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HIGHLIGHTS

« TETA as a corrosion inhibitor was capable of being effectively injected into concrete.

« The TETA concentration around the rebar was adequate to provide corrosion protection.
« Both BIEM and ECE will reduce overall porosity in concrete cover.

« Pore distribution in concrete cover will change after BIEM and ECE treatments.

« Surface strength reduction is more obvious for carbonizated concrete after BIEM.
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Triethylenetetramine (TETA), a corrosion inhibitor for steel in aqueous media, was introduced into
chloride-contaminated concrete specimens using a novel method called bidirectional electromigration
rehabilitation (BIEM). An electric field was applied between the embedded steel cathodes and external
anodes to inject the corrosion inhibitor from the external electrolytes to the concrete specimens and
extract the chloride ions from the concrete cover zone. After treatment, the specimens were drilled to
determine the concentration profiles of the corrosion inhibitor, chloride, and hydroxyl ions within the
concrete. Effects of variations in the applied current density, duration of electrolysis, water/cement ratio,
initial chloride content, and surface carbonation on the concentration profiles of the proposed ions were
Organic inhibitor determined. Electrochemical chloride extraction (ECE) was applied as a control experiment using
Corrosion saturated Ca(OH), solution as an external electrolyte. As expected, the chloride content decreased and
Rust alkalinity increased after treatment. The concentration of the inhibitor injected around the embedded
steel bars was adequate to provide corrosion protection. Concrete strength and pore distribution were
measured before and after the electrochemical process was applied. The ability of TETA to inhibit further
corrosion after BIEM treatment was also analyzed. The effects of BIEM and ECE were also compared. The
results obtained can provide a direction in designing the BIEM process.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Reinforcement corrosion is one of the main causes of deteriora-
tion of concrete structures [1,2]. The reinforcing steel in concrete
structures exposed in a marine environment or suffering de-icing
salt may corrode when the chloride concentration around the steel
bar reaches a threshold value, leading to performance degradation
or even early structural failure [3,4]. Therefore, the steel must be
protected from corrosion to extend the service life of chloride-
contaminated reinforcement concrete structures.
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Electrochemical methods have been widely applied in rehabili-
tating existing reinforced concrete structures [5]. Among the elec-
trochemical rehabilitation techniques available, electrochemical
chloride extraction (ECE) is the most widely studied and used tech-
nique in repairing chloride-contaminated structures. However, this
method cannot completely remove the chlorides in the structure
and is only a temporary solution because chloride ions tend to
come back after treatment is stopped [6-8]. In addition to the
removal of chlorides, the use of corrosion inhibitors that can be
applied on a concrete cover surface has been suggested to protect
reinforcing steel from corrosion [7]. These inhibitors are mostly
based on particular amines and alkanolamines or their compounds,
which are capable of diffusing considerable distances through a
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concrete when applied on the surfaces of the structures by capil-
lary action [9,10]. Although these corrosion inhibitors are effective
in preventing reinforcement from corrosion within concrete struc-
tures [11,12], the surface-applied inhibitors can hardly penetrate
the depth of the embedded steel reinforcement; thus, adequate
concentrations are necessary to provide corrosion protection when
the concrete cover is too thick or the concrete compaction is too
high [13,14]. The possibility of using electrical fields to accelerate
their ingress in concrete has been explored. Sawada et al.
[15-17] have succeeded in promoting the injection of corrosion
inhibitors into carbonated-concrete specimens, significantly reduc-
ing the corrosion rates of steel bars.

The present authors [18,19] have explored this kind of method
and proposed the remedial technique of bidirectional electromi-
gration rehabilitation (BIEM), through which chloride (CI7) ions
are successively removed along with the injection of inhibitors into
the ordinary reinforced-concrete specimens. Triethylenetetramine
(TETA), an amine-based corrosion inhibitor, was used during the
electrochemical process because of its anticorrosion effectiveness,
electrochemical migration capabilities, and environmental friend-
liness. The effectiveness of electrochemical treatment is influenced
by many elements, such as circulated charge and specimen type
[20]. Nevertheless, the optimum conditions necessary enhance
rates of field-induced injection of the corrosion inhibitor and
extraction of Cl~ ions through various types of concrete remains
unknown. Therefore, applying the technique appropriately in a
field situation is difficult.

Experiments were undertaken with concrete specimens mixed
with chloride salt to obtain a deeper understanding of the BIEM
method. The concentration profiles of Cl~ ions, hydroxyl ions,
and corrosion inhibitor in the concrete cover were measured
before and after the electrochemical process. The influence of key
factors, such as current density, treatment duration, water/cement
ratio, initial chloride content, and surface carbonation, on the elec-
trolysis procedure was investigated. The effects of the BIEM and
ECE were also compared.

The concrete strength after BIEM treatment, corrosion inhibitor
retention, and long-term corrosion inhibition performance are also
important. In the ECE process, the negative ions in the concrete
cover migrate toward the anode under electric field action,
whereas the positive ions migrate toward the cathode. During this
process, hydration products dissolve and new crystals or sedi-
ments are generated. Such transformation also occurs in the BIEM;
however, the positive ions that migrate toward the cathode are
different. Thus, special attention should be given to the positive
ions of the corrosion inhibitor. Such transformation could cause
changes in the pore distribution and compactness of the concrete
cover, which will further affect the surface strength of the concrete.
Scholars in China and other parts of the world have performed
relevant studies in ECE. New crystals have been generated in the
concrete, and changes in the pore size and distribution of the
concrete cover were observed after ECE treatment [21-23]. The
concrete strength also changed after ECE treatment, with the con-
crete strength near the anode higher than that close to the cathode
[24]. However, with the exception of the above influences, the
TETA corrosion inhibitor may have additional effects on the con-
crete strength and on the pore structures in the BIEM process.

Scholars have studied the effects of self-migration corrosion
inhibitor applied to a concrete surface and organic corrosion inhi-
bitor inside a concrete on concrete strength. However, given the
difference of specific corrosion inhibitors or application modes,
the test results varied. Sdylev et al. [25] showed that no significant
effect on concrete strength was observed when amine corrosion
inhibitor was applied to a concrete surface as a migration corrosion
inhibitor. However, Schutter et al. [26] considered that mixing
amine corrosion inhibitor with concrete would reduce concrete

strength by 10%-30%. Heren et al. [27] showed that the decline
in concrete strength was enhanced by an increase in corrosion
inhibitor concentration. To date, no scholars have analyzed the
influences of the BIEM repair method that is based on electromi-
gration principle on the performance of concrete materials or
structures. In practical application of BIEM, special attention
should be given to whether or not the material of concrete directly
in contact with the electrolyte containing the corrosion inhibitor
on the surface will deteriorate and reduce strength under the influ-
ence of physical and chemical changes. Material degradation on
the concrete surface may destroy its pore characteristic, which will
affect its compactness and cause various corrosive mediums to
enter the concrete cover. In addition, decline in surface strength
caused by material degradation influences the concrete structure
and mechanical properties, causing the concrete cover to easily
crack.

