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ABSTRACT
In this study, the applicability of seawater as mixing and curing water in 4-year-old mortar
cement specimens is evaluated. In certain scenarios, seawater might be the only agent
available, and hence, it is necessary to optimize conditions for its application in concrete

structures. Unlike in previous studies, we focused on evaluating the long-term
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performance of reinforced mortar specimens exposed to seawater. The specimens
comprise ordinary Portland cement (OPC) and supplementary cementitious materials
(SCMs) as well as reinforced with plain steel, epoxy-coated, or stainless steel bars. The
fabricated specimens were subjected to wetting-drying cycles (mimicked for tidal/splash
zones) in the laboratory and corrosion was evaluated by electrochemical techniques.
Seawater can be employed as a mixing and curing agent if proper concrete design is
conducted. Further, SCMs exhibited better performance than OPC; similarly, epoxy-
coated and stainless steel bars exhibited better corrosion resistance than plain steel bars.
The results obtained in this study highlight the need to study the application of seawater

in concrete mixing.

KEYWORDS:
Seawater mixing; corrosion; electrochemical methods; supplementary cementitious

materials; epoxy-coated bars; stainless steel bars; chloride content

1. INTRODUCTION

Engineers commonly believe that seawater is not suitable for use in concrete,
particularly in concrete embedded with reinforcing bars as it may lead to corrosion [1].
Meanwhile, freshwater (tap water) depletion is progressing at a rapid pace globally [2, 3].

Therefore, it is becoming imperative to use seawater in concrete production because tap-
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water reserves are either limited or its transport is costly. Such conditions are often
encountered in coastal projects and construction engineers are then beset with doubts
about the advisability of using seawater. However, in unavoidable situations, the use of
seawater is recommended for plain concrete [4, 5].

There are several reports available on the applicability of seawater in concrete [6-11].
In most of these studies, researchers focused on the workability and strength performance
of concrete made with seawater, particularly in the early ages. The workability of
seawater-mixed concrete (i.e., concrete with seawater mixing instead of tap water) has
not attracted as much attention as sea sand concrete [7, 12, 13]. Katano [7] reported that
the initial and final setting times of seawater concrete were shorter by 90 and 135 min,
respectively, than those of tap-water-mixed concrete. In addition, most experiments on
the strength performance of seawater concrete indicated a higher early-age strength when
compared to tap-water-mixed concrete [6, 9, 14, 15]. Narver [16, 17] and Otsuki [17]
reported that the long-term compressive strength of seawater concrete was either inferior
or slightly higher than that of ordinary concrete. However, there is not much information
on the corrosion behavior of reinforcing bars in seawater concrete, which is necessary to
use seawater as a mixing and curing agent for concrete.

Currently, researchers are intent on analyzing the applicability of seawater in concrete,
especially to understand how to deal with the associated corrosion risks. Mohammed et

al. [6] found that using seawater instead of tap-water in reinforced cylindrical concrete
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specimens exposed to a tidal environment for 15 years resulted in a large number of
corrosion pits and greater pit depth on steel bars. Shalon and Rapheal observed serious
corrosion in steel bars embedded in concrete specimens exposed to moist air [18]. Other
studies also confirmed the high vulnerability of reinforcing bars to corrosion when
seawater was used as the mixing agent [19].

In the previous literature [6, 18, 19] reported that seawater as a mixing and curing
agent obviously lead to the serious corrosion of steel bars embedded in concrete.
Therefore, this study proposed the method that seawater can be employed as a mixing and
curing agent. In this study, mortar specimens were cast with seawater using ordinary fine
aggregate (desalted/washed sea sand) [20-23]. The present study focuses on the effect of
seawater, rather than sea sand, on the corrosion activity of steel bars embedded in concrete.
Mortar specimens were made with ordinary Portland cement (OPC) and supplementary
cementitious materials (SCMs) with ground granulated blast furnace slag (GGBFS) with
a surface area of 4000 cm?/g. Three types of reinforcing bars, namely plain bars (PS),
epoxy-coated bars (EC), and stainless steel bars (SS), were used in this evaluation. Their
corrosion behavior was exhaustively evaluated over a 4-year period in laboratory
conditions with confined rooms using electrochemical methods. It is considered that a
proper concrete design (i.e., sufficient concrete cover and low water to binder (W/B) ratio)
is necessary to increase the usability of seawater in concrete. Further, GGBFS (SCMs)

increase the corrosion resistance of the embedded reinforcement while epoxy-coated and
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stainless steel bars exhibit good corrosion resistance. Studying the effect of seawater on
degree of corrosion will provide information for improving the usability of seawater in

concrete, which is the major aim of this study.

2. MATERIALS AND METHODS

2.1 Materials

Mortar specimens were mixed with either tap water or seawater. They were
fabricated with OPC, SCMs, and GGBFS. The physical properties and chemical
compositions of the materials are shown in Table 1 while the chemical composition of
natural seawater is shown in Table 2. Seawater used for mixing and curing was directly

taken from a natural sea environment in the south-west of Japan (see Fig. 1).

Table 1. Physical properties and chemical composition of materials

Description OPC GGBFS Sand

Physical Properties

Density, g/cm3 3.16 2.91 2.58

Fineness Modulus (F.M) - - 2.77
Chemical Composition

Blaine fineness, cm?3/g 3390 4000 -

MgO, % 1.2 5.32 -

SOs3, % 2.23 - -

*LOI, % 2.15 0.33 -

Total alkali, % 0.51 - -

Chloride, % 0.019 0.006 -

*LOI: Loss on Ignition
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Fig. 1. Location and situation during taking seawater (33°35'42.3"N 130°06'39.6"E)

Table 2. Chemical composition of natural seawater

Specific pH Chemical composition (g/L)
gravity CI- SO Ca*' Mg?* K* Na®
1.030 7.71 18.72 2.37 0.36 1.2 0.35 9.9

2.2 Mix proportions
The mix proportions used in the mortar specimens are summarized in Table 3. The

W/B ratio of the specimens was varied at 0.40, 0.50, and 0.60. Three types of mixes were
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prepared for each W/B ratio — OPC with tap water as the reference, OPC with seawater,

and GGBFS with seawater.

