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For many years, researches have investigated concrete repair technologies including epoxy resin injection technology,
bioremediation technology and self-healing technology. However, these repair methods have proven to be expensive and
cumbersome to be carry out. A more recent technology electrochemical deposition, the focus of this paper emphases in a
new way of healing concrete cracks that restores durability and mechanical strength of a concrete structure. Therefore, the
emphasis of the research work reported here in is to prove the repair efficiency of the electrodeposition method by adding
carbon fiber and graphene to the concrete. By analyzing the mass change of the concrete, total charge passed, crack width
variation, ultrasonic waves, sediment composition and morphology, it was found that the cracks with width of 0.3-0.5 mm
in samples healed within 20 days. The repair efficiency of samples mixed with carbon fiber and graphene were better than
specimens without carbon fiber and graphene. Moreover, the mass increase rate of a concrete samples mixed with carbon
fiber and graphene was 10.15 %o, which is twice the mass of conventional concrete. The results of SEM and X-ray diffraction
analysis showed that the samples mixed with carbon fiber and graphene produced more ZnO and that had a continuous

compact structure.

INTRODUCTION

Concrete as a porous brittle material, tends in-
evitably develop cracks under use [1]. Moisture may
carry harmful substance will invade the concretes in
to the concrete through pores and micro-cracks, which
will have a series of adverse effects, such as strength
reduction, carbonization and steel corrosion [2]. These
affect not only the appearance but also the mechanical
property and durability of it [3]. As a result, concrete
repair will still be required as well as the costs associated
with that [4]. In order to reduce the maintenance activities
of concrete facilities and spending on reconstruction,
the technique to repair concrete cracks to enhance its
service life was investigated.

Basically, the traditional methods for repairing
concrete cracks involve structural reinforcement resto-
ration [5, 6], surface treatment [7], crack filling [8], and
self-repair [9]. Those methods have disadvantages such
as high cost, complicated operation or long repair time,
which often does not meet the requirements for modern
multifunctional buildings. Electrochemical deposition
repair technology is a new way for healing concrete
[10-13]. Electrodeposition fills cracks inside the concrete
and forms a protective layer on the crack face. This
protective layer reduces the defects of the concrete and
blocks the invasion of external liquids [14]. According

to previous studies, electrochemical deposition can
be accomplished by applying an electric current
between the steel reinforcement in concrete structure
and an electrode placed in seawater (Figure 1). Steel
reinforcement inside the concrete structure was used
as the cathode, and the platinum electrode was placed
inside the sea-water as the anode. After applying an
electric current between the anode and the cathode, the
cation and the anion move toward the two electrodes in
response to a potential difference. Ions undergo a range
of reactions and eventually formed precipitation on the
surface and in the cracks of the concrete to heal the
cracks and cover the surface [10, 11, 13].

External
electrode

Figure 1.
neering.

Application of electrodeposition in marine engi-
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In recent years, some researchers have investigated
the use of electrochemical deposition to repair cracks
inside concrete structures in the marine environment.
Sasaki and Yokoda et al. [15] used electrodeposition to
repair marine concrete projects, which operation process
was simple but recovery time was so long. Jaesuk Ryu
[10, 16] found that electrodeposits formed on concrete
surfaces sealed concrete cracks and reduced chloride
ion content but the rate of repair was slow. Therefore,
improving the rate of electrodeposition repair was of
primary interest in this research.

Graphene and carbon fibers have excellent mecha-
nical, electrical and thermal properties, which not only
improve the physical properties and durability of con-
crete, but also enhances the effect of electrodeposition.
The process of repairing concrete cracks by electrode-
position, it was found that the resistivity of concrete with
carbon fiber and graphene was reduced [17, 18], thereby
allowing the crack surface to manifest a greater current
density. What’s more, carbon fibers and graphene dis-
persed with ultrasonic dispersion instrument before
concrete is formed, thus the exposed carbon fiber and
graphene at the crack face were uniformly distributed
along the fractured surface, which promoted consistency
of the repair. The particles deposition models of electro-
deposition are shown in Figure 2.

Table 1. Physical properties of cement.

At present, the electrodeposition method is mainly
used for metal plating, and rarely used in concrete re-
pair. Thus, the use of electrodeposition to repair concre-
te cracks is still in the primary stage. Against this back-
ground, this work is devoted to studying the repair
effects of graphene and carbon fiber on the effective-
ness of the electrodeposition method and the associated
healing mechanism.

EXPERIMENTAL
Raw materials

Test specimens were prepared using ordinary Port-
land cement of strength grade 42.5 produced by Shan-
dong Shanshui Cement Group Co., Ltd. The physical
properties are shown in Table 1 and the chemical compo-
sitions are shown in Table 2. The fine aggregate used in
the specimens was an ISO standard sand. The carbon
fiber was PAN-based chopped carbon fiber, and its phy-
sical properties are shown in Table 3. The graphene
was produced by Changzhou Sixth Element Materials
Technology Co., Ltd., where the physical properties
are shown in Table 4, and the particle size distribution
is shown in Figure 3. The particle size distribution of
graphene is concentrated with particle sizes ranging
from 4 to 10 pm, and the median diameter at 5.1 pm.