This study aimed to investigate the effect of control parameters,
such as charging parameters, water/cement ratio, chlorine salt
concentration, and carbonization, on surface strength. A compar-
ison on the influence of BIEM and ECE on concrete surface strength
was studied. Finally, retention of corrosion inhibitor and long-term
corrosion inhibition performance after BIEM treatment were also
analyzed.

2. Technical concepts

The technical concepts of BIEM are illustrated in Fig. 1. An elec-
trical field is applied between the embedded steel as cathode and
external anode immersed in the electrolyte that contacts the con-
crete specimen surface. Under electric field action, the cationic spe-
cies of the corrosion inhibitor migrate into the concrete cover to
the cathode, whereas the chloride ions in the concrete migrate
out of the concrete to the anode [18]. The corrosion inhibitor forms
a protective film around the embedded steel bars and isolates the
corrosive substances, such as chloride and oxygen, when its con-
centration reaches an adequate value [11]. Moreover, the alkalinity
of the pore solutions close to the embedded steel bars is enhanced
as a result of the generation of hydroxyl ions at the cathode, which
favors steel repassivation.

As described previously, selection of appropriate corrosion
inhibitors is the key to the success of the electrochemical treat-
ment. The corrosion inhibitor suitable for BIEM should provide
enough corrosion protection under chloride ion condition and
should also exist predominantly as cationic species in aqueous
media under certain conditions. An amine or alkanolamine-based
corrosion inhibitor is a good choice if these requirements are taken
into consideration [ 15-18]. This type of corrosion inhibitor is proto-
nated to an extent governed by the solution pH and the dissociation
constants (Ka) of their conjugate acids when dissolved in aqueous
solutions, as represented in Egs. (1) and (2). The degree of hydroly-
sis of the organic corrosion inhibitors is governed by their dissocia-
tion constants (K,) and the solution pH [15]. When the solution pH
is equal to K,, the amount of cationic species is equal to that of the
molecular species. As the pH value decreases, the number of catio-
nic species increases and the molecular species decrease. The oppo-
site happens when the pH value increases. Given that pH value of
the pore solution in the concrete is higher than 12.5, a corrosion
inhibitor with large K, should be chosen to accelerate its injection
into the concrete. Triethylenetetramine (NH,-CH,CH,-(NHCH,),-
NH,) was chosen as corrosion inhibitor in this study because of
its high K, value and better ability of anticorrosion.

RNH; < RNH, + H*. 1)
_ [H'][RNH,]
Ka= [RNH; ] @
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Fig. 1. Schematic of technical concept of BIEM.

3. Experimental
3.1. Specimen preparation

Ordinary Portland cement (OPC) was mixed with NaCl to produce the concrete
specimens. The proportions of the concrete mix are shown in Table 1. Specimens
with dimensions of 150 mm x 150 mm x 300 mm were cast with two mild steel
bars with 12 mm diameter at intervals of 50 mm and cover depths of 40 mm from
one face (see Fig. 2). The specimens were demolded after 24 h of casting, and then
cured for a minimum period of 3 months to ensure that the cement was properly
hydrated. The end surfaces of the steel bar were connected with electric wire and
masked with epoxy resin.

3.2. Treatment of specimens

The specimen types and their treatment methods are shown in Table 2. For each
kind of test, 3 specimens were used to improve the reproducibility.

The specimens were subjected to electrolysis, as illustrated in Fig. 3. The bottom
surfaces of the specimens were immersed in an external electrolyte containing
TETA (1 mol/L) to a depth of 1 mm, while the side surfaces were sealed with wax
to prevent the exchange of ions. The pH of the electrolyte was controlled to about
10 using phosphoric acid [18]. The anodes used were made of Type 316 stainless-
steel mesh, whereas the cathodes were steel bars embedded in the specimens.
The circuit was then completed and current densities were galvanostatically con-
trolled at 1, 3, or 5 A/m? of the steel cathode surface area. The periods of treatment
were between 7 and 30d for different specimens. The corrosion of the anodes
occurred under high current density; thus, the 316 stainless-steel mesh was chan-
ged every 3 d. Saturated Ca(OH), solution was used as electrolyte for the specimens
subjected to ECE. The pH value of the electrolytes was monitored, and more elec-
trolytes were added whenever the pH value decreases to 7. All chemicals used were
analytical-reagent grade, with the exception of TETA, which was >95% pure.

3.3. Measurement

3.3.1. Penetration profiles of the corrosion inhibitors, chloride, and hydroxyl ions

The specimens were dried in a shaded area for 24 h after the electrochemical
treatments. Samples of concrete powder were obtained every 5 mm along the
migration path from different parts of the treated surfaces using a 10 mm drill.
The drilling position is shown in Fig. 4. Powders <0.075 mm in size were obtained
through a sieve to determine the content of the organic corrosion inhibitor pene-
trated into the concrete blocks. A 20 mg sample was weighed and wrapped for each
sample to measure the corrosion inhibitor content using a Thermo Finnigan flash
1112 EA organic element analyzer. The residual powder under 0.3 mm in diameter
was used to determine the CI~ and OH™ concentrations by titration. A 5 g sample
was mixed with 100 ml of deionized water and the resulting mixture was stored
for 24 h. The supernatant liquor was used for titration. A Mettler-Toledo T50A auto-
matic potentiometric titrator was used in the experiment. The titrant for the
Cl~ titration was 0.01 mol/L of AgNOs solution and that for OH™ titration was

Table 1
Mix proportion of concrete.

0.04 mol/L of the HCI solution. A Plug and Play combined silver ring electrode with
ceramic frit for argentometric titrations was used for Cl™ titration, whereas Plug and
Play combined pH electrode with ceramic frit for direct pH measurements and acid/
base titrations in aqueous solutions for OH™ titration.

The long-term performance of TETA corrosion inhibitor after BIEM treatment
was investigated by performing the drying and wetting cycle test for half a year,
which involved wetting by immersing the samples in 3% NaCl solution for 3d,
followed by natural drying for 3 d. The corrosion inhibitor and chloride content in
the test blocks with ECE and BIEM treatment (Concrete type: 1; Mixed NaCl: 3%;
Treatment duration: 15 d; Current density: 3 A/m?) and the potential and corrosion
rate of untreated blocks were also measured by electrochemical test after six
months of exposure.

3.3.2. Surface and compressive strength

Surface strength of the concrete was measured using a ‘Limpet’ [28,29]. Other
related studies were performed in Denmark and USA, leading to a wide range of test
configurations and procedures, such as the German Instruments’ bond test and
James Bond test system that are available in the market.

The pull-off test aims to determine concrete surface strength. The test is also
suited to assess bond strength of repairs with the use of a partial coring into the
base material. BS1881-207:1992, BSEN1542:1999, and ASTM C1583-04 [30] recom-
mend this pull-off test in quality control and long term monitoring.