Table 3. Mix proportions

Unit Weight (kg/m?3)

W/B Water Binder Remarks
Tapwater  Seawater GG Sand
OPC
BFS
232 - 581 - 1508 Plain
0.40 - 232 581 - 1525 Bar -
- 232 201 291 1514  Series’
255 - 510 - 1508 Plain Different
0.50 - 255 510 - 1525 Bar Bar
. 255 255 255 1515  Series” Series
272 - 454 - 1508 Plain
0.60 - 272 454 - 1508 Bar -

- 272 227 227 1499  Series’
*Specimen which only plain steel bars were embedded

2.3 Specimen design

The specimen dimensions were set at 150 x 100 x 150 mm?® with concrete cover of
50 mm was cas on each specimen as shown in Fig. 2. The specimens were demolded 24-
hour after casting and cured (continued immersion) for 28 days. Later, five of the
specimen surfaces (except measurement surface) were painted with epoxy resin before
being subjected to alternate wetting-drying cycles. Each cycle included 7 days with 2 days

of wetting (immersed in tap water or seawater) and 5 days of drying (air drying). It should



be noted that the curing water and exposure water (i.e., water in the wetting-drying cycles)
was the same. The details of various specimens subjected to wetting-drying are presented

in Table 4.

Casting Direction

3

—
Measurement » b
Surface 3
-] . 150 mm
150 mm -
50 mm
100 mm

Fig. 2. Specimen dimensions and shape

Table 4. Details of cured specimens subjected to wetting-drying cycles

Case  Mix-Cure  Mixing Curing®® %% + Wet-dry Cycles (2/5)2fter 28 days

I T-T Tap water Tap water
11 S-T Seawater Tap water
III T-S Tap water Seawater
1\% S-S Seawater Seawater

*Continued immersion for 28 days.



1 2.3.1 Plain bar series

2 Three different W/B ratios were used in the plain bar series, 0.40, 0.50, and 0.60.
3 For each W/B ratio, six different specimens were prepared. Two plain reinforcing bars
4  (¢-13) were embedded in each specimen (see Fig. 2). Later, the specimens were set up in
5  to various cases according Table 4. The details of specimens type in the plain bar series

6  are listed in Table 5.

7 Table 5. List of specimens — Plain bar series
Unit Weight (kg/m3) Case
W/ | SPecimen | Water Binder I A O A [T I\
Tap | Sea | C GG | Sand Mix: Curing
BFS T-T S-T T-S S-S
N40/T-T | 232 - 581 - 1508 A
N40/T-S | 232 - 581 - 1508 A
0.4 N40/S-T - 232 | 581 - 1525 A
' N40/S-S - 232 | 581 - 1525 A
B40/S-T - 232 | 291 | 291 | 1514 A
B40/S-S - 232 | 291 | 291 | 1514 A
N50/T-T | 255 - 510 - 1508 A
N50/T-S | 255 - 510 - 1508 A
05 N50/S-T - 255 | 510 - 1525 A
' N50/S-S - 255 | 510 - 1525 A
B50/S-T - 255 | 255 | 255 | 1515 A
B50/S-S - 255 | 255 | 255 | 1515 A
N60/T-T | 272 - | 454 - 1508 A
N60/T-S | 272 - | 454 - 1508 A
0.6 N60/S-T | - | 272|454 | - 1508 A
' N60/S-S - 272 | 454 - 1508 A
B60/S-T - 272 | 227 | 227 | 1499 A
B60/S-S - 272 | 227 | 227 | 1499 A

8 A :specimen made
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2.3.2 Different bar series

In different bar series, only a 0.50 W/B ratio was used. The dimensions of the
specimens are as shown in Fig. 2. A summary of reinforcing bar types (PS, EC, and SS)
is presented in Table 6 and Fig. 3. Half of all the EC bars were damaged artificially in
the middle (scratch), as shown in Fig. 3; these bars are noted as “EC-D” (damaged).

Different specimens and their notations are listed in Table 7.

Table 6. Types of reinforcing bars

Reinforcing bar type Diameter  Symbol
Epoxy-coated damaged (D) D13 EC-D
Epoxy-coated no damage (ND) D13 EC-ND
Stainless-steel SUS304-SD D13 SS
Plain steel ¢-13 PS

Fig. 3. Setting up and types of reinforcing bars

10
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Table 7. List of specimens in different bar series

Case
Specimen Mixing-curing
Type Name'® /B ] n m IV
T-T S-T T-S S-S
N-EC-D A A A A
N N-EC-ND o A A A
(OPC) N-SS >0% A A A
N-PS A A A A
B-EC-D A A
B B-EC-ND . A A
(GGBEFS) B-SS >0% A A
B-PS A A

*Example: N-EC-D/T-T(OPC—-Epoxy Coated—Damage/Tap-water mix—Tap-water

curing)

3. EXPERIMENTAL OUTLINE

3.1 Half-cell potential (HCP)

According to ASTM C876-09 [24], half-cell potential measurement is an
electrochemical technique that determines corrosion behavior (Table 8). The corrosion
potential, Ecor (half-cell rebar/concrete), is measured as a potential difference (volts)
against a reference electrode (half-cell) [25]. A more negative voltage reading implies that
the embedded bar has excess electrons and there is, therefore, a higher likelihood of the
bar corroding [26]. In this study, time-dependent changes in corrosion were monitored by
half-cell potential (Ecorr) measurement at ~1 h from the end of the wet-cycle using a

portable rebar corrosion meter type SRI-CM-II (see Fig. 4) then convert to Copper

11
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Sulafate Electrode (CSE). For each condition, 2 to 4 bars were tested and the values were

averaged.
Fig. 4. Half-cell potential measurement
Table 8. Corrosion probability (ASTM C876-09)
Half-cell potential (V, CSE) Corrosion activity
-200<E 90% no corrosion probability
-350 <E <-200 uncertainty
E <-350 90% corrosion probability

ASTM C876-09 has recommendation that the standard for judgment corrosion
probably may not be suitable for epoxy-coated bar. In market, epoxy-coated bar consist
of two type of bar regarding the electrical circuitry. One type completely hinder electrical
circuitry, other type still allow the electrical circuitry. Therefore, preliminary investigation

was conduct in order to check the suitability of the ASTM C876-09 for the epoxy-coated

12
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bar particularly for different bar series in this study. The schematic of potential
measurement is shown in Fig. 5. Four reinforcing bars were immersed in 3% aqueous
NaCl. The different bars tested were plain bars (PS), epoxy-coated bar no damage (EC-
ND), epoxy-coated bar damage-1 (EC-D1), and epoxy-coated bar damage-3 (EC-D3).
Scratch areas were artificially created using a cutter knife in the middle part of the
reinforcing bars. The results obtained indicate that the potentials of different bar types
were similar, as shown in Fig. 6. This implies that epoxy painting did not hinder the
electrical circuitry. Therefore, it is possible to measure half-cell potential using the ASTM

C876-09 standard.

