is

likely (95% survival probability) to be delayed by ~49 days (or

~92%) than that of CC when exposed to a 5% NaCl solution.

3.4. Justification of observed phenomena

The better performance of the electrolyzed water based con-

crete in resisting deleterious ions attack is primarily governed

by the inhibition of the ion permeation through the denser

microstructure developed due to the formation of a greater

degree of hydrated products such as calcium-silicate-hydrate

(CeSeH) and calcium hydroxide (CH). The hypothesis will be

further examined by spectral (FTIR) andmicrostructural (SEM)

analysis.

Fig. 4 e Compressive strength and rate of compressive

strength versus time for CC and 30MEC (concrete) samples

exposed to the combined (5% Na2SO4 and 3.5% NaCl)

solution. Fig. 5 e Corrosion potential value of rebar embedded in CC

and 30MEC (concrete) exposed to the ambient environment

(25 ± 2 �C, 65% RH, and atmospheric CO2 content:

408.5 ppm).
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Corrosion in reinforced concrete is an electrochemical

process that occurs due to the differences in electrochemical

potential on the steel surface in the presence of water and

oxygen [9]. Hence, corrosion of reinforced steel occurs due to

the formation of anodic and cathodic regions at tiny parts of

the rebar connected by the electrolyte, i.e., pore water of

hardened cement. At the anode, Fe2þ ions pass into the solu-

tion, whereas, electrons pass along the rebar toward cathode

and combine with oxygen and water to produce hydroxyl ions

[9]. These hydroxyl ions then travel through the electrolyte

and combine with Fe2þ to form ferrous hydroxide that is

subsequently converted into ferric hydroxide and then

oxidized to form rust [9,20,23]. Additionally, chloride-induced

corrosion occurs as chloride ions penetrate the protective

oxide film (passive layer) [9] forming hydrochloric acid at the

anodic side that destroys the passive layer, leaving the steel

vulnerable to corrosion through the formation of rust by

reacting with oxygen and moisture [9,20].

The lower corrosion of rebar embedded in electrolyzed

water based concrete is likely to be due to the combination of a

denser microstructure that retards the chloride penetration

and the presence of a higher amount of hydroxyl ions [50] that

neutralise the acid attack, slowing down the depletion of the

protective oxide film (see Fig. 10).

3.4.1. Fourier transform infrared spectroscopy (FTIR) analysis

Fig.11 shows the FTIR spectra in transmittance mode of CC

and 30MEC samples cured for 28 days in water and exposed to

combined sulfate and chloride rich solution for 200 days.

Additionally, the figure also represents the FTIR spectra of the

cementitious layer deposited on the rebar embedded in CC

and 30MEC specimen exposed to 5% NaCl solution for 180

days. The most informative bands in the IR spectrum of CC

and 30MEC cured in water and exposed to combined sulfate

and chloride solution appear around 1440 and 1365 cm�1 due

to the n3CeO (splitting) stretching of carbonate and the band

around 975 cm�1 that appears due to the SieO stretching of

polymeric silicate of CSH [36,51,52]. A broader IR band around

1217 cm�1 appears for 28 days water cured CC and 30MEC

samples due to the SeO stretching of sulfate ions present in

the hydrated cement [53]. However, this band is observed to be

more prominent for CC and 30MEC samples exposed to the

combined sulfate and chloride solution for 200 days. More-

over, it is noted that a more intense SO4
2� band appears for CC

than for 30MEC. This implies that a greater extent of sulfate

attack takes place in CC than in 30MEC. IR band at 975 cm�1 of

28 dayswater cured 30MEC is also observed to be slightlymore

intense than that of CC. This clearly indicates a greater degree

of hydrated product, i.e., a larger amount of Calcium-Silicate-

Hydrate gel formed in 30MEC than in CC [36,38]. The formation

of more hydrated products in 30MEC reduces the porosity in

30MEC as compared to that of CC [36,38], which, in turn, re-

sists the permeation of aggressive ions. Eventually, the dete-

rioration of 30MEC is less than that of CC when exposed to the

combined solution.

IR spectra of the cementitious layer collected from the

surface of the rebar of CC and 30MEC exposed to NaCl solution

for 180 days show IR bands including: CeO of carbonate and

SieO of polymeric silicate, and some other bands at 877, 680,

and 525 cm�1. These are possibly due to the FeeO of aFeOOH,

bFeOOH, and gFe2O3, respectively [15,24]. These may only

appearwhen the surface of the steel rebar oxidises by reacting

with the hydrated cement products, air, and moisture [15]. IR

band at 877 cm�1 appears to be due to the combination of n2
stretching of carbonate and FeeO. Additionally, the sharp

intense band around 1200 cm�1 is assumed to be due to the

Fig. 6 e Visual inspection image of the split surface and rebar embedded in concrete exposed to ambient condition for180

days; (a) CC and (b) 30MEC.