The pull-off test method involved bonding a circular steel probe to the surface
of a concrete by means of an epoxy resin adhesive, as shown in Fig. 5. A tensile force
that slowly increases is applied to the probe. The concrete failed in tension when
the tensile strength of the bond strength in the adhesive was greater than the ten-
sile strength of the concrete. The nominal tensile strength of the concrete specimen,
called the pull-off strength, was calculated using the area of failure and the force
applied at the failure. The compressive strength of the concrete was calculated
using Eq. (3) [31].
fee =865}

p.lim

®3)

where f, is the conversed-compressive strength of the concrete and f, ji, is the pull-
off strength of the concrete.

The blocks were dried naturally for 2 d after electrochemical treatment by BIEM
and ECE. Three circular steel probes, each with a diameter of 50 mm, were bound to
the surface of a concrete using an epoxy resin adhesive, as shown in Fig. 6. A tensile
force that slowly increased with a loading rate below 1 N/s mm? was then applied
to the probes.

3.3.3. Concrete porosity

The pore distribution variation was studied by measuring the concrete porosity.
A type 1 concrete parameter was measured before and after ECE and BIEM treat-
ment with different charging times (concrete of type 1, current density: 3 A/m?,
3% NaCl, charging time: 7 d, 15 d, and 30 d) using a mercury porosimeter.

A mercury porosimeter analyzes open pores that are present in a powder or
solid block, pore size and pore volume of the fracture, and other parameters by
injecting a certain volume of mercury under low pressure and high pressure states

Type Max size of aggregate (mm) Water (kg/m?) Cement (kg/m?®) Fine aggregate (kg/m?>) Coarse aggregate (kg/m>) Mixed NaCl proportion*
1 16 220 406.4 643.1 1049.3 1%, 3%, 5%

2 16 220 457.6 577.6 1072.6 3%

3 16 220 508.8 562.3 1044.2 3%

Mixed NaCl proportion*: the ratio of the NaCl mass and the cement mass.
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Fig. 2. Schematic of the reinforced concrete specimen (dimensions are in mm).

Table 2
Specimens types ant their treatment methods for short-term test.

Specimen Concrete type Mixed NaCl Treatment method Treatment duration (d) Current density (A/m?) Pre-carbonation*
C30-3-0 1 3% - 0 0 No
C35-3-0 2 3% - 0 0 No
C40-3-0 3 3% - 0 0 No
C30-1-0 1 1% - 0 0 No
C30-5-0 1 5% - 0 0 No
C30-3-B15-1 1 3% BIEM 15 1 No
C30-3-B15-3 1 3% BIEM 15 3 No
C30-3-B15-5 1 3% BIEM 15 5 No
C30-3-B7-3 1 3% BIEM 7 3 No
C30-3-B30-3 1 3% BIEM 30 3 No
(35-3-B15-3 2 3% BIEM 15 3 No
C40-3-B15-3 3 3% BIEM 15 3 No
C30-1-B15-3 1 1% BIEM 15 3 No
C30-5-B15-3 1 5% BIEM 15 3 No
C30-3-C7-3 1 3% ECE 7 3 No
C30-3-C15-3 1 3% ECE 15 3 No
C30-3-C30-3 1 3% ECE 30 3 No
CA30-3-0 1 3% - 0 0 YES
CA30-3-B15-3 1 3% BIEM 15 3 YES
CA30-3-C15-3 1 3% ECE 15 3 YES

Pre-carbonation®: pre-carbonation means the surface of the specimen is carbonated by means of accelerated carbonation treatment for 28 d within the concentration of 20%

CO,.

2z Concrefe Galvanostats
; — 1 oi—
. o+
’q.

I |
Electrolyte Stainless steel mesh Dividers

Fig. 3. Schematic of experimental arrangement for bidirectional electromigration
rehabilitation (BIEM).
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Fig. 4. Schematic of the drilling position on the treated surface (dimensions are in
mm).
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Fig. 5. Principle of LIMPET.

[32,33]. This method is effective in measuring pore structure characteristics, and
thus, it is extensively applied in the measurement and analysis of microstructures
in test samples. Moreover, this method is also suitable for testing large-pore
materials.

The mercury quantity entering the pores with different diameters under contin-
uous change of pressure can be measured; thus, the pore diameter distribution can
be obtained. The Hg intrusion method has some defects; however, it is still being
used because it can measure a great range of pore diameters and offer some degree
of visualization of the pore diameter distribution of porous materials (see Table 3).

3.3.4. Electrochemical measurement

The half-cell potential and corrosion rate were measured during the drying and
wetting cycle test, which was performed for half a year after ECE and BIEM
treatment.
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Fig. 6. Schematic of pull-off strength test by LIMPET.

Half-cell potential was measured using a standard calomel electrode (SCE). The
specimens were kept wet for 0.5 h before measurement to minimize the effect on
concrete properties.

Corrosion rate was calculated using linear polarization [34]. Polarization resis-
tance was derived from a gradient of the current to the potential in a linear range.
The potential was swept +15 mV from the corrosion potential at a low scan rate of
0.1 mV s~'. The constant corrosion potential was set at 26 mV for active corrosion
and 52 mV for passive state. Afterward, the corrosion rate was calculated using
Eq. (4):

B
leorr = pr (4)

where I, is the corrosion rate, B is the constant corrosion potential, and Rp is the
polarization resistance.

4. Results and discussion

4.1. Migration properties of the corrosion inhibitors, chloride, and
hydroxyl ions

The concentration profiles of the corrosion inhibitor, Cl-, and
OH™ ions in the concrete cover and the value of OH /CI~ and
TETA/CI™ played significant roles in determining the probability
of steel corrosion. These parameters are important in evaluating
the effectiveness of the electrochemical remedial techniques.
Therefore, they were measured in the experiment using a given
current density, treatment duration, water/cement ratio (w/c),
mixed CI~ content, or surface carbonation as the control parame-
ters. Moreover, the effects of ECE and BIEM were also compared.

4.1.1. Influence of current density

As illustrated in Fig. 7(a)-(c), the concentration profiles of
Cl-, OH™, and TETA were modified depending on the applied
current densities. A type 1 concrete with 3% NaCl (vs cement mass)
was used in this experiment and the treatment time was 15 d.

The residual Cl~ concentration in the specimens decreased with
an increase in current density. The increase in current density
increased the effectiveness of Cl~ extraction as the circuit charge
was increased. However, the residual ClI~ in the outermost layer
was higher than that in the untreated specimens when the current
density was <3 A/m?. This means that the applied electric field was
not sufficient to completely remove the Cl~ ions, resulting in the

Table 3
Chloride content on the surface of reinforcement (mol/g).