NaCl 3%

Bar RE CE

RE: Reference Electrode
CE: Counter Electrode

Fig. 5. Schematic of the electrical circuitry used for potential evaluation

13
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Fig. 6. Potential of each bar type
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Fig. 7. Anodic-cathodic polarization curve measurement by immersion method

3.2 Anodic-cathodic polarization curves

The generation of polarization curves by the immersion method is described in

Fig. 7. When anodic current increases, it means that the passivity of the film on steel bars

14
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worsens, as presented in Fig. 8a. When the cathodic current becomes larger, it means that
the supply of oxygen to the steel surface increases (Fig. 8b). Polarization-curve
measurement takes about 40 min during which the specimen should be immersed in a
water. During measurement, the potential of the steel bar (Ecorr) shifted to £700 mV from
the natural potential at a sweep rate of 50 mV/min. The maximum current density
obtained from the anodic polarization curves in Fig. 8a was then used to judge the grade
of passivity. Further, standards for evaluating the grade of passivity in anodic polarization

curves were sourced from the work published by Otsuki [27] (Table 9).

Potential, mV Potential, mV

N

0

1

/l /, En \\
W Large O,

En + 200 — )

?
it
N el

0.1 1 10 100

e

En + 600

;O\'_w

Log current density, pA/cm? Log current density, pA/cm?
a. Grade of passivity (from b. Oxygen supply (from
anodic polarization curve) cathodic polarization curve)

Fig. 8. Evaluation of anodic-cathodic polarization curves [27]

15
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Table 9. Grade of film passivity associated with the polarization curves

Grade Polarization curve Condition

Grade 0 potential 0.2—0.6 V, current density is over 100 pA/cm? at least one

. no passivit
time passivity

Grade 1 potential 0.2—0.6 V, current density is 10-100 pA/cm?
Grade 2 potential 0.2-0.6 V, cuqent density is higher than 10 pA/cm? at least
once but does not qualify as Grade 1 limited degree of
Grade 3 potential 0.2—0.6 V, current density is 1-10 pA/cm? passivity
Grade 4 potential 0.2—0.6.V, current density is over 1 pA/cm? at least once
but does not qualify as Grade 1, 2 and 3.

Grade 5 potential 0.2—0.6 V, current density is less than 1 pA/cm? excellent passivity

3.3 Chloride ion distribution

Chloride ion concentration was measured at given specimen depths. For this test,
cylindrical specimens were prepared by coring and then cut in three layers (each 10 mm
thick) from the surface of concrete and crushed into powder. Chloride ion concentration

in concrete layers was determined according to JSCE-G573-2003 [28].

4. RESULTS AND DISCUSSION

4.1 Half-cell potential (HCP)
4.1.1 Plain bar series

The HCPs of plain bar series at W/B ratios of 0.40, 0.50, and 0.60 in various scenarios
are plotted in Fig. 9. Firstly, Case-I (T-T) for tap-water mixing and curing indicated a
90% probability of no corrosion at 100-200 mV. Case-I specimens at W/B = 0.50

approached and crossed the potential threshold for corrosion at the end of the test (4 years).

16
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Here, it should be emphasized that tap water is suitable and recommended as mixing and
curing water.

In the early stages, seawater mixing in Case-II (S-T) resulted in a higher negative
potential (>—350 mV). However, after 6 months of exposure, the potential moved in a
positive direction despite using seawater for mixing. This might be because chloride from
the seawater was washed by tap water during curing and in the wetting-drying process.
In addition, the microstructure of the mortar might have improved due to an acceleration
in hydration in the presence of chloride ions from seawater [6]. Further, the potential of
GGBFS specimens was more positive when compared to that of OPC specimens in Case-
IT (S-T). In the case of B40/S-T at 400 days, the potential dropped drastically and
anomalously, but later recovered and approached that of N40/S-T. Therefore, the
influence of curing conditions and cement type is more significant than that of seawater
[29].

The potential at ~600 mV during wetting-drying cycles was showed by tap-water
mixing and seawater curing on Case-III (T-S). Accelerated corrosion due to wetting-
drying ensures sufficient oxygen supply and diffusion of chloride ions. Moreover, the
wetting-drying process influences the motion of Cl". During this process, the mortar
absorbs a number of CI™ ions after which the potential rapidly drops due to the abundance
of chloride ions in seawater used for curing and wetting-drying. Thus, seawater, when

used as curing water and in the wetting-drying process, greatly affects the potential.

17
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Fig. 9. Half-cell potential of the plain bar series
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The specimen in Case-1V (S-S) with seawater for both mixing and curing has a
potential of ~500 mV during wetting-drying, which indicates a 90% probability of
corrosion. The potential at all W/B ratios remained similar. It is considered that the
concentration of chloride ions in seawater used was the same in mixing and wetting-
drying cycles. In other words, chloride ion concentration was saturated. These
observations imply that the W/B ratio has little effect on the potential in Case-IV.

The half-cell potential of GGBFS showed tendencies similar to that of OPC,
particularly in Case-IV (S-S), irrespective of the W/B ratio (Fig. 9). It is should be
underlined that the half-cell potential of GGBFS particularly in the very early-age. The
potentials of the steel bars were more negative than —800 mV. GGBFS is a glassy by-
product of iron-making and contains manganese and other species such as sulfides (S*",
HS", and Sn*") that induce a reducing effect and lead to an extremely high negative
potential [30]. However, the potentials of GGBFS specimens tend to recover over a period
of 200 days, particularly with tap-water curing. From the half-cell potential results, it can
be noted that seawater used for curing leads to a lower potential (more negative potential)

than seawater used for mixing mortar.