Fig. 7 e Corrosion potential value of rebar embedded in CC

and 30MEC (concrete) exposed to the accelerated (5% NaCl

solution) environment for 180 days (Atmospheric

condition: 25 ± 2 �C, 65% RH, and atmospheric CO2 content:

408.5 ppm).
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SieO stretching of condensed silica [53]. In fact, the appear-

ance of these bands in IR spectrum could be due to the com-

bination of the passive oxide layer formed on to the steel rebar

surface and the development of corrosion products. As the

sample contains FeeO bond, it can be considered to be the de-

passivated (oxidised) componentwhichwas loosely bonded to

the rebar surface. The collection of the strong passive layer/

protective oxide film formed on to the rebar surface is more

difficult because of its stability and binding ability with the

rebar surface. Therefore, considering the IR bands and their

intensities, it can be said that more de-passivated compo-

nents (corrosion products) were formed on the rebar

embedded in CC than in 30MEC as the IR band intensities of

FeeO bonds are more for the CC sample.

3.4.2. Microstructural analysis

Fig. 12a and b shows the SEM images of 28 dayswater cured CC

and 30MEC, respectively. The microstructures of both the

samples seem to be similarly matured. However, compara-

tively less flaky and compact microstructure is observed for

30MEC (Fig. 12b) than for CC (Fig. 12a), because of the forma-

tion of a greater amount of hydrated products as evidenced by

the spectral analysis. A denser structure is also expected to

resist more deleterious ion permeation and show less deteri-

oration. This is investigated in Fig. 12c and d for 5% Na2SO4,

Fig. 12e and f for 3.5%NaCl and Fig. 12g and h for the combined

mixture of 5% Na2SO4 and 3.5% NaCl solution.

It is observed from Fig. 12c and d that both the samples

CC(M) and 30MEC(M) exposed to 5% sodium sulfate solution

Fig. 8 e Visual inspection image of the split surface and rebar embedded in (a) CC and (b) 30MEC exposed to 5% NaCl solution

for 180 days.

Table 2 e Corrosion potential measured at ten different
positions of CC and 30MEC specimens exposed to 5%
NaCl solution for 0, 60, 120, and 180 days (ascending
order).

(j) Corrosion potential (s)a in |�mV| of CC and 30MEC
exposed for different days (D)

CC 30MEC

0 D 60 D 120 D 180 D 0 D 60 D 120 D 180 D

1 90 362 421 558 54 278 368 530

2 93 372 432 573 55 290 372 533

3 95 378 435 596 56 298 375 537

4 97 386 437 599 58 303 377 542

5 99 400 440 608 60 308 379 545

6 103 415 440 617 61 313 382 548

7 103 419 445 620 64 318 383 557

8 107 427 446 624 66 325 385 561

9 108 443 449 629 69 338 388 563

10 112 456 451 634 70 340 390 565

a Refers to the corrosion potential of CC and 30MEC in ascending

order.
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contain rod like secondary product crystals, with CC (Fig. 12c)

containing more secondary gypsum crystals and flaky

microstructure than 30MEC (Fig. 12d). This is likely due to the

ingress of larger amounts of sulfate ions through the capillary

pores of CC [38]. More gypsum crystals will lead to more vol-

ume expansion and result in faster deterioration of CC than

30MEC.

Fig. 12e and f shows the SEM images of CC(M) and

30MEC(M) samples exposed to 3.5%NaCl solution for 200 days.

The microstructure of CC(M) (Fig. 12e) seems to be flaky and

scattered, whilst the 30MEC(M) sample still contains some

calcium hydroxide and calcium carbonate with a less scat-

tered microstructure (Fig. 12f). The chloride ion permeation

degrades the concrete matrix by destroying the stable

network of hydrated products.

Gypsum seems to be formed in both CC and 30MEC sam-

ples, see Fig. 12g and h, due to the permeation of SO4
2� ions [54]

when they are exposed to the combined solution. As expected,

more gypsum crystals are seen in CC that of 30MEC per unit

area. This generation of secondary products can fill pores in

CC faster and result in a better improvement in strength at the

early ages of exposure. However, with prolonged exposure,

further production of secondary products leads to expansive

internal pressure resulting in the greater deterioration of CC

than 30MEC.

Figs. 13a and b shows the SEM images of the cemen-

titious layer deposited on the rebar embedded in CC and

30MEC exposed to 5% NaCl solution for 180 days. It ap-

pears that CC contains iron oxides (needle like structures),

Table 3 eWeibull modulus (m), s0 (corrosion potential at 37% survival probability), and sdesign (corrosion potential at 95%
survival probability) of CC and 30MEC exposed to 5% NaCl solution for 0, 60, 120, and 180 days.

