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Abstract

This study aims the evaluation of the corrosion of steel bar embedded in antiwashout underwater concrete,
which has rather been neglected to date. To that goal, accelerated steel bar corrosion tests have been performed on
three series of steel bar-reinforced antiwashout underwater concrete specimens manufactured with different
admixtures. The three series of antiwashout underwater concrete were: concrete constituted exclusively with
ordinary portland cement (OPC), concrete composed of ordinary portland cement mixed with fly-ash in 20% ratio
(FA20), and concrete with ground granulated blast furnace slag mixed in 50% ratio (BFS50). The environment of
manufacture was in artificial seawater.

Measurement results using half-cell potential surveyor showed that, among all the specimens, steel bar in OPC
was the first one that exceeded the threshold value proposed by ASTM C 876 with a potential value below -350mV
after 14 cycles. And, the corresponding corrosion current density and concentration of water soluble chloride were
measured as 30 pA/mm’ and 0.258%. On the other hand, for the other specimens that are FA20 and BFS50,
potential values below -350mV were observed later at 18 and 20 cycles, respectively.

Results confirmed the hypothesis that mineral admixtures may be more effective on delay the development of
steel bar corrosion in antiwashout underwater concrete.
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1. Introduction

Antiwashout underwater concrete is by nature used es-
sentially in aquatic environment and is increasingly finding
most of its applications in marine environment rather than
fresh water or river. However, differently from structures
constructed in fresh water or in river, the structures built
under marine environment are showing significant loss of
durability and one main reason of such loss is the penetra-
tion of CI” ion included in seawater. Particularly, CI” ions
infiltrated inside concrete cause embedded steel bar to cor-
rode and instigate cracks to develop, of which extent affects
sensitively the durability of concrete.

Up-to-date, numerous researches have been led to evalu-
ate properties of antiwashout underwater concrete like its
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segregation degree, fluidity and compressive strength, but
their scope remain limited to basic properties without or
with very little regard to its durability. In view of such cir-
cumstances, researches on the corrosion of reinforcing bar
are thus inexistent.

Since its invention, about 35 years ago in Germany, an-
tiwashout underwater concrete has seen continuous evolu-
tion. Sogo et al. in 1987 attempted to increase its resistance
against washout by adding polymer.” Thereafter, in 1990,
Hara et al. succeeded in improving its fundamental proper-
ties by mixing of ground granulated blast furnace slag.”
Hara found out that the titrated rate of substitution ranged
between 40 and 50%. Especially, Khayat et al. published
his first treatise on antiwashout underwater concrete in
1995 followed by many other ones and, contributed greatly
to the development of fluidity and self-compacting proper-
ties of antiwashout underwater concrete.>” Unfortunately,
most of these papers focused essentially on the fundamental
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properties of antiwashout underwater concrete such as flu-
idity, filling-up performance, and application of mineral
additives, neglecting the durability aspect.

With these regards, this study takes place in the frame-
work of durability evaluation of antiwashout underwater
concrete. In this study, corrosion tests of steel bar embed-
ded in antiwashout underwater concrete were performed
and data were examined. The natural electric potential and
the corrosion current density of steel bar were measured
during 24 cycles using a half-cell potential surveyor and
guard ring device. The amount of soluble chloride and the
rate of corroded area were finally calculated and processed.

2. Experimental procedures

2.1 Materials

Ordinary Portland Cement (OPC, type 1) usually manu
factured in Korea was used as basic cementitious material,
and fly-ash (FA) and ground granulated blast furnace slag
(BFS) were employed as supplementary cementitious mate-
rials. The chemical compositions and physical properties of
cement and mineral admixtures are shown in Table 1. Well-
graded crushed stone aggregates and siliceous sand with a
fineness modulus of 2.83 were used. Their physical

properties are summarized in Table 2. The liquid-based
cellulosic anti-washout underwater admixture (AWA) and
the melamine-based high range water reducer (HRWR)
presented specific gravities of 0.8 and 1.23, respectively,
with the properties listed in Table 3. For the reinforcement,
smoothed steel bar with a diameter of 13mm was employed
and its chemical composition is given in Table 4. Before
being embedded in concrete, the bar was brushed with No.
200 sand paper and cleaned with acetone.