4.1.2 Different bar series

Two types of reinforcing bars (reference), plain steel bar (PS) and epoxy-coated bars

with damage (EC-D) were subjected to tap-water mixing and curing in Case-I (T-T) (Fig.

19
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10). The specimens in Case-I consisted of only OPC. Both PS and EC-D showed a higher
positive potential (more than —250 mV) during wetting-drying cycles. Over a period of
1200 days, the potential of EC-D was slightly higher than that of PS. However, both types
of bars exhibited a corrosion probability greater than 90% over a period of 1400 days in
wetting-drying cycles. This result implies that if damage exists, over a period of time,
even epoxy-coated bars become vulnerable to corrosion.

There are four types of reinforcing bars embedded in specimens made with OPC and
GGBFS (Case-II (S-T)), as shown in Fig. 10. The reinforcing bars include EC-D, EC-ND,
SS, and PS bars. The half-cell potential of OPC and GGBFS specimens were similar
during exposure. Both these specimens with different types of bars with seawater as
mixing water showed potentials higher than —200 mV (90% probability of no corrosion).
This implies that the effect of curing water is more significant than that of mixing water.
In addition, in most cases, GGBFS was superior to OPC in Case II (S-T).

The HCPs of specimens with four types of bars embedded with tap-water mixing and
seawater curing in Case-III ('T-S) are shown in Fig. 10. In Case-III for different bar series,
the specimens were made with OPC alone. This case mimics marine conditions,
especially the tidal and splash zones, where concrete is directly exposed to seawater. Only
the potential of N-PS/T-S crossed the corrosion threshold of =350 mV in a period of 200
days. Other types of bars crossed the threshold value after 1305 days. The corrosion

resistance for different bar types follows the order of EC-ND > SS > EC-D > PS.

20
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Therefore, in high chloride environments, corrosion-resistant reinforcing bars are needed,
such as epoxy-coated bars or stainless steel bars, which have a high chloride threshold
value (CTV).

The HCPs of specimens with seawater mixing and curing in Case-IV (S-S) are shown
in Fig. 10. Four types of bars were embedded in Case-IV specimens made with OPC and
GGBFS. After 175 days of wetting-drying, only the PS bars in OPC showed a potential
more negative than —400 mV and it remained stable during wetting-drying cycles.
Therefore, when seawater was used both as mixing and curing water, the risk of corrosion
in reinforcing bars increased.

The potential of GGBFS specimens was more positive than that of OPC specimens in
Case-IV (S-S) for all types of bars except EC-D (Fig. 10). Further, EC-D, EC-ND, and
SS bars showed a potential more positive than —300 mV. These observations indicate that
PS bars had the least corrosion resistance. This considered that in the case of high
corrosion resistance bar such us epoxy-coated and stainless steel bar were used, then
seawater more applicable to use as mixing and curing agent. Further, it is suggested that
steel bar with lower corrosion resistance, then GGBFS (i.e., SCMs) was recommended
when using seawater as mixing and curing agent. The half-cell potential of different bar
series is strongly correlated with the half-cell potential of plain bar series. It can be
reported that seawater used for curing water influences corrosion potential to a greater

extent than that used for mixing.

21
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Fig. 10. Half-cell potential of different bar series
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4.2 Anodic-cathodic polarization curves
4.2.1 Plain bar series

The maximum anodic current values calculated from the polarization curves for
different cases are shown Fig. 11. Table 10 presents a summary of the maximum anodic
and cathodic current with passivity grades for different specimens. In the early stages (0
months), the specimens in Case-I (T-T) were categorized as Grade 3 with a maximum
anodic current of 5 pA/cm?. At 6 months, the maximum anodic current reduced. The
maximum anodic current of specimen followed the order N60T-T < N50T-T < N40T-T.
After 36 months of exposure, the order of N40T-T < N50T-T < N60T-T was observed.
This indicates that anodic current reduced with an increase in specimen age or in other
words, after cement hydration. Further, it is seen that anodic current is significantly
affected by the W/B ratio (anodic current reduces when the W/B ratio decreases).

The maximum anodic currents derived from the anodic polarization curves for
specimens OPC and GGBFS with seawater mixing and tap-water curing (Case-1I (S-T))
are presented in Fig. 11; the corresponding passivity grades are summarized in Table 10.
The maximum anodic current of steel bars with OPC tends to be higher than that of
GGBEFS after 24 months. Furthermore, in the cathodic polarization curve, the maximum
cathodic current of OPC was higher than that of GGBFS after 18 months. This
phenomenon can be attributed to the low pore volume of the cement matrix in GGBFS

mortar and the reduction action of GGBFS powder. It should be noted that GGBFS
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powder was produced in a reductive atmosphere and the oxidation number of Fe or Mn
in GGBFS is low [31]. This means that the amount of oxygen around the steel bar in
GGBFS decreased. Thus, from the perspective of cathodic polarization curves, GGBFS

is effective in reducing the risk of corrosion posed by seawater used in the mixing process

[8].
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Fig. 11. Maximum anodic current derived from the anodic polarization curves of plain

bar series
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Table 10. Maximum anodic/cathodic current and passivity grade (plain bar series)