Treatment type Chloride content

Before cycle test After cycle test

Untreated 0.60 0.77
ECE 0.23 0.32
BIEM 0.15 0.27

accumulation of Cl~ in the specimens’ outer layer. The removal
efficiency of Cl™ is defined as the ratio of the difference between
the initial CI~ concentration and the residual CI~ concentration to
the value of the initial CI- concentration in the vicinity of the
embedded steel. This removal efficiency was used to evaluate the
effect of CI~ extraction during the electrochemical process. As indi-
cated in Fig. 7(a), the removal efficiency of Cl~ increased from 21%
to 65% and finally to 78% when the current density was changed
from 1 A/m? to 3 A/m? and then to 5 A/m?. These results indicate
that when the current density was increased to a certain level, it
was difficult to increase the extraction effectiveness of Cl~ by
means of increasing the current density.

The change in the water-soluble OH™ concentration was in
accordance with the alkalinity change in the concrete. As shown
in Fig. 7(b), the alkalinity decreased from the inside to the outside,
owing to the presence of CO, and H,0 in the atmosphere. The alka-
linity of the concrete cover increased as the treatment progressed
because of the OH™ ions that were generated during the cathodic
reaction and increasing as the enhancement of current density.
The OH™ concentration of the concrete increased to 21% under
the applied electric field with a current density of 1 A/m?; how-
ever, the alkalinity of the outer-layer concrete only exhibited a
slight increase. Nevertheless, when the current density was
increased to 3 A/m? and 5 A/m?, the alkalinity of the outer-layer
concrete was significantly increased and the value of [OH]/[C]7]
around steel was increased from 7.5 to 30, which is far higher than
the corrosion threshold value 0.1-1 [35]. As a result, the possibility
of steel corrosion was reduced and the ability of a structure to
resist carbonation was improved.

Migration of a corrosion inhibitor was also affected by the
current density, as illustrated in Fig. 7(c). The concentration of
TETA within the first 20 mm from the embedded steel bars was
almost the same in a relatively low range; however, the concentra-
tion increased in the outer 20 mm layer. The concentration of TETA
in the specimens also increased with an increase in current den-
sity. Organic corrosion inhibitors were ineffective in preventing
steel corrosion when their concentrations were too low [36]. The
corrosion inhibitors can provide adequate protection for reinforce-
ment only when the concentration of TETA was higher than that of
the chloride ions in the pore solution [18,37]. The concentration of
the inhibitors that penetrated the surface of the steel increased by
176% when the current density was increased from 1A/m? to
3 A/m2. However, this increase was only 16% when the current
density was varied from 3 A/m? to 5 A/m>.

The relationship between the ratios of the different constituents
and current density is shown in Fig. 7(d). The minimum ratio of the
concentration of a corrosion inhibitor to that of Cl~ ions when the
inhibitor is able to provide effective protection for reinforcement is
defined as the effective value of the corrosion inhibitor. The effec-
tive value was assumed to be 1 in most cases [18,37]. When the
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Fig. 7. Concentration profiles/ratios in specimens after BIEM for different current densities (Concrete type: 1; Mixed NaCl: 3%; Treatment duration: 15 d; Current density: 0,
1, 3, 5 A/m?). (a) Concentration profiles of Cl~ (by weight of cement). (b) Concentration profiles of OH™ (by weight of cement). (c) Concentration profiles of inhibitor (by

weight of cement). (d) Ratios of proposed constituents close to the steel reinforcement.

current density reached 3 A/m?, the (TETA)/Cl™ ratio exceeded 1.
The OH™/Cl™ ratio near the steel also increased with an increase
in the current density, contributing to more effective corrosion
protection for reinforcement [38,39|. The increase in current
density played a positive role in the increase in concentrations of
TETA and OH™ and the decrease in Cl~, however, the effect was
limited. Thus, it is significant to set a proper current density
accordingly.

4.1.2. Influence of treatment duration

Fig. 8(a)-(c) show the variations in concentrations of TETA, Cl—,
and OH™ ions that were plotted as a function of treatment time. A
type 1 concrete with 3% NaCl was used in this experiment and the
current density was maintained at 3 A/m?2.

The residual CI~ was uniformly distributed in the range of
20 mm at the front of the embedded steel bars and it increased
gradually to the treated surface Fig. 8(a). More Cl~ ions were
extracted as the treatment duration was increased. Around 38%
of CI~ ions were removed in the layer close to the steel bars after
7 d. When the treatment time was increased to 15d and 30d,
the percentage of Cl~ ions that were removed reached 65% and
85%, respectively. The concentration of ClI™ in the outermost layer
exceeded the initial concentration by 35% after 7 days of treatment
because the ClI- migrated to the anode under the influence of the
applied electrical field. The concentration difference of Cl~
between the inner part and the outer part of the specimen was
enhanced, leading to the acceleration of counter-migration of Cl~
to the reinforcement after treatment [40].

The distribution tendency of OH™ in the concrete cover zone
remained almost the same after BIEM treatment with a small
decrease in the concentration difference, as shown in Fig. 8(b).
The alkalinity increased with increasing treatment time. An
increase in the water-soluble OH™ around the steel was observed,
which were 14%, 28%, and 35% after 7, 15, and 30 d, respectively. A
slow increase in alkalinity was observed when the treatment dura-
tion was prolonged.

The concentration of a corrosion inhibitor in a concrete cover
zone increased with an increase in treatment time, as shown in
Fig. 8(c). The concentration of TETA in the layer that was close to
the surface kept increasing as treatment time progressed. How-
ever, the trend in concentration enhancement was different in
the vicinity of the embedded steel bars. The concentration of TETA
that was near the reinforcement increased by 44% from 7 d to 15 d
using the electrolysis procedure, while it increased by only 20%
from 15 d to 30 d. This was attributed to the continuous generation
of OH™ during cathodic reaction that increased the alkalinity of the
concrete. As a result, the cationic species of TETA in the concrete
pore solution was reduced with an increase in pH value, which
made it difficult for the corrosion inhibitor to migrate into the con-
crete cover zone [15].

The relationship between the ratios of the different constituents
and the treatment time is shown in Fig. 8(d). The value of the TETA/
Cl~ ratio after the specimen was treated for 15 d exceeded one,
suggesting an effective prevention of steel corrosion. The ratio of
OH™ to ClI~ was also increased with an increase in treatment time,
which supported the repassivation of the corroded steel bars.
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4.1.3. Influence of water/cement ratio

The concentration profiles of CI-, OH™, and TETA in the speci-
mens containing different water (w)/cement (c) ratios are shown
in Fig. 9(a)-(c). Concrete of types 1, 2, and 3 were used in this
experiment. Each concrete was mixed with 3% of NaCl. The current
density used was 3 A/m? and the treatment lasted for 15 d.

As illustrated in Fig. 9(a), the residual concentration of the
Cl~ ions decreased as the w/c ratio increased. A higher w/c ratio
caused a higher porosity and lower compactness. As a result, the
resistance to CI~ migration was reduced and the diffusion coeffi-
cient of CI- was increased [41]. However, the residual concentra-
tion of the CI~ in the outermost layer did not vary significantly
with changes in the w/c ratio.