2.2 Preparation of specimen

For the experiments, three series of antiwashout under-
water concrete were mixed: (1) concrete constituted exclu-
sively by ordinary portland cement (OPC), (2) concrete
composed of ordinary portland cement mixed with fly-ash
in 20% ratio (FA20) and (3) concrete in which ground
granulated blast furnace slag is mixed in 50% ratio (BFS50)
The all specimens were manufactured in artificial seawater,
which was a contrived method to consider the real marine
circumstance. The cast method of steel bar reinforced anti-
washout underwater concrete is schematically shown in
Fig. 1 and the details of the specimen are shown in Fig. 2.

To measuring the amount of water soluble chloride,
manufactured specimens were coated with epoxy on the

Table 1 Chemical compositions and physical properties of cement and mineral admixtures (%)
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Si0, | AbO; | Fey0;3| €a0 | Me0 | 50, | g loss | Specific gravity | Specific surface area (cm’/g)
OPC 21.95] 6.59 | 2.81 | 60.10 3.32 2.11 2.58 3.15 3,112
FA 67.70 [ 25.00 | 2.85 2.00 0.90 - 3.47 2.15 3,274
BFS 32.30]14.80 | 040 | 44.10 5.50 1.00 1.10 2.80 4,580
Table 2 Physical properties of aggregates
Specific gravity | Absorption (%) | Percentage of solids (%) | FM. | Abrasion value (%) | Unit weight (kg/m’)
Fine aggregate 2.59 0.80 56.4 2.83 - 1,473
Coarse aggregate 2.66 0.78 64.9 6.51 28.6 1,741
Table 3 Physical properties of chemical admixtures
Main composition Specific gravity Dosage (%) Appearance
AWA HPMC 0.8£0.1 1.0 ~ 1.2 (Wx%) White powder
HRWR Melamine 1.23+0.02 1.8 ~2.1 (Cx%) Transparent liquid
Table 4 Chemical compositions of rebar (%)
C Si Mn P S Ni Cr Mo Cu Sn
0.24 0.23 0.95 0.016 0.008 0.03 0.04 0.01 0.02 0.0005
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Fig. 1 The manufacture method of steel bar reinforced
antiwashout underwater concrete

whole surface excluding the one crossed section, so the
unidirectional penetration of chloride was allowed. The
measurements of the amount of water soluble chloride were
performed after 14 and 24 cycles of test. The mixture pro-
portions adopted for each series are listed in Table 5. All
specimens were taken out from those molds after 48 hours,
followed by standard curing until the next test.

2.3 Test techniques

2.3.1 Accelerated corrosion test

For the accelerated corrosion test, 2X concentration of
artificial seawater based on ASTM D 1141 was employed.
After 14 days of standard curing, the specimens were im-
mersed for 3 days in 2X concentration of artificial seawater
and dried for 4 days at ambient temperature. The test was
conducted for 24 cycles and 1 cycle was readjusted with 3
days of wetting and 4 days of drying.

2.3.2 Half-cell potential test

In conformity with ASTM C876, the corrosion potential
(Ecor) Was measured by means of half-cell potential sur-
veyor. The reference electrode (RE) was provided by a
saturated copper sulfate electrode (CSE). Fig. 3 schematizes
the test method using half-cell potential surveyor.

2.3.3 Corrosion current density
A guard ring device was used to measure I since Stra-
tegic Highway Research Program (SHRP) has recognized

the reliability of its performance.”

Table 5 Mixture proportions of each series
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Fig. 2 Schema of steel rebar corrosion specimen

The process of the test method, illustrated in Fig. 4, is
very similar to half-cell potential surveyor.

2.3.4 Amount of water soluble chloride

Prepared specimens were drilled at various locations to
produce powdered samples that were collected. Then, ac-
cording to the recommendations of the Japan Concrete En-
gineering Association related to the evaluation procedure of
salt content in reinforced concrete, salt solution is extracted
so as to measure the ratio of cement weight and chloride
amount (CI” %) with the chloride ion detector using selec-
tive ion electrode.

2.3.5Rate of corrosion area

After 24 cycles, the steel bar embedded in antiwashout
underwater concrete is taken out and the rusted portions are
scratched on tracing paper. Using a plotting paper, the rate
of corrosion area is calculated with Eq. (1) where » is the
number of intersection points in corroded portion and N is
the total number of intersection points included in the de-
velopment figure of the steel bar.