Maximum Anodic/Cathodic Current, pA/cm?/ Passive Grade
wiC Specimen Passive Grade
0 month 6 month 18 month 24 month 36 month 48 month
6.51/28.61 1.66/4.07 1.21/3.31 1.32/1.66 0.52/2.65 0.53/2.61
N40/T-T 3 4 n 4 s 5
NAO/T-S 8.90/30.45 3.03/9.38 7.48/8.91 7.00/8.01 4.91/5.69 3.89/0.86
3 4 3 3 4 4
NAO/S-T 7.23/;8.59 3.11/:8.72 1.13[/13.35 3.43[/17.00 1.60[/14.86 -/-
40 7.04/28/88 3.15/35.32 0.80/4.42 0.90/2.29 2.95/2/69 7.52/8/28
N40/S-S
3 4 5 5 4 3
BA0/S-T 1.28/2.24 6.73/24.85 1.24/2.19 1.08/1.31 0.93/4.22 0.69/1.54
4 3 4 4 5 5
4.31/28.88 15.18/31.98 1.35/1.81 1.37/1.01 1.05/2.54 2.84/2.10
B40/S-S
4 2 4 4 4 4
NSO/T-T 7.69/12.45 0.98/4.18 1.68/2.99 1.21/2.82 0.77/7.65 -/-
3 5 4 4 5 -
N5O/T-S 4.02/1.47 30.89/35.53 2.40/12.84 0.90/3.10 0.91/0.90 -/-
4 2 4 5 5 -
N50/S-T 1.43/15.84 9.37/2.34 1.21/3.89 0.90/4.03 9.37/3.15 -/-
0 4 3 4 5 3 -
5 7.60/55/46 2.63/8.93 3.22/7.22 1.52/4.33 3.40/4.73 4.15/6.66
N50/S-S
3 4 4 4 4 4
B50/S-T 1.55/3.88 12.97/4.03 1.01/3.31 0.62/1.40 0.81/1/76 -/-
4 2 4 5 5 -
2.21/1.18 1.91/1.80 1.16/2.19 0.73/1.14 1.91/1.80 1.19/0.20
BSOS 4 4 4 5 4 4
N6OT-T 7.07/13.18 0.83/4.62 2.76/3.23 4.28/2.28 1.42/8.61 -/-
3 5 4 4 4 -
12.02/26.87 4.70/10.16 8.49/15.15 9.61/7.84 6.95/8.24 7.77/11.92
N60/T-S
2 4 3 3 3 3
5.12/42/04 1.81/4/82 1.67/6.07 1.53/2.95 1.67/1.80 0.28/0.55
N60/S-T
60 3 4 4 4 4 5
7.38/43.63 17.32/70.77 2.84/8.18 3.04/4/13 3.58/5.56 2.07/5/70
N60/S-S
3 2 4 4 4 4
B60/S-T 1.61/4.00 2.32/5.48 1.14/2.95 0.60/1.34 0.42/0.89 0.38/2.73
4 4 4 5 5 5
B60/S-S 1.34/43.63 1.81/4.82 1.67/4.93 1.52/2.82 0.64/2.10 1.67/2.25
4 4 4 4 5 4

Fig. 11 shows the anodic polarization curve of OPC with tap-water mixing and
seawater curing for Case-III (T-S). In the very early stages (less than one month), all the

specimens were categorized at Grade 3 (see Table 10) with a maximum anodic current of
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~10 pA/cm?. However, after 6 months of wetting-drying cycles, the maximum anodic
current reduced to less than 5 pA/cm? with passivity at Grade 4. If compared to Case-I
(T-T), seawater, when used as curing water, clearly increased the maximum current in the
anodic polarization curve. Seawater, when used as curing water, tends to cause dampness
that provides good electrolytic action between the anodic and cathodic regions of the
embedded steel bar, thereby accelerating the corrosion process [9].

The polarization curves of specimens OPC and SCM with GGBFS50% with seawater
mixing and curing in Case-IV (S-S) are presented in Fig. 11 and their passivity grades are
listed in Table 10. In the very early stages (0 months), the GGBFS specimen exhibits
lower maximum anodic current than the OPC specimen. After 6 months, the anodic result
followed an opposite pattern and OPC exhibited a lower value than GGBFS, except for
specimen N60S-S. However, after 36 months and 48 months of interaction with seawater
and wetting-drying cycles, GGBFS showed better passivity than OPC specimens [22, 32].
This is probably because SCMs take a long time to complete cement hydration.
Furthermore, their higher resistivity to corrosion probably increased due to the properties
of GGBFS concrete, such as CI- immobilization, low porosity, and the low content of

oxygen [8].

4.2.2 Different bar series

The maximum currents derived from anodic/cathodic polarization curves and
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passivity grades for different specimens are summarized in Table 11. Fig. 12 shows the
maximum anodic currents of OPC specimens with tap-water mixing and curing in Case-
I (T-T). Only two types of steel bars were used in this case — plain bars (N-PS/T-T) and
epoxy-coated bars with small artificial uncoated (scratch) areas (N-EC-D/T-T). When
exposed to wetting-drying cycles, N-EC-D/T-T bars showed good passivity and generated
a very small anodic current when compared to N-PS/T-T. This implies that epoxy-coated
bars showed good passivity and the coating protected steel bars from corrosion.

The maximum currents calculated from the anodic polarization curves of specimens
made with OPC and GGBFS mixed with seawater and cured with tap water in Case-II (S-
T) are shown in Fig. 12. Four types of bars, viz. PS, EC-D, EC-ND, and SS, were used.
In all bar types, specimens with GGBFS showed better passivity than OPC specimens
after 18 months. Further, the lowest corrosion resistance due to seawater mixing was
exhibited by plain bars.

Fig. 12 shows the maximum current derived from the anodic polarization curves of
OPC specimens with tap-water mixing and seawater curing (Case-III (T-S)). Four types
of bars were used — PS, EC-D, EC-ND, and SS. The maximum anodic current of SS bars
stabilized during exposure and it was higher than that of PS bars. It may be theorized that
the stainless steel used, SUS304-SD, with a high chloride threshold value of 15 kg/m?,
experiences a smooth flow of electricity due to the presence of chloride in seawater used

for curing, which assists in anodic reactions.
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1 Table 11. Maximum anodic/cathodic current and passivity grade (different bar series)