Weibull parameters Values of different Weibull parameters of CC and 30MEC exposed for different days (D)

CC 30MEC

0D 60D 120D 180D 0D 60D 120D 180D

M 15.5 14 53.9 26.5 11.4 17.1 59.7 46

s0 (|�mV|) 103.4 424.1 443.5 620.3 93.8 380.6 431.2 554.1

sdesign (|�mV|) 64.5 319.3 384.3 585.8 56.5 292.2 374.7 536.2

Fig. 9 e s0 (corrosion potential at 37% survival probability)

and sdesign (corrosion potential at 95% survival probability)

values of CC and 30MEC as the function of exposure time.

Fig. 10 e A plausible model to explain the corrosion mechanism of rebar embedded in the normal and electrolyzed water

based concrete exposed to NaCl solution.
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i.e., possibly goethite (aFeOOH) and akaganeite (bFeOOH)

like structures [24], which may grow at the interface re-

gion of rebar surface and cementitious layer. However, no

such type of crystal is observed in the microstructure of

the cementitious layer collected from the rebar surface of

30MEC. The appearance of iron oxide in the cementitious

layer of CC is presumed to be due to the depletion of the

passive film on the rebar surface by the ingress of Cl�

ions and corrosion due to presence of moisture and oxy-

gen. As there is no trace of iron oxide in the micro-

structure of the cementitious layer of 30MEC, it can be

seen as evidence of the higher resilience of its passive

film, which protects the rebar from the corrosion.

Fig. 11 e FTIR spectra of CC and 30MEC (concrete) cured in water for 28 days, exposed to the combined (5% Na2SO4 and 3.5%

NaCl) solution for 200 days, and the layer deposited on the rebar embedded in CC and 30MEC exposed to 5% NaCl solution

for 180 days. IR band description: 1440 cm¡1 and 1365 cm¡1: n3CeO (splitting) stretching of carbonate, 975 cm¡1: SieO

stretching of polymeric silicate of CSH, around 1200 cm¡1: SieO of condensed silica, 1217 cm¡1: SeO of SO4
2¡, 877 cm¡1:

FeeO of aFeOOH, 680 cm¡1: FeeO of bFeOOH, and 525 cm¡1: FeeO of and gFe2O3.

Fig. 12 e SEM image of 28 days water cured (a) CC and (b) 30MEC, 200 days exposed to Na2SO4 solution (c) CC(M) and (d)

30MEC(M), 200 days exposed to NaCl solution (e) CC(M) and (f) 30MEC(M), and 200 days exposed to the combined sulfate and

chloride rich (5% Na2SO4 and 3.5% NaCl) solution (g) CC and (h) 30MEC.
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4. Conclusions

This study provides new insight into the long term perfor-

mance of concrete and mortar made with electrolyzed water

by evaluating the chemical attack and the level of rebar

corrosion resistance under both normal and accelerated

conditions. The impact of electrolyzedwater in controlling the

durability performance of concrete was assessed by exposing

the mortar and concrete samples to sulfate (5% Na2SO4),

chloride (3.5% NaCl) and combined sulfate and chloride solu-

tion. For these samples mass and strength variation was

monitored with time. Additionally, rebar embedded samples

exposed to ambient environment and 5% NaCl solution were

monitored for corrosion potential. The conclusions from this

study were:

� When exposed to sulfates, an increase in the compressive

strength of both samples was observed up to 100 days due

to the densification of the pore structures through the

formation of secondary gypsum products. However,

further generation of secondary products eventually led to

strength degradation due to expansive internal pressures.

� Gradual strength loss was seen due to chloride exposure

associated with dissolution of stable hydrated cement

phases.

� The combined chemical attack combined the effect of

sulfate and chloride attack and led to concrete deteriora-

tion in the long term (200 days).

� Corrosion potential was developed faster in CC speci-

mens, which showed active corrosion after ~53 days,

whilst the 30MEC samples resisted until 102 days. Hence,

for design purposes, it can be anticipated that the con-

crete made with electrolyzed water takes twice the time

as much of normal water based-concrete to develop

active corrosion.

� The improved durability and corrosion resistance perfor-

mance of the concrete prepared using electrolyzed water

(30MEC) is found to be due to the formation of a more

compact microstructure, enhancement of stable passiv-

ation layer on the rebar surface, and the lesser permeation

of aggressive ions.

Based on the experimental evidences obtained from this

study, it can be said that electrolyzed water has enough po-

tential to enhance chemical attack resistance and mitigate

corrosion in precast and in-situ concrete infrastructure

exposed to severe environments such as ground, marine and

wastewater constructions.
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