The overall concentration of the OH™ ions increased with
increasing w/c ratio, as shown in Fig. 9(b). A higher initial OH™ con-
centration was observed for the concrete with higher w/c ratio. The
concentration of the OH™ ions increased by a small amount when
the w/c ratio was decreased from 0.48 to 0.43. However, there
was a significant increase in the OH™ concentration when the w/
c ratio was decreased from 0.54 to 0.48.

As indicated in Fig. 9(c), the concentration of TETA in the front
steel bars was enhanced with increasing w/c ratios. Nevertheless,
the TETA concentration was maintained in the outermost layer
that was close to the surface even with the use of different w/c
ratios. As mentioned above, the concrete with higher w/c ratio
had lower compactness and alkalinity, leading to a higher concen-
tration of cationic TETA in the pore solution. Hence, the efficiency
of TETA migration was higher in concretes with higher w/c ratio.

The ratios of the different constituents in the concrete cover are
illustrated in Fig. 9(d). When w/c was greater than 0.48, The TETA/

Cl™ ratio was greater than the effective value. However, the TETA/
Cl~ ratio was less than the effective value when the w/c ratio was
equal to 0.43, in which the current density and treatment time
were extended accordingly. The w/c ratio had little effect on the
ratio of OH™ and Cl™ in the BIEM process.

4.1.4. Influence of initial chloride content

The concentration profiles of CI-, OH™, and TETA in the speci-
mens that were mixed with different initial quantities of NaCl after
BIEM treatment are shown in Fig. 10(a)-(c). Type 1 concrete that
was mixed with NaCl at three different concentrations correspond-
ing to 1%, 3%, and 5% was used to manufacture these specimens.
The circuits were galvanostatically controlled at 3 A/m? for a
period of 15d.

As illustrated in Fig. 10(a), the extraction efficiency of Cl~ in the
concrete increased with the initial chloride concentration. The
proportion of the extracted Cl~ in the front steel bars were about
44%, 65%, and 78% for the specimens with 1%, 3%, and 5% of NaCl,
respectively. These results indicate that the efficiency of BIEM
was higher for those structures under heavy chloride attack.

The concentration of the OH™ ions in the concrete cover kept
increasing from the outside to the inside after treatment [Fig. 10
(b)]. The overall concentration of OH™ was lower in the specimen
that was mixed with 3% NaCl. However, the alkalinity of the spec-
imen that was mixed with 5% NaCl was almost highest especially
for that near the embedded steel bars.

There was no significant correlation observed between the
migration of TETA and the initial concentration of NaCl that was
mixed in the concrete. It implies that the initial chloride content
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of the concrete had little influence on the efficiency of TETA
ingression.

The OH /CI™ and TETA/CI™ ratios were higher in the specimen
with 1% NaCl after the electrochemical process was performed;
this was due to the low initial concentration of Cl~. This results
suggested that the bidirectional electromigration rehabilitation
may have better effect on concrete structures with less ClI~ concen-
tration. The OH~/Cl~ and TETA/CI™ ratios between the specimens
with 3% and 5% NaCl did not exhibit significant difference. Never-
theless, the process played an active role in preventing the rein-
forcement from corrosion since the all of the ratios of the
corrosion inhibitor to chloride ions exceeded one, as shown in
Fig. 10(d).

4.1.5. Influence of different electrolysis

The residual concentration profiles of CI~ and OH™ after BIEM
and ECE are illustrated in Fig. 11(a) and (b). The specimens in this
experiment were cast with type 1 concrete with 3% NaCl. The
current density applied was 3 A/m?.

The residual Cl~ ion distributions were different after perform-
ing two processes of BIEM and ECE. The overall concentration of
the CI™ in the whole concrete cover was reduced evenly. By con-
trast, the residual concentration of Cl~ in the specimens’ outer
layer was higher than in the inner layer after the conduct of BIEM.
One possible explanation for this occurrence is the accumulation of
several cationic TETA species in the specimens’ outer layers where
the cations were combined with the Cl~ ions; this led to a difficulty
in the extraction of Cl~. The residual CI~ concentrations around the
steel were equal after performing BIEM and ECE for 7 d. When the

treatment duration extended to 15 d and 30 d, the effect of BIEM
was better than ECE in terms of CI~ removal. This suggested that
BIEM exhibited higher CI~ removal efficiency than ECE. It is
suggested that short-time ECE be performed after BIEM treatment
to extract CI~ better in the overall concrete cover zone, especially
in the outer layer.

The distribution trend of alkalinity in the specimens after
performing ECE was in accordance with that after BIEM treatment,
as shown in Fig. 11(c). However, the level of the concentration
enhancement of water-soluble OH™ after ECE was higher than that
after performing BIEM.

BIEM exhibited a better effect in increasing the ratio of OH™ to
Cl~ than equal-time ECE, as illustrated in Fig. 11(c).

4.1.6. Influence of surface carbonation

The average carbonation depth of the specimens that experi-
enced pre-carbonation was 13.7 mm; this was measured by the
phenolphthalein test. The carbonated and non-carbonated speci-
mens were all subjected to ECE and BIEM at a current density of
3 A/m? for a period of 15 d. The concentrations of ClI~, OH™, and
TETA in the concrete cover after treatment were plotted in
Fig. 12(a)-(c).

The distribution trends of residual concentration of Cl™ in
the surface-carbonated specimen decreased from the outside to
the inside according with that in non-carbonated specimen. In
the 20 mm that was close to the embedded steel bars, the residual
Cl~ concentration was higher in the carbonated specimen than in
the non-carbonated specimen after performing BIEM. For ECE,
however, the Cl- extraction efficiency was higher in the
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carbonated specimen than that in the non-carbonated specimen. In
general, the effect of ECE was better than BIEM on the removal of
Cl™ ions within the concrete cover zone.

The alkalinity of concrete in the distance that was 15 mm near
the treated surface decreased sharply, which was influenced by the
presence of CO, and H,0. The increase in the OH™ concentration
after BIEM was substantial in the carbonated-surface specimen,
especially the first 15 mm that was close to the treated surface.
The result in terms of increase in alkalinity after performing ECE
was different between carbonated and non-carbonated specimens.
The increase in alkalinity that was caused by BIEM was higher in
the surface-carbonated specimen than in non-carbonated
specimen.

The efficiency of TETA migration was better in the carbonated
specimen than those in the non-carbonated specimen, especially
in the outer part close to the concrete surface which had been
carbonated. In the layer close to the reinforcement, the concentra-
tion of inhibitors in the surface-carbonated specimen was 33%
higher than that in the non-carbonated specimen. This phe-
nomenon was attributed to the decrease in alkalinity that was
close to the concrete surface, leading to a rise in number of cationic
TETA species. Therefore, the migrating ability of TETA was
improved. However, the inner part of the specimen was not influ-
enced by carbonation; thus, the increase of TETA was limited.