Maximum Anodic/Cathodic Current, pA/cm?
Case Specimen Passivity Grade
0 month 6 month 18 month 24 month 36 month 48 month
| N-EC-D/T-T 0.37é0.57 0.09é0.27 0.33é0.04 0.13é0.57 0.09é0.27
7.69/12.45 0.98/4.18 1.68/2.99 1.21/2.82 0.77/7.65 -/-
| N-PS/T-T
3 5 4 4 5 -
I N-EC-D/S-T 0.53/1.00 0.33/2.24 0.62/1.11 0.39/0.95 0.33/2.24 0.21/1.30
5 5 5 5 5 5
I N-EC-ND/S-T 0.05/0.06 2.12/36.00 0.39/0.31 0.38/0.23 2.12/36.00 0.18/-
5 4 5 5 4 5
I N-SS/S-T 4.43/2.84 4.81/6.42 5.06/2.33 3.51/1.35 4.81/6.42 0.39/3.01
4 4 3 4 4 5
" N-PS/S-T 1.43/15.84 9.37/2.34 1.21/3/89 0.90/4.03 9.37/3.15 -/-
4 3 4 5 3 -
I B-EC-D/S-T 0.17/0.45 1.16/2.36 0.10/0.52 0.08/0.24 1.16/2.36 0.08/0.35
5 4 5 5 4 4
I B-EC-ND/S-T 0.03é0.06 0.01é0.04 0.05é0.07 0.03é0.05 -/0_.15
1.71/0.61 1.13/1.14 2.07/1.37 1.35/0.70 1.13/1.14 -/-
1 B-SS/S-T 7 2 2 2 4 -
1.55/3.88 12.97/4.03 1.01/3/31 0.62/1.40 0.81/1.76 -/-
1 B-PS/S-T
4 2 4 5 5 -
m N-EC-D/T-S 1.06/0.89 0.91/3.80 0.44/1.03 0.64/1.37 0.92/1.77 0.71/3.41
4 5 5 5 5 5
m N-EC-ND/T-S 1.11/0.64 0.39/0.52 0.13/0.18 0.11/0.10 0.39/0.52 0.25/0.91
4 5 5 5 5 5
m N-SS/T-S 5.48/2.29 5.10/2.69 4.75/1.93 3.51/1.35 5.10/2.69 -/-
3 3 4 4 3 -
4.02/1.47 30.89/35.53 2.40/2.84 0.90/3.10 0.91/0.90 -/-
1 N-PS/T-S
4 2 4 5 5 -
Y, N-EC-D/S-S 0.44/0.66 1.42/0.91 0.56/2.01 0.36/1.44 1.42/0.91 0.63/0.56
5 4 5 5 4 5
Y, N-EC-ND/S-S 0.40é0.26 0.73é0.87 0.36é0.36 0.95é0.49 O.73é0.87 /
Y, N-SS/S-S 3.98/2.84 3.59/3/32 3.56/2.19 2.01/0.77 3.59/3.32 -/-
4 4 4 4 4 -
v N-PS/S-S 7.60/55.46 2.63/8.93 3.22/7.22 1.52/4.33 3.40/4.73 4.15/6.66
3 4 4 4 4 4
v B-EC-D/S-S 0.47/0.34 0.42/0.58 0.28/0.52 0.15/0.28 0.42/0.58 0.20/0.73
5 5 5 5 5 5
v B-EC-ND/S-S 0.14é0.07 1.84!11.49 0.18é0.15 0.13é0.08 1.8421.49 /
2.04/0.60 16.36/4.47 1.16/2.19 1.14/0.51 16.36/4.47 -/-
v B-SS/S-S 4.0 2.0 4.0 4.0 2.0 -
v B-PS/S-S 2.21/1.18 1.91/1.80 1.16/2.19 0.73/1.14 1.91/1.80 1.19/0.20
4 4 4 5 4 4
2
3
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The maximum anodic/cathodic current and passivity grades of OPC and GGBFS

specimens in Case-1V (S-S) are also reported in Table 11. The effectiveness of GGBFS

in providing good passivity was especially prominent in the case of plain steel bars. In

most cases with PS as the reinforcement, the maximum anodic current of specimens made

with GGBFS were smaller than those of OPC specimens. It is suggested that the dense

pore structure of GGBFS cement delayed the anodic reactions. Therefore, it can be

proposed that GGBFS improves corrosion resistance in concrete mixed with seawater;

this effect may be attributed to the low oxygen content in the cement matrix as well as

CI” immobilization [8].
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Fig. 13. Chloride distribution in Case-II (S-T)

4.3 Chloride distribution

Chloride ion distribution at 6 months and 48 months at various depths in Case-II

(S-T) is shown in Fig. 13. The specimens were made with OPC and GGBFS with seawater
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as mixing water and tap water as curing water. Chloride ion content at the surface is lesser
than that in the interior of the bar. This implies that the abundance of chloride due to
seawater mixing probably underwent washing in the OPC specimen in which tap water
was used for curing and in the wetting-drying cycles. In contrary with GGBFS when using
seawater as mixing water, undergone washing process were not happen so much
compared with OPC even tap-water was used as curing water and in the wetting-drying
cycles. This observation may be attributed to the dense pore structure of and Cl~
immobilization in GGBFS. Therefore, it may be stated that the W/B ratio has little effect

on chloride penetration. In addition, chloride ion concentrations at different W/B ratios
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of 0.40, 0.50, and 0.60 are similar.
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Fig. 14. Chloride distribution in Case-III (T-S)

The chloride ion distribution at 6 months and 48 months at various depths in

Case-III (T-S) is shown in Fig. 14. The specimens in Case-III were made only with OPC
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with tap-water mixing and seawater curing. Case-III mimics the real condition in marine
environments, particularly in the tidal/splash zone. If a chloride content of 1.2 kg/m? [33]
is the threshold value for corrosion initiation, from Fig. 14, it can be seen that using
reinforcement without protection, such as PS bars, leads to earlier corrosion. Further, the
chloride ion concentration around the steel bar was similar at all W/B ratios after 48
months. This result implies that after long-term interaction with seawater, the effect of

W/B ratio becomes negligible.
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Fig. 15. Chloride distribution in Case-1V (S-S)

The chloride ion distribution in specimens made with OPC and GGBFS and mixed
with seawater and cured for 6 months and 48 months (Case-1V (S-S)) is presented in Fig.
15. GGBFS exerts more resistance to chloride ion ingress [22, 32]. The specimen with
GGBEFS yielded a lower chloride content than OPC at both 6 months and 48 months. At

48 months, chloride content at the steel bar surface (4050 mm depth) in GGBFS
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specimens was 4.10 kg/m? (B40/S-S), 6.70 kg/m?* (B50/S-S), and 6.20 kg/m* (B60/S-S);
these values were lower than those of OPC specimens —11.63 kg.m* (N40/S-S), 9.97
kg/m* (N50/S-S), and 10.62 kg/m* (N60/S-S). This indicates that OPC specimens
reinforced with steel bars are vulnerable to corrosion when seawater is used for mixing
according to JSCE standards, which indicate that a chloride concentration of 1.2 kg/m® is
necessary to initiate corrosion [28]. Further, both OPC and GGBFS specimens showed an
increase in chloride ion concentration around the steel bar surface after 48 months.
However, the increase was much lower in GGBFS specimens as compared to OPC. It is
thought that GGBFS is responsible for the low porosity of the cement matrix as well as

CI~ immobilization [8].

