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Abstract

Chloride-induced corrosion of reinforcement is a serious problem that threatens the durability and strength of concrete structure.
In order to suppress the corrosion of reinforcing bars, a salt adsorbent was chemically synthesized which could adsorb excess
amounts of chloride ions and release nitrite ions. Large-size specimens partly repaired with mortars containing the adsorbent were
exposed to a natural environment. It was found that the reinforcing bars have been varied to a sufficiently high-level passivation
state. We call a new repair method established by using these corrosion inhibitors of the salt adsorbent, suppressing salt injury
method (SSI method). The method was applied to actual concrete railway structures. The structures which were repaired by the SSI

method have been maintained at a sound state.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

Extensive researches [1-3] are being promoted on the
countermeasures for reinforcing bar corrosion caused by
salt because such corrosion seriously affects the dura-
bility and strength of concrete structures. To protect
concrete structures from damages by chloride-induced
corrosion, concrete surfaces are treated with water-
impenetrable materials to prevent the penetration of salt
and water from the outside. Such treatment can be
performed easily at a relatively low cost. Even after
treatment, however, the salt in concrete remains behind,
and the water content of concretes often increases, re-
sulting in acceleration of the deterioration of concrete.
To completely suppress the damages caused by chloride-
induced corrosion, it is desirable to extract salt from
concrete as much as possible.

In this study, first of all, we chemically synthesized a
salt adsorbent that could adsorb chloride ion (Cl7) and
release nitrite ion (NO; ), leading to the suppression of
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reinforcing bar corrosion. Secondarily, to confirm the
corrosion inhibiting effect of the salt adsorbent, we
prepared large-size specimens repaired with the corro-
sion inhibiting materials containing the salt adsorbent,
and then subjected them to a long-term exposure test.
Based on the successful result of the exposure test, we
developed the repair system of suppressing salt injury
method (SSI method) by using the materials containing
the salt adsorbent.

This paper reports the corrosion inhibiting effect of
the salt adsorbent confirmed through the exposure test
carried out by using large-size specimens and their ap-
plication to actual concrete railway structures.

2. Synthesis of salt adsorbent

To suppress the chloride-induced corrosion of rein-
forcing bars, it is effective to fix and deactivate chloride
ions in concrete. Chemically synthesized nitrite type
hydrocalmite [4] is expected to behave as an anion ex-
changer to adsorb the chloride ion. This material is re-
ferred to as “‘salt adsorbent” in the following. Fig. 1
shows a schematic view of the structure of the material.
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Fig. 1. Schematic structure of the salt adsorbent.

Fig. 2. SEM image of the salt adsorbent.

A scanning electron microscopic (SEM) image of the
salt adsorbent is given in Fig. 2.

In the crystal structure of the salt adsorbent, a part of
calcium ions (Ca®") are substituted by aluminum ions
(AI'") in the calcium hydroxide layer Ca(OH), im-
porting an excess positive charge to the layer. An
amount of anion had to be introduced in the interlayer
space to compensate for the positive charge. As the
anion species to compensate for the positive charge on
the layer, nitrite ion was chosen because of its charac-
teristics to suppress reinforcing bar corrosion. In contact
with chloride ions, this material adsorbed the chloride

Repaired part

ions releasing the nitrite ions following the ion exchange
reaction as shown by the following Eq. (1).

3Ca0 Al,0; Ca(NO,), nH,0 + 2C1-

(Nitrite type hydrocalmite)

Based on both effects of removing chloride ions and
releasing nitrite ions, it is expected to effectively suppress
the reinforcing bar corrosion.

3. Long-term exposure test
3.1. Preparation of specimen and exposure condition

Fig. 3 shows the dimensions of the large-size concrete
specimen used in the long-term exposure test, in which
the thickness of cover concrete is 25 mm to simulate a
concrete slab. The mix proportion of the concrete is
shown in Table 1; water—cement ratio 63.5% and the
amount of chloride ions 4 kg/m’. Half a year after
casting the specimen, we repaired the central part, as
shown in Fig. 3, by chipping off the original cover
concrete until half of the main bar appeared, and by the
restoring to the original cross-section with the repair
mortar containing the salt adsorbent. After repairing,
the outer half of surfaces of main bars were covered with
the repair mortar. However, distribution bars were still
totally buried in the original chloride containing con-
crete because these bars were situated deeper than the
main bars. We selected seashore in Okinawa Islands as
the exposure test site because the climate is hot and
humid enough to accelerate the corrosion of reinforcing
bars.