4.2. Concrete strength variation after BIEM and ECE treatment

As shown in Fig. 13, the surface strength of the concrete sample
did not decrease after ECE treatment; instead, it was greatly
enhanced. The reason might be that after concrete sample experi-
ences ECE treatment, the calcium ions in the pore solution were

bound with the negative ions that were excreted from the concrete
to form some insoluble hydration products which can fill the pores
to some extent. As a result, the porosity near the surface of the
concrete cover decreased and the material then became more
compact [42].

The influence of BIEM on the surface strength in the concrete
cover was contrary with that of ECE. The surface strength in the
concrete cover of the sample decreased after BIEM treatment.
The different effects of these two technologies may be related to
the different kinds of their electrolyte. The TETA corrosion inhibitor
may damage ingredients or material structures of concrete and
such effect may be related to the concentration of the corrosion
inhibitors in the concrete.

4.2.1. Influence of current density on concrete strength after BIEM
treatment

In order to examine the effect of electric current density, we
performed tests for the same type (concrete of Type 1, 3% NaCl)
and the same charging time (15 days) but different current densi-
ties to evaluate the variation of concrete surface strength. Fig. 14
shows the variation of concrete surface strength after BIEM treat-
ment as a function of electric current densities.

The surface strength of the concrete sample decreased by vary-
ing degrees after the BIEM treatment. It shows that TETA corrosion
inhibitor caused negative effects on the surface strength of the con-
crete. Fig. 14 also shows that the reduction degree of the surface
strength after the BIEM treatment with different electric current
density. With the electric current density increased, the surface
strength presented a decrease trend. When the electric current
density was 1 A/m? or 3 A/m?, the pull-out strength was decreased
by ~18-19% and the converted compressive strength was reduced
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by ~22%-24%. When the electric current density was increased to
5 A/m?, the surface strength reduced sharply. The pull-out strength
decreased by 43% and the converted compressive strength was
reduced by 51%.

Therefore, when the BIEM method is adopted for repair, the
electric current should be strictly controlled. Increase in electric
current will increase migration rate of ions, and enhance the repair
effect to some degree, but excessively high electric current will
cause adverse effects on reinforcement performance [43]. More-
over, surface strength of the concrete structure will greatly
decrease, and craze may even be generated on the surface.

4.2.2. Influence of charging time on concrete strength after BIEM
treatment

Similarly, the samples were treated by BIEM with different
charging time. The test used sample type (concrete of category 1,
3% NaCl) and electric current density (3 A/m?) constants, and
tracked the variation of concrete surface strength after BIEM treat-
ment with different durations. The variation of surface strength
with charging duration was deduced based on the test results
shown in Fig. 15.

The test results show that the surface strength of the sample
decreases with increase in charging time, almost in a linear rela-
tion. Charging for seven days has a minimal effect on surface
strength. In particular, the pull-out strength was decreased by
12%, and the converted compressive strength was reduced by
15%. However, after charging for 30 days, the surface strength of
the sample greatly decreased, i.e., the pull-out strength decreased
by 44% and the converted compressive strength was reduced by
52%. Moreover, in the practical application of BIEM technology,

charging time should be reasonably controlled because extended
charging time will greatly damage the sample surface.

4.2.3. Influence of water—-cement ratio on concrete strength after BIEM
treatment

BIEM treatment under the same conditions was conducted for
concrete samples with different mix proportions (concrete of cate-
gories 1, 2, and 3; 3% NaCl) with electric current density of 3 A/m?
and charging time of 15 days. Fig. 16 shows the surface strength
variation before and after treatment of samples.

The surface strength of concrete samples with different water-
cement ratios decreased after BIEM treatment. The reduction
degree increased slightly when water-cement ratio increased,
i.e., the change rate of pull-out strength was approximately —20%
to 16%, and the change rate of converted compressive strength
was approximately —24% to 20%.

4.2.4. Influence of initial chloride content on concrete strength after
BIEM treatment

Similarly, BIEM test under the same conditions was conducted
for concrete samples of different initial chloride contents (concrete
of category 1, NaCl contents of 1%, 3%, and 5%) with electric current
density of 3 A/m? and charging time of 15 days. Fig. 17 shows the
surface strength variation before and after treatment of samples.

According to Fig. 17, the surface strength of concrete samples
with different chloride contents decreased after BIEM treatment.
When the NaCl content was 5% of the cement mass, the change rate
of surface strength was almost the same as when the NaCl content
was 3%. The pull-out strength decreased by approximately 18-19%,
and the converted compressive strength decreased by
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approximately 23-24%. However, when the NaCl content
decreased to 1%, the reduction range of surface strength was high,
i.e., the reduction rates of pull-out strength and converted
compressive strength reached 29% and 35%, respectively. Such
results show that for concrete with low chloride concentration,
BIEM repair technology will cause greater damage to the
concrete surface; thus, caution should be exerted in practical
application.
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4.2.5. Influence of carbonation on concrete strength after BIEM
treatment

Four groups of samples with the same mix proportion (concrete
of type 1, 3% NaCl) were selected, and placed into the carbonation
tank for accelerated carbonation test. The carbonation depth of the
sample after 28 days of carbonation was approximately 13.7 mm.
Then, BIEM test was conducted for samples that underwent and
did not undergo carbonation, with an electric current density of
3 A/m? and charging time of 15 days.



C. Xu et al./Construction and Building Materials 115 (2016) 602-617 613

5.0 40 ‘g

t €

. 45 [ e T fm T® e a5 E’

E 40t \ =

£ r ° 430 &

Z 35+t ®

:-C-‘/ ' \. §

D 30F = 125 @
c

g [ \l @

® 25 T <

= L 420 €

o (]

= 20r \o =

o r m 15 ]

15 | 5

>

[ C

1.0 | | | | | | | 10 8

0 5 10 15 20 25 30

Treatment duration (d)

Fig. 15. Concrete strength variation for specimens under different charging time
after BIEM treatment (Concrete type: 1; Mixed NaCl: 3%; Treatment duration: 0, 7,
15, 30 d; Current density: 3 A/m?).

5.0 60 ‘g

£

5 —m— f o after --0-- £ before 155 Z

& —o— fc)c, after --o-- fc,c’ before 150

IS [=))

E 4ol 9ol l4s 8

£ Bl o {40 @

D 351 e T-e._ 2

g I e To 435 &

£ 30F © i T---o {30 E

2 I o 8

> o 125 ©

& o5l \_ o

| 120 ©

c

20 | | | | | | 15 8
042 044 046 048 050 052 0.54

w/c

Fig. 16. Concrete strength variation for specimens with different water-cement-
ratio after BIEM treatment (Concrete type: 1, 2, 3; Mixed NaCl: 3%; Treatment
duration: 15 d; Current density: 3 A/m?).