4.4  Actual corrosion

After accelerated corrosion for 4 years in the wetting-drying process, the specimens
were split up to evaluate the actual corrosion. The actual corrosion in PS bar series is
presented in Table 12. During exposure, Case-I (as control) specimens, N40T-T, N5SOT-T,
and N60T-T showed no corrosion. Case-II specimens showed some corrosion; however,
both OPC and GGBFS showed only very small areas of corrosion on the steel bar surface.
Probably tap water as curing water contain more oxygen oxygen than seawater as curing
water. Wetting-drying cycles contribute to the motion of chloride ions or moisture into

concrete. Once the oxygen level inside concrete is high enough, corrosion occurs in the
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concrete. Therefore, dot corrosion is very possible on steel bar surfaces in Case-II. In

addition, the initial chloride content in seawater (mixing water) can induce corrosion in

the very early stages. However, after a period of time, corrosion resistance increases.

Furthermore, steel bars must corrode to produce a passive film. This process begins soon

after construction as cement hydration increases the pH of concrete. Because the use of

seawater as mixing water extends the period of hydration, very little dot corrosion could

be observed.

Table 12. Corrosion conditions (plain bar series)

Wi/C

Specimen
Name

Curing Type

] v

Mix : Curing

T

S:T

T:S

S:

S

0.4

N40T-T

N40T-S

N40S-T

N40S-S

B40S-T

B40S-S

0.5

N50T-T

N50T-S

N50S-T

N50S-S

B50S-T

B50S-S

0.6

N60T-T

N60T-S

N60S-T

N60S-S

B60S-T

B60S-S

+

Notation: X = no corrosion; + = dot corrosion; ® = area corrosion

34



10

11

12

13

14

15

16

17

18

19

Case-I1I specimens showed no corrosion on the bar surface. Although the chloride ion
content crossed the threshold value, corrosion did not occur. In Case-IV in which seawater
was used for mixing and curing, corrosion occurred. Dasar [34, 35] reported that after
long-term exposure in marine tidal/splash zones, reinforced concrete (cover 30 mm; W/B
ratio of 0.68) and prestressed concrete (cover 30 mm; W/B ratio of 0.47) without cracking
were highly corroded. Thus, it was deemed that specimens with a 50 mm concrete cover
vulnerable to corrosion if W/B ratio was larger than 0.30. Further, with an increase in the
W/B ratio, the degree of corrosion in Case-IV followed the order of N60S-S > N50S-S >
N40S-S. In addition, GGBFS exhibited good corrosion protection than OPC as observed
in the actual corrosion data in Case-IV at all W/B ratios (Table 12).

In GGBEFS specimens, corrosion occurred only in B60S-S. The actual corrosion
conditions of N60S-S and B60S-S are shown in Fig. 16. At a low W/B ratio (0.27) [36]
or with SCMs such as GGBFS [32, 37], steel corrosion in concrete mixed with seawater
can be avoided even in existing reinforced concrete structures. Accordingly, if proper
concrete design is conducted, seawater in concrete production may become acceptable.
For the record, several bars corroded in the top of connection with wire portion (see Fig.
16). Corrosion in the connection portion might be attributed to the small gap between
cable wire and the imperfectly coated connection portion. Thus, this part (~20 mm from

the edge) should be excluded when evaluating the extent of corrosion.
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Fig. 16. Actual corrosion of OPC and GGBEFS specimens at a W/B ratio of 0.6 (Type IV)

The actual corrosion in different bar series is summarized in Table 13. It should be
noted that only a W/B ratio of 0.50 was used in these series. According to the Standard
Specifications for Concrete Structures (JSCE), the critical chloride ion concentration in
carbon steel bars is 1.2 kg/m® [2]. Chloride ion content in seawater-mixed concrete was
calculated to be 4.37 kg/m> at a W/B ratio of 0.50, which indicated that PS bars were
highly vulnerable to corrosion. In epoxy-coated bars, corrosion occurred when chloride
ion concentration at the steel bar surface was higher than 1.2 kg/m?[38]. However, if there
were scratches on the coating, corrosion proceeded from that point. The critical chloride
ion concentrations of SS bars (Ciim) are different depending on the grade of stainless steel

used [39]. According to JIS G 4322, the chloride ion concentration SUS304-SD is 15
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kg/m>. The actual corrosion conditions for OPC specimens with seawater mixing and

curing for four types of bars are shown in Fig. 17.

Table 13. Corrosion conditions (different bar series)

Curing Type
Type | SPecimen | Lo fm v
Name Mix : Curing
T:T|S:T|T:S|S:S
N-EC-D X X
N N-EC-ND X
N-SS X
N-PS X X
N-EC-D X X
N N-EC-ND X X
N-SS X X
N-PS + +
B-EC-D X X
B B-EC-ND X X
B-SS X X
B-PS + X

Notation: x = no corrosion; + = dot corrosion; ® = area corrosion
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Fig. 17. Actual corrosion of OPC with a W/B ratio of 0.5 (Case-1V)

4.5 Corrosion activity of seawater as mixing and curing water

The degree of corrosion in steel bars after 4 years of interaction with seawater will be
analyzed in this section to evaluate the applicability of seawater in concrete production.
We shall particularly focus on the plain bar series, which has been demonstrated to exhibit
the lowest corrosion resistance among all the types of steel tested. Qualitative

measurements for the degree of corrosion are presented in Table 15, which was
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constructed based on the criteria presented in Table 14. The relationship between degree

of corrosion and time to initiate corrosion in each case is plotted in Fig. 18. The scale of

degree of corrosion (total evaluation) ranges from 0 to 8.