3.2. Investigation of the corrosion of reinforcing bars

To investigate the state of the corrosion of reinforcing
bars after seven years exposure, we measured the half-
cell potential by means of a reference electrode and high
impedance potentiometer. With regard to the half-cell
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Fig. 3. Reinforcing bar arrangement and repaired part.
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Table 1
Mix proportion of concrete

Maximum Slump (cm)  Air content (%) Water—cement Quantity of material per unit volume of concrete (kg/ m3)
(coarse aggregate) ratio (%)
size (mm)

Cement Water Fine aggregate Coarse aggregate
25 21.0 4.0 63.5 271 172 876 961

Cement: Ordinary portland cement; Fine aggregate: Sand; Coarse aggregate: Gravel; Chemical admixture: Air-entraining and water-reducing

admixture.

potential correction procedure, according to the method
we proposed [4], we corrected the potential, taking into
consideration the water content and carbonation depth.
The corrected half-cell potential around the edge of
specimens was about —250 mV at the repaired part and
about —400 mV at the unrepaired part, as shown in Fig.
4. Clear differences in the corrected half-cell potential
between the repaired and unrepaired parts were found.
Table 2 shows the estimation of the degree of corrosion
from the corrected half-cell potential. Based on this
table, it was judged that the reinforcing bars in repaired
parts were in the state of the degree I or no corrosion.
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Fig. 4. Example of corrected half-cell potential along the main bar.

Table 2

The corrected half-cell potential for reinforcing bars in
repaired parts remained unchanged during the test pe-
riod. It is found that the effect of the corrosion inhibitor
had been maintained sufficiently for seven years. The
corrected half-cell potential for reinforcing bars in un-
repaired parts, which was about —400 mV, indicated
that reinforcing bars in the parts were in the state of the
degree III.

In the next step, to confirm the degree of the corro-
sion of reinforcing bars mentioned above, we chipped off
the cover concrete in the areas including both the re-
paired and unrepaired parts, and then visually observed
the state of the corrosion of reinforcing bar.

Fig. 5 schematically shows the states of the corrosion
of reinforcing bars. No corrosion feature was on the
main bars and ditribution bars in the repaired parts
which had been judged as no corrosion by the corrected
half-cell potentials. This means that the corrosion in-
hibitor was sufficiently effective even on the distribution
bars in the repaired parts even after seven years expo-
sure test in a saline environment. Both corrosion in-
hibitor and distribution bars of the unrepaired parts
were under a state of slightly lifted rust on their surfaces.
Thus, the states of corrosion of reinforcing bars were in

Unrepaired Repaired part
part

Degree of corrosion 1

Degree of corrosion III

Fig. 5. Schematic drawing of the condition of reinforcing bar corro-
sion.

Relationship between the corrected half-cell potential and the degree of reinforcing bar corrosion

Corrected half-cell potential

Degree of reinforcing bar corrosion

E > —250 mV I

-250 mV > E > -350 mV 11

-350 mV > E > -450 mV 11T

—-450 mV > E IV or over

No corrosion

Slight spot rust on the surface

Slightly lifted rust on the surface and rust adhered to the concrete
Expansive rust and partial deficit, or more deteriorated
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agreement with the results judged based on the corrected
half-cell potential.

It is pointed out that a macro-cell is formed with the
unrepaired part as the anode and the repaired part as the
cathode, which accelerates the corrosion at the joint
part. As far as the states of corrosion of reinforcing bars
are concerned, however, repairing with the corrosion
inhibitor of salt adsorbent also minimizes the possibility
of macro-cell corrosion.

3.3. Corrosion inhibiting effect of the salt adsorbent

In order to discuss the effectiveness of the corrosion
inhibitor, the profiles of chloride ions across the inter-
face between repaired and unrepaired parts were ob-
tained by measuring both ions content at various depths
from surfaces.

Firstly, Fig. 6 shows the profiles of chloride ion. The
thickness of repairing parts is 30 mm, and the inner
parts deeper than 30 mm is original concrete. The depth
of the center of main bars and that of the distribution
bars are 30 and 40 mm, respectively.