According to the test results shown in Fig. 18, the concrete sur-
face strength increased to 35% after carbonation. After BIEM treat-
ment, the surface strength decreased, and the reduction range
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increased with time. The reduction rate of surface strength of
carbonation samples was greater than non-carbonate samples
under the same conditions. It was possibly because the pH value
on the surface of carbonate samples was low. However, the test
result also shows that the absolute value of surface strength of
carbonized sample after carbonation treatment was greater than
non-carbonate samples after treatment under the same conditions.
Note that carbonation will reduce the alkalinity in concrete cover,
which may cause depassivation and corrosion to the reinforce-
ment. Thus, the concrete cover will crack and even spall. However,
BIEM will induce the corrosion inhibitor to migrate toward the
reinforcement, and increase the pH value of the areas near the
reinforcement and the entire concrete cover through cathodic reac-
tions. This process is beneficial for eliminating the adverse effect
caused by carbonation. Moreover, carbonation will enhance com-
pactness of the concrete, and increase surface strength of the sam-
ple. This effect can offset the effect of BIEM on surface strength of
the structure to some extent. For a concrete structure that under-
goes severe chloride attack and requires repair, the exposure time
is often long and carbonation may occur on the surface. In this case,
application of BIEM technology will be more advantageous.

4.3. Concrete porosity variation after electrochemical repair

4.3.1. Pore distribution variation after BIEM treatment

After BIEM treatment, porosity and pore distribution in the
concrete cover significant changed. According to Fig. 19, porosity
decreased when charging time increased, and porosity of concrete
was higher around the cathode than around the anode.

Wu [44] characterized the pore diameters into the following
gradings (1973): harmless to the pore (<20 nm), little harmful to
the pore (20-100 nm), harmful pore (100-200 nm), and great
harmful pore (>200 nm). According to this characterization, this
paper conducts an in-depth analysis on the pore distribution in
concrete cover before and after BIEM treatment. Fig. 20
(a) and (b) show the pore distributions of concretes near the anode
and cathode, respectively. The figures show that after BIEM treat-
ment, the porosity of large pores including pore with great harm-
ful, harmful pore and little harmful pore decreased. As for
harmless pore below 20 nm, the porosity increased. In general,
porosity near the anode was lower than that near the cathode.

The above mentioned analysis shows that BIEM has a positive
effect on pore distribution in the concrete cover. The decrease in
large pores and increase in small pores is because some hydration

Mixed NaCl content (%)

(b) Change rates of surface and compressive
strength

Fig. 17. Concrete strength variation for specimens with different initial chloride content after BIEM treatment (Concrete type: 1; Mixed NaCl: 1, 3, 5%; Treatment duration:

15 d; Current density: 3 A/m?).
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Fig. 19. Total porosity in concrete cover after BIEM treatment (Concrete type: 1;
Mixed NaCl: 3%; Treatment duration: 0, 7, 15, 30 d; Current density: 3 A/m?).

products decomposed and ions dissolved; thus, pores with small
diameters appear. These ions that are soluble in concrete pore
liquid will undergo directional migration under electric field
action, and block some pores with large diameters during the
migration process. Furthermore, in the cathodic reaction near
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3 BIEM for 7d _
< 4ot BIEM for 15d =
% BIEM for 30d mZ=
5 8 ] .
3 6 7= =
= — —
= = =
B 4t — =
o — —
S — =
o 2+ F? —] —
>200 100-200 20-100 <20

Pore diameter (nm)
(a) Near anode

Fig. 20. Pore distribution in concrete cover before and after BIEM treatment (Concrete type: 1; Mixed NaCl

reinforcement, water electrolysis will generate hydrogen ions
whose formation of gaseous hydrogen will cause increase in poros-
ity near the reinforcement. Thus, porosity of the concrete is higher
near the cathode than near the anode.

The surface strength test indicates that after BIEM treatment,
the surface strength of the concrete cover decreased. However,
the mercury injection test shows that porosity on the surface of
the concrete cover decreased. Hence, the application and mixing
of TETA corrosion inhibitor resulted in some changes to the struc-
ture or composition of hydration products in the region near the
concrete surface, which caused the strength to decrease, and the
mechanism of this changing should be deeply studied in the next
work. Alternatively, the dissolution, decomposition, migration,
and combination with corrosion inhibitor resulted in weaker inter-
facial transition zone between aggregate and hydration products,
leading to increase in micro-cracks.

4.3.2. Pore distribution variation after ECE treatment

After ECE treatment, the porosity and pore diameter distribu-
tion in the concrete cover also changed. The porosity after ECE
treatment decreased. As shown in Fig. 21, porosity of the concrete
decreased when charging time increased. The reduction in porosity
near the anode was more significant than that near the cathode,
particularly for charging time longer than 15 days. However, ECE
had a smaller effect on porosity compared with BIEM.
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Fig. 21. Total porosity in concrete cover after ECE treatment (Concrete type: 1;
Mixed NaCl: 3%; Treatment duration: 0, 7, 15, 30 d; Current density: 3 A/m?).

Pore distribution in the concrete cover was analyzed, and the
pore distribution diagrams near the anode and cathode are shown
in Fig. 22. Similar to the influence of BIEM on concrete cover, the
figure shows that ECE also increases small pores and reduces large
pores in the concrete cover. The decreased amount of pores with
little harm in a diameter of 20-100 nm was directly proportional
to charging time. Harmless pores with a diameter less than
20 nm increased greatly at the initial stage of charging, and even-
tually increased gradually. As for the comparison between the
cathode and anode, porosity of pore with great harm, pore with
little harm, and harmless pore near the anode was relatively low,
whereas porosity of harmful pore was high.

According to the results of the surface strength test, the process
of ECE will enhance the surface strength of the concrete cover,
which is consistent with porosity evolution. Thus, BIEM, by intro-
ducing TETA as corrosion inhibitor, does not generate any adverse
effect on the composition and structure of hydration products near
the surface of the concrete cover but instead enhances the strength
of the cover compared with BIEM. Therefore, in the application of
electrochemical methods to repair a concrete structure, the selec-
tion of electrolyte will result in different effects on concrete cover
quality.

In conclusion, BIEM and ECE have similar influences on pore
distribution in concrete cover. In general, small pores increase in
number, large pores decrease in number, and total porosity
decreases. However, BIEM has a greater influence on pore structure
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Fig. 23. Corrosion potential variation after drying and wetting cycles for 6 months
(Concrete type: 1; Mixed NaCl: 3%; Treatment method: ECE and BIEM; Treatment
duration: 15 d; Current density: 3 A/m?).

in the concrete cover and porosity reduction. Porosity reduction is
more beneficial for the concrete to resist invasion by corrosive
mediums such as chloride ions and oxygen. In this aspect, the
concrete durability caused by BIEM is more advantageous for
long-term use.