Rate of corrosion area(% )= % x100 M
3. Resulits and discussion
3.1 Electrochemically measured E ., and I,

Fig. 5 illustrates the values of E,,,, in each cycle for OPC,
FA20 and BFS50. All the tested specimens showed distinctive

W/Cm S/a Air Unit weight (kg/m3) AWA HRWR

(%) (%) (%) W C G S FA | BFS (W X %) (CX %)
OPC 50 42 4+1 210 | 420 | 938 | 674 - - 1.20 1.80
FA20 50 42 4+1 210 | 336 | 918 | 660 84 - 1.20 1.80
BFS50 50 42 4+1 210 | 210 | 924 | 664 - 210 1.20 1.80
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Fig. 5 Ecor vs. number of cycles

threshold values of corrosion for 10 mm and 20 mm of con-
crete cover. If the corrosion threshold potential value of
steel bar is -350mV, CSE (with respect to copper/copper
sulfate electrode) as proposed by ASTM C 876, the rein-
forcing bar with 20mm of concrete cover exhibits the most
stable potential value range (-200 ~ -350mV), compared to
10mm of concrete cover. As a matter of fact, increasing the
thickness of concrete cover is the best solution to slow
down corrosion. However, this method is out-of-date being
economically onerous.
On the other hand, as shown in Fig. 5, potential below -
350mV began to appear after 14 cycles (98days) for OPC
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Fig. 6 lcorr vs. number of cycles

specimen with concrete cover of 10mm. This specimen was
the first one to exceed the corrosion threshold potential.
Meanwhile, the potential value below -350mV for FA20
and BFS50 was observed at 18 cycles (126days) and 20
cycles (140 days), respectively. With this regard, the start-
ing point of corrosion may thus be delayed in some extent
by the mineral admixtures.

Similar results were obtained for the corrosion current
density summarized in Fig. 6. The slope of corrosion cur-
rent density tends to become lower successively for OPC,
FA20 and BFS50. At 14 cycles, corresponding to the time
when potential becomes lower than -350mV in steel bar
with 10 mm of concrete cover, the corrosion current densi-
ties of OPC, FA20 and BFS50 approach 30, 26 and 20
nA/mm?, respectively. According to the Strategic Highway
Research Program (SHRP), it is reported that when corro-
sion current density ranges between 20puA/mm’ and
50uA/mm?, the corrosion has begun or is going to begin.
Several researchers have considered values of current den-
sity greater than 30pA/mm® to be indicative of active cor-
rosion.”'” Andrade and Alonso have provided a set of
value for the levels of corrosion rate. They considered that
corrosion current density of 10 to 50pA/mm? is low and 50
to 100uA/mm® is moderate. Values above 100uA/mm’ are
considered high while below 10pA/mm? are deemed negli-
gible.""'? Gonzalez et al'” concluded that corrosion current
density less than 10 to 20pA/mm? would be acceptable with
no durability risks.

Consequently, even if the more conservative value of 20
is adopted, OPC and FA20 already exceeded the corrosion
threshold value and BFS50 just reached the corrosion
threshold value. However the half-cell potential values of
FA20 and BFS50 measured at 14 cycles were -305mV and
-302mV, respectively, and did not exceed the corrosion
threshold limit proposed by ASTM C 876 (Fig. 5). Hence, it
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is verified that more moderate value of 3OuA/mm2 is more
acceptable to evaluate steel bar corrosion of antiwashout
underwater concrete. In conformity with Al Amoudi et al,'®
it can be concluded the value 30pA/mm? is more appropri-
ate for the threshold value for reinforcement corrosion.

The relationship between corrosion current density and
half-cell potential value during the cycles of exposure to
accelerated corrosion test is shown in Fig. 7. It is seen here
that a current density of 20 and 30pA/mm?’ is associated
with the half-cell potential threshold value of -350mV, CSE.
From the results in Fig. 7, a relationship between corrosion
current density (I,,,) and half-cell potential (E,,,,) for OPC
with concrete cover of 10 mm could be expressed as:

I, =0342xIn(E,,,)—-1.712 (2)

corr

Within 24 cycles (168 days) of accelerated corrosion test,
corrosion current density reaching almost 40pA/mm’ could
be predicted from Eq. (2) only for OPC-based antiwashout
underwater concrete. On the other hand, Fig. 7 shows that
corrosion current density and half-cell potential value for
BFS50 remained at a relatively low level throughout the
testing periods. It should be stressed that the special ingre-
dients for durable antiwashout underwater concrete such as
ground granulated blast furnace slag may result in particu-
lar effects on performance.