In the original concrete, the total chloride ions con-
tent in deep parts is 3.7 kg/m’, of which the content of
soluble chloride ions was 1.2 kg/m” or about 30% of the
total chloride ions content. During the exposure tests for
seven years, chloride ions diffused into the repaired
parts. Thus, the chloride ion content gradually de-
creased toward the interface. In the repaired parts, a
large amount of chloride ions are found to penetrate
through the interface. At parts in contact with the main
bars, 2 kg/m’ of total chloride ions, of which 0.2 kg/m’

Repaired part Original

concrete

—@— Total chloride ion
—O—Soluble chloride ion

Amount of Chloride ions (kg/mS)

S
[y}
S
N
(e}
D
S
e
(e}
—_
[l
(=}

Depth (mm)

Fig. 6. Profile of chloride ion across the interface.

was soluble, were detected. When these ions had mi-
grated into the repaired parts by diffusion, they must
have been soluble. The ratio of the amount of soluble
chloride ions to that of the total chloride ions indicates
that about 90% of chloride ions were adsorbed and
fixed. Chloride ions of about 1 kg/m’ were detected in
the repaired parts near the surface. A part of the chlo-
ride ions may have come from the outside. Soluble
chloride ions were not detected near the surface. This
shows that the penetrated salt was caught by the salt
adsorbent.

Secondly, Fig. 7 shows the profiles of nitrite ion and
soluble chloride ion. At about 20 mm from the interface
toward the original concrete, as much as about 1 kg/m?
of both nitrite and soluble chloride ions were detected.
From Fig. 7, nitrite ions are found to penetrate up to
about 50 mm away from the interface, at which chloride
ions started to decrease. Many researches on the cor-
rosion inhibiting effect of nitrite ion have been con-
ducted by the use of the mole ratio of nitrite ion to
chloride ion as an index. High corrosion inhibiting effect
was obtained at the mole ratio of higher than 0.6 [5], and
greater than 1 [6]. Although the relation between the
mole ratio of nitrite to chloride ions and corrosion in-
hibiting effect depends on the quality of concrete, it is
considered that rust can be prevented when the mole
ratio is 0.6-1. Fig. 8 shows the mole ratio of nitrite ion
to chloride ion at different depths. The mole ratio 1 and
0.6 were attained at 10 and 20 mm from the interface,
respectively. Parts up to the position of distribution bar
were in a sufficiently high corrosion inhibiting environ-
ment. As described above, it is found that the distribu-
tion bar, which was in a corrosive environment at the
initial stage, has been varied at a sufficiently high-level
of corrosion inhibiting environment during the exposure
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Fig. 7. Profile of soluble chloride ion and nitrite ion across the inter-
face.
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Fig. 8. Profile of Mole ratio (nitrite ion/soluble chloride ion) across the
interface.

test for seven years, as the environment of the concrete
structure has been improved by the decrease in amount
of chloride ions and the penetration of nitrite ions.

4. Suppression of corrosion of reinforcing bars and repair
work

4.1. Repairing materials for corrosion of reinforcing bars

Based on the results obtained above, two repairing
materials were prepared. One was a paste (referred to as
“corrosion inhibiting paste’”) which was applied directly
on the surface of reinforcing bars. The other was a
mortar (referred to as “corrosion inhibiting mortar’)
which was applied to overlay of the layers around re-
inforcing bars. Both materials contained the salt ad-
sorbent. The ratio of salt adsorbent to cement by weight
was maintained at 0.2. A type of emulsion was added
to both repairing materials to improve their workabil-
ity. Measurements of compressive strength and other
properties carried out according to the JIS standard
procedures showed that the corrosion inhibiting paste
and mortar were appropriate as repairing materials.

The application method of these materials was
developed as the suppressing salt injury method (SSI
method shown in Fig. 9). The application procedure
consists of the following steps. At first, the cover con-
crete is chipped off until the reinforcing bars were
exposed, and then the rust on the surfaces of the rein-
forcing bars was removed sufficiently. In the next step,
the corrosion inhibiting paste is plastered on the surfaces
of reinforcing bars with a thickness of about 1 mm, and
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Fig. 9. Concept of SSI method.

then the corrosion inhibiting mortar is mounted to cover
the paste layers with the thickness of 15-20 mm. In the
final step, highly durable mortar or concrete was cast to
finish the surface. This method not only replaces less
durable concrete with highly durable mortar or con-
crete, but also suppresses the corrosion of reinforcing
bars by the reduction of chloride ions in the backside of
reinforcing bars and the addition of nitrite ions.