4.4. Long-term performance of corrosion inhibition after
electrochemical repair

4.4.1. Corrosion current variation after ECE and BIEM treatment

Normally, the corrosion potential values with more negative
than —250 mV (vs SCE) can be regarded as the fact that the rein-
forcement is in high corrosion risk according to the ASTM standard
[4]. Fig. 23 shows that the reinforcement corrosion potential of
untreated test block was consistently less than —300 mV (vs SCE)
, which indicates an increasing rate of reinforcement corrosion risk.
The reinforcement corrosion potential of test block after ECE repair
was greater than —300 mV during the first five cycles, approxi-
mately —300 mV from six to 11 cycles, and eventually less than
—300 mV. Thus, reinforcement corrosion risk gradually increased.
Reinforcement corrosion potential of the test block after BIEM
repair decreased during the first three cycles and later almost
remained unchanged between —200 and —300 mV. Thus, the pos-
sibility of reinforcement corrosion is small.
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Fig. 22. Pore distribution in concrete cover before and after ECE treatment (Concrete type: 1; Mixed NaCl: 3%; Treatment duration: 0, 7, 15, 30 d; Current density: 3 A/m?).
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Fig. 24. Corrosion current variation after drying and wetting cycles for 6 months
(Concrete type: 1; Mixed NaCl: 3%; Treatment method: ECE and BIEM; Treatment
duration: 15 d; Current density: 3 A/m?).

4.4.2. Corrosion current variation after ECE and BIEM treatment

Fig. 24 shows that the reinforcement of untreated test block was
in a corrosion state at the beginning; during the drying and water-
ing cycle, corrosion current increased continuously; and eventually
reached 70 pA at an approximate rate of 0.62 pA/cm?. This rate is
significantly greater than the critical value of corrosion,
0.1-0.2 pA/cm?; thus, reinforcement corrosion is quite severe
[45,46]. After BIEM repair treatment, reinforcement corrosion
current remained approximately 10 pA at an approximate rate of
0.09 pA/cm?, which can effectively prevent secondary corrosion.
However, after ECE repair, corrosion current of the test block
slightly increased during the 4-11 cycles, finally reaching approxi-
mately 50 A equaling to 0.45 pA/cm? in terms of corrosion current
density. Secondary corrosion was delayed compared with the
untreated test block, but severe corrosion still occurred at the end.

5. Conclusions

Specimens of ordinary concrete were subjected to BIEM, and the
concentration profiles of CI-, OH™, and corrosion inhibitor were
determined in the experiment. The results showed that TETA func-
tioned as a corrosion inhibitor, and was effectively injected into
both carbonated and non-carbonated concrete investigated by
relatively short-term electrochemical treatment of BIEM. The inhi-
bitor concentration around the embedded steel reinforcement was
adequate to provide corrosion protection. Moreover, the ratio of
OH™ to CI~ was increased because the concentration of chloride
ions decreased and the concentration of hydroxyl ions was
increased in the concrete cover, which favored the repassivation
of reinforcement. The following conclusions can be stated:

(1) The electricity parameters should be considered in the
design of the electrochemical process. The efficiencies of
Cl~ extraction, OH~ enhancement, and TETA migration
increased as the current density and/or treatment time
increased during BIEM. A low current density or short treat-
ment duration minimally affected the rehabilitation,
whereas excessively high current density or excessively long
treatment was unnecessary. The appropriate electricity
parameters should be chosen according to the actual situa-
tion and goal of rehabilitation.

(2) The quality of the concrete also affected the electrical treat-
ment to some degree. The efficiencies of Cl~ extraction,
OH™ enhancement, and TETA migration decreased as the

wy/c ratio of specimens decreased. A lower w/c ratio signifies
denser internal concrete structure and higher alkalinity,
which was unfavorable for the transfer of certain particles
in the electrochemical process. Thus, different electricity
parameters should be chosen according to the different w/c
ratios.

(3) Another key factor for the electrochemical process was the
initial chloride content in the specimens. The specimens
containing more chloride showed higher proficiency in
Cl~ extraction through BIEM. The alkalinity increased most
in specimens mixed with 3% NaCl and increased compara-
tively lower in specimens mixed with 1% and 5% NaCl. The
initial content of chloride in specimens had minimal influ-
ence on the migration of TETA.

(4) A ssignificant difference was found between BIEM and ECE in
the various ClI~ and OH™ concentrations. The residual
ClI~ concentration in the outer layer of the specimen was
higher than the inner layer after BIEM. Nevertheless, Cl~ dis-
tribution was more uniform in the specimen after ECE. The
alkalinity increases in the overall concrete cover zone after
the two kinds of remedial techniques only slightly differed.
However, ECE was better for the alkalinity enhancement
near the steel bars.

(5) The chloride-contaminated concrete structures in need of
rehabilitation in on-site condition are usually carbonated
to a certain depth. The migration efficiency of corrosion inhi-
bitor in carbonated concrete was higher than non-
carbonated concrete.

By contrast, LIMPET pull-out test was used to measure the sur-
face strength of concrete samples before and after BIEM treatment.
The result shows that after BIEM repair, both pull-out strength and
converted compressive strength decreased. For concrete samples
with charging parameters selected in this paper, the reduction
range was within 10-50%. Excessive strength reduction range
should be avoided in the design process for electrochemical repair
schemes. By referring to research results of this paper and consid-
ering the efficiency of the TETA corrosion inhibitor, the reduction
range of the surface strength can be controlled within a reasonable
scope. The following conclusions can be stated:

(6) After concrete samples receive BIEM treatment, the reduc-
tion range of surface strength increases when charging time
and electric current density increased. Thus, reasonable
charging parameters should be selected in the practical
application of BIEM.

(7) The corrosion degree of concrete caused by chloride salt has
a significant effect on surface strength. For concrete samples
with low initial chloride content, the reduction range of the
surface strength is high. Therefore, BIEM treatment should
be selected with great care in terms of reinforced concrete
structure under mild chloride salt corrosion.

(8) When BIEM treatment is applied to samples after carboniza-
tion, reduction of surface strength becomes more pro-
nounced. However, the carbonization process can generally
enhance surface strength of the concrete by approximately
30%. Comprehensive analysis shows that by reasonably
designing repair parameters and the repair process, surface
strength reduction degree of the concrete after BIEM treat-
ment can be controlled.

(9) Both BIEM and ECE will reduce overall porosity in the con-
crete cover. The porosity reduction degree of samples after
BIEM treatment is higher. After BIEM and ECE treatments,
pore distribution in the concrete cover changes. Harmless
pores with a diameter below 20 nm increase, whereas pores
with little harm, harmful pores, and pores with great harm
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with a diameter greater than 20 nm decrease. Some differ-
ences are present between the concrete near the cathode
and concrete near the anode in pore distribution. Porosity
of concrete near the cathode is higher than that near the
anode, and the specific pore distributions are also different.

(10) After BIEM treatments, chloride ion concentration on the
surface of the concrete is high, whereas ECE is especially
suitable for concrete surface dechlorination, which will
simultaneously enhance surface strength in the concrete
cover. Therefore, these two methods can be combined.
Repair can be done by first adopting BIEM and later applying
ECE. Thus, the damage caused by BIEM on the structure
surface strength can be eliminated. Moreover, residual
chloride ions in the concrete cover can be removed, which
will increase repair efficiency.
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