Table 14. Criteria for evaluating the degree of corrosion

Evaluation item

Degree of corrosion

0

1

2

HCP

Polarization curve

Chloride content
at steel bar surface

Actual corrosion

more positive than —200
mV

excellent passivity,
anodic current less than 1

uA/cm?

negligible

negligible

range —200 to 350 mV

uncertain passivity,
anodic current 1-100
pA/cm?

below chloride threshold
1.2 kg/m?

dot corrosion

more negative than —350
mV

no passivity, anodic
current over 100 pA/cm?

over chloride threshold
1.2 kg/m?

area corrosion

Table 15. Degree of corrosion at the end of the test

Evaluation type Degree of corrosion
Case-1 Case-II Case-I11 Case-1V
OPC OPC GGBFS OPC OPC GGBFS

Half-cell potential 2 0 0 2 2 2
Anodic polarization curve 0 1 0 1 1 1
Chloride content 0 2 2 2 2 2
Actual corrosion 0 1 1 0 2 1
Total evaluation 2 4 3 5 7 6

Evaluation items based on HCP value were adopted from ASTM C-816. Case-I (T-T)

with tap water mixing and curing is referred to as the control specimen. The potential

value of N50/T-T indicates a 90% probability of corrosion after 1400 days. Therefore, the
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HCP value of PS bars in Case-I (T-T) set the threshold for corrosion initiation with respect
to the degree of corrosion. HCP value was set us threshold time because the observation
with the time-dependent changes recorded more intens rather than of polarization curve,
chloride distribution and actual corrosion. This is a reasonable because the effect of
seawater can be observed periodically. In addition, the degree of corrosion in Case-I
according to the polarization curve, chloride distribution, and actual corrosion was
negligible.

Case-II (S-T) showed a more positive potential (>—200 mV) at all W/B ratios during
exposure until the end of the test. Here, it can be noticed that seawater, when used for
mixing, did not have much influence on corrosion activity. Further, the HCPs of OPC and
GGBFS specimens were similar. In contrast, the polarization curves of these specimens
were very different. GGBFS exhibited superior passivity as compared to OPC. After 4
years of interaction with seawater, the maximum anodic current of GGBFS was smaller
than that of OPC. Both OPC and GGBFS had a chloride content greater than the chloride
threshold of 1.2 kg/m>. The chloride content from seawater used for mixing contributed
to the high chloride ion content in these specimens. In addition, very little dot corrosion
occurred in both OPC and GGBFS.

In Case-III (T-S), which mimics marine tidal/splash zones, the HCP value tends to
more negative (—600 mV). This corresponds with the anodic polarization curves, in which

the maximum anodic current was greater than 1 pA/cm?. Further, accelerated corrosion
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1 dueto wetting-drying ensures continuous movement of moisture or ions through the pores
2 of the concrete matrix [40]. Therefore, chloride content around the steel bar was much
3 higher than the threshold value of 1.2 kg/m®. However, no corrosion was found on the

4  steel bar surface.
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7 Fig. 18. Estimated time for corrosion initiation due to seawater in concrete
8
9 Seawater mixing and curing in Case-IV (S-S) resulted in a HCP more negative than —

10 350 mV in both OPC and GGBFS specimens; further, the HCPs of these specimens
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followed a similar trend. However, the anodic-cathodic polarization curves were different.
Further, the chloride content in GGBFS specimens was much lower than that in OPC
specimens. However, in both specimen sets, chloride content was greater than the
threshold value. Unlike in GGBFS specimens, areal corrosion was observed on the steel
bar surface in OPC specimens.

The degree of corrosion versus time to corrosion initiation (t;) due to interaction with
seawater is plotted in Fig. 18. Case-1 (T-T) can be observed to be the most suitable
condition with reinforced concrete and tap water for mixing and curing. One interesting
point could be noticed in Case-II and Case-III OPC specimens. Case-II specimens needed
more time for initiation of corrosion by seawater as compared to Case-III. It can be seen
that seawater, when used for curing, influences the degree of corrosion to a much higher
extent than when it is used for mixing. Further, SCMs with GGBFS improve the corrosion
resistance of concrete to seawater used for mixing (Case-II). The least corrosion
resistance could be observed in Case-IV (S-S). However, in unavoidable situations,
seawater can be used for mixing and curing under certain conditions. GGBFS (SCMs)
can increase the time for corrosion initiation. Accordingly, if proper concrete design is
undertaken, seawater can be employed in concrete production. The appropriate concrete
design should include 1) a low W/B ratio, 2) an adequate concrete cover, and 3) use of
SCMs. In addition, corrosion-resistant bars (i.e., epoxy-coated and stainless steel bars)

should be employed in concrete structure exposed to seawater.
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5. CONCLUSIONS
Seawater should not be turned down as a mixing and curing agent for concrete, but

should be properly applied, especially in coastal areas or distant islands. However, proper

handling should be undertaken to avoid concrete failure due to its interaction with
seawater. The current study evaluated the applicability of seawater as mixing and curing
water and the major conclusions are as follows.

1. Seawater influences the corrosion activity to a greater extent as a curing agent than
as a mixing agent.

2. At present study, reported the current compatible for applicability of seawater as
mixing and curing water in the following order: Case-I (T-T) > Case-II (S-T) > Case-
III (T-S) > Case-1V (S-S).

3. The limitation for seawater application in OPC structures include a maximum W/B
ratio of 0.40 and a concrete cover thicker than 50 mm.

4. SCMs provide better corrosion resistance than OPC with seawater as mixing and
curing water. In this study, only GGBFSa4000 1s used, therefore future research needs
to evaluate the effectiveness of other types of SCMs.

5. It is recommended to use epoxy-coated bars as reinforcement when using seawater
for mixing and curing. However, when scratches occur, these bars are vulnerable to
corrosion. Future research should concentrate on the effects of such damage on

corrosion.
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6. Stainless steel bars are the most reliable reinforcement when seawater is used for
mixing or curing. However, their life-cycle cost should be considered for optimal
process design.

7. In this study, mortar cement specimens were evaluated and in future, research should
be undertaken to study the effect of seawater on concrete specimens. Furthermore,

the effect of concrete cover thickness should be investigated in detail.
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