4.2. Trial of repair works in actual concrete structures

For conducting repair works, two concrete structures
of the railway were selected; one a viaduct pier which is
several kilometers away from the seashore, the other a
concrete abutment of a railway station platform which is
located in a cold weather district.

4.2.1. Repair work in a viaduct pier

The structure could be affected by the penetration of
ground water containing sea water. To survey the de-
terioration of the structure, the half-cell potential mea-
surement was conducted from the ground level up to a
height of 750 mm in which area the deteriorated portion
was included (Fig. 10).

The corrected half-cell potential values are shown in
Fig. 11. The corrected half-cell potential was less noble
than -250 mV from ground up to 400 mm height
showing that the reinforcing bar is corroded, and that
the corrected half-cell potential was nobler than —250
mV above a height of 400 mm showing the reinforcing
bar is not corroded.

After chipping off the cover concrete and remov-
ing rust from the reinforcing bar, the SSI method was
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Fig. 10. Measuring points in viaduct pier.
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Fig. 11. Variations of the corrected half-cell potential.

applied. The repair process described in 4.1 followed,
and high durable mortar was adopted in the finishing
step. After repairing, the corrected half-cell potential at
the repaired part was investigated to confirm the effect
of the SSI method. Since the data immediately after the
repair work scattered widely during the 1st month pre-

sumably because chloride ions and nitrite ions were in
the diffusing process due to anion exchange, these data
were omitted in the following discussion. Therefore, the
data obtained only in the 3rd month or later were used.
The variations of the corrected half-cell potentials are
shown in Fig. 11.

In the 3rd month, the corrected half-cell potential
became nobler than those before the repair work. In the
6th month, they shifted further to nobler side beyond
—250 mV. In the 12th month, the corrected half-cell
potential remained the level observed in the 6th month
showing that the high corrosion inhibiting effect was
maintained.

4.2.2. Repair work in a platform abutment

The structure could be affected by the leakage con-
taining salt from deicing chemical (calcium chloride). To
survey the deterioration of the structure, measurement
of the half-cell potential was performed at nine points
on the concrete surface (Fig. 12). The corrected half-cell
potential values are shown in Fig. 12. The corrected
half-cell potential was —310 to —340 mV at the inside
point No. 1 and No. 2, —350 to —390 mV at the points
No. 3 to No. 8, and —420 to —430 mV at the point No. 9
at the end of the abutment.

Based on the results mentioned above, it was found
that the reinforcing bars were more corroded at the end
of the abutment than at other positions. It was consid-
ered that the calcium chloride spread on the platform
had penetrated inside from the end of the abutment to
supply chloride ions to the concrete.

After chipping off the cover concrete and removing
rust out of the reinforcing bar, the SSI method was
applied. The variations of the corrected half-cell po-
tential are shown in Fig. 13. In the 5th month, the
corrected half-cell potential became —200 to —300 mV
nobler than those before the repair work. In the 17th
and 29th month, they shifted further to nobler side
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Fig. 12. Measuring points in platform abutment.
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Fig. 13. Variations of the corrected half-cell potential.

beyond —-250 mV, showing that the high corrosion in-
hibiting effect was maintained.

5. Conclusion

We synthesized a salt adsorbent which could release
nitrite ions we used as a chloride-induced corrosion in-
hibitor. The effectiveness of the corrosion inhibitor was
confirmed by the exposure tests and the repair works
applied to actual concrete structures. The following re-
sults were obtained.

Firstly, to confirm the long-term corrosion inhibiting
effect of the salt adsorbent developed to suppress the
corrosion of reinforcing bars due to chloride ions, we
prepared large-size specimens to simulate a slab, partly
repaired them by mortars containing the adsorbent, and
then exposed them to a high-temperature and humidity
marine environment for seven years. It is clarified that
the effectiveness of corrosion inhibitor has been main-
tained for a long time.

Secondly, to propose the repair procedure for inhi-
biting the corrosion of reinforcing bars, we developed
the Suppressing Salt Injury method, named SSI method,
using cement-based corrosion inhibiting materials which
contain the newly developed adsorbent.

The method was applied to actual concrete railway
structures. The structures which were repaired by the
SSI method have been maintained at a sound state.
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