3.2 Soluble chloride contents

The “water soluble” chloride ion penetration profile of
antiwashout underwater concrete manufactured under arti-
ficial seawater is illustrated in Fig. 8. After 14 cycles, the
water soluble chloride value of OPC at [0mm from the sur-
face exceeded the critical limit of 0.15% proposed by ACI
318-99 for water soluble chloride content, and the concen-
tration of water soluble chloride at 10mm steel depth ap-
proached 0.258%. In other words, this means that corrosion
of steel bar has already proceeded to some extent in con-
formity with ACI 318-99. However, recalling the results of
Fig. 5, it has been seen that the half-cell value of OPC with
10 mm of concrete cover barely reached -350mV, CSE after
14 cycles. This means that it has only arrived to the poten-
tial threshold value for high probability of corrosion activity,
which is -350mV, CSE with respect to copper/copper sul-
phate electrode.'™'¥ The corresponding corrosion current
density can be observed in Fig. 6. As mentioned above, the
corrosion current density of OPC with 10mm concrete
cover at 14 days was about 30pA/mm’. This result means
that the test result is about to reach the threshold value if
the moderate value is assumed as 30pA/mm’ as discussed
above. Consequently, 0.15% proposed by ACIl 318-99 may

Fig. 7
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be seen to be slightly conservative for critical limit of anti-
washout underwater concrete.

Water soluble chloride contents measured at 14 cycles
were 0.146% and 0.129% in antiwashout underwater con-
crete prepared by mixing fly-ash and ground granulated
blast furnace slag, respectively. This can be explained by
the fact that fly-ash and ground granulated blast furnace
slag induce pozzolan reaction and potential hydraulic prop-
erty and so-generated compact C-S-H hydrates fill the cap-
illary pore which is the main migration channel of chloride.

3.3 Rate of corrosion area

After 24 cycles, steel bar in each specimen were taken
out and the rate of corrosion area were calculated according
to Eq. (1). As shown in Fig. 9, the rate of corrosion area
runs around 9.2% in OPC with 10mm of concrete cover and,
approaches 8.6% and 6.6% in FA20 and BFS50, respec-
tively. This result is consistent with electrochemical and
water soluble chloride content measurements. Thus, that is
to say, special ingredients for durable antiwashout under-
water concrete such as ground granulated blast furnace slag
and fly ash may result in particular effects on performance.
Especially, according to the overall results, ground granu-
lated blast furnace slag showed more outstanding perform-
ance.

4. Conclusions

1) From the accelerated corrosion test, it was observed that
the first one to exceed the threshold value, below -
350mV proposed by ASTM C 876, was the steel bar
embedded in OPC with 10mm thick concrete cover after
14 cycles, but as for FA20 and BFS50, the potential
value below -350mV was observed at 18 and 20 cycles,
respectively. This verified that mineral admixtures re-
tarded the development of corrosion in steel bar.

2) When potential value below -350mV were observed at
14 cycles, the corrosion current densities measured in
steel bar embedded in OPC, FA20 and BFS50 were
30pA/mm’, 26pA/mm’® and 20pA/mm’, respectively.
The corresponding potentials of FA20 and BFS50 were -
305mV and -302mV, respectively, which did not reach
the threshold value. Following, the threshold value of
30pA/mm’ can be considered as an acceptable value
when evaluating the corrosion state of steel bar-
reinforced antiwashout underwater concrete by means of
corrosion current density measured by guard ring device.
Nevertheless, deeper researches are needed to correlate
field and laboratory results.
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3) The amount of soluble chloride measured at 14 cycles
for OPC at a depth of 10 mm was 0.258%, which ex-
ceeds 0.15%, the value prescribed in ACI 318-99, by
0.108%. This means that corrosion of steel bar has al-
ready proceeded to some extent. However, it has been
seen that the corresponding of half-cell value barely
reached -350mV and the corrosion current density was
about 30uA/mm’. Consequently, 0.15% proposed by
ACl 318-99 may be slightly conservative for critical
limit of antiwashout underwater concrete. On the other
hand, the amount of soluble chloride measured for FA20
and BFS50 at 10mm depth was measured as 0.146% and
0.129%, respectively.

4) After completion of the planned experiments, for 24 cy-
cles, the rate of corrosion area of 9.2% in OPC with 10
mm depth was obtained and, 8.6% and 6.6% in FA20
and BFSS50, respectively. This confirms the hypothesis
that ground granulated blast furnace slag and fly ash are
effective in increasing the resistance of steel bar-
reinforced antiwashout underwater concrete against steel
bar corrosion.
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