Initial Final Flexural strength Compressive strength
setting time setting time Stability (MPa) (MPa)
(min) (min) 3d 28d 3d 28d
125 187 Qualified 4.1 7.5 249 483
Table 2. Chemical composition of cement (wt. %).
SiO, Al O, Fe,0, CaO MgO SO, ClI loss
21.45 5.93 3.45 60.87 3.12 2.35 0.027 2.80
<«~——— Sediment <« Sediment
- Fracture surface Graphene

Sample

a) without carbon fiber and graphene

Figure 2. Particles deposition model of electrodeposition.

Carbon fiber

b) contains carbon fiber and graphene
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Table 3. Physical properties of carbon fibers.

Length Diameter Density Tensile strength Tensile modulus Resistivity
(mm) (nm) (gem™) (MPa) (GPa) (Qm)
6 7 1.8 3900 230 1.5x 107

Table 4. Physical properties of graphene.
Diameter Surface area Thickness Purity L Electron conductivity
(um) (m*g") (nm) (%) e (Sm)

<10 200 — 280 <6 >98 <5 106 — 107
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Figure 3. Particle size distribution of graphene.

Test material apparatus

The size of the samples used in the test program were
40 x40 x 160 mm and @ 100 x 50 mm. The water-cement
ratio was 0.5. The diameter of the steel reinforcement
was 6 mm. Curing the samples for 28 days under stan-
dard curing environment (Temperature 20 + 2 °C,
Relative Humidity > 95 %). The samples were loaded
by Electronic Universal Testing Machines to produce
cracks which had the width of 0.3 to 0.5 mm [19, 20].
In order to ensure the sample crack width is unchanged,
except for the cracked side, the others five sides of
each sample were sealed with a resin with the samples
of 40 x 40 x 160 mm, and the flanks of the samples of
® 100 x 50 mm was also wrapped with a resin. The elec-
trolyte solution was a mixture of ZnSO, solution and
absolute ethanol. The concentration of ZnSO, solution
was 0.05 moll", and the volume fraction of anhydrous
ethanol was 25 %. Anhydrous ethanol was an additive,

Table 5. Mixing ratio of the mortar samples.

which weakens the hydrogen evolution reaction in the
electrolyte solution [21, 22], and maximizes the depo-
sition of ZnO while ensuring a certain amount of OH .
The concentration of the electrolyte solution should be
kept stable in order to reduce the experimental error,
so the electrolyte solution was changed every 5 days.
Powered by a direct current regulated power supply for
20 days, and the voltage was stabilized at 5 volts, which
is much lower than the human body safety voltage and
provides a certain current density. The experimental
setup and mixing ratio are shown in Figure 4 and Table
5 respectively.

Mass change test

Electronic balance with 0.01 g precision is shown in
Figure 5a. After pre-cracking, the sample was weighed
M,. After applying electric current for 5 days, the samp-
le was taken out from electrolyte solution and dried for
24 hours, then the mass the sample was weighed M,.
The mass change of the sample was: R, = M, — M,.. The
sample was weighed every 5 days.

Serial Cement Water Standard sand Graphene Carbon fiber Ultrasonic time
number (® (® (® (€9) (® (min)
Control 450 225 1350 0 0 30

GM 450 225 1350 0.45 0 30
CM 450 225 1350 0 3.6 30

GCM 450 225 1350 0.45 3.6 30
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RCPT Method

Rapid Chloride ion Penetrability Test (RCPT) was
implemented on the basis of the requirements of ASTM
C1202-97 [23]. @ 100 x 50 mm sample was processed
with a vacuum saturation apparatus and then placed
in a standard fixture. The solutions placed in standard
fixture was sodium hydroxide solution at a concentration
of 0.3 moll" and sodium chloride solution with a mass
fraction of 3 % respectively. The positive and negative
ions migrate under the action of electric field when 60 V
direct current was applied to the sample. The imper-
meability of the concrete was reflected according to the
total charge passed in 6 hours. The experimental device
is shown in Figure 5b.

Crack width measurement

The width of cracking was measured using the
intelligent crack width meter [24], which measurement
range is 0 to 4 mm with an accuracy of 0.01 mm. When
the probe was aimed at the crack, the magnified crack
image could be seen on the LCD screen. Fine-tune probe
to make the image clear and save it. The experimental
device is shown in Figure Sc.

Ultrasonic testing

The change of ultrasonic wave can reflect the in-
ternal defects a concrete specimen [25, 26]. Tektronix
AFG3022B arbitrary waveform generator and Tektronix

¢) crack width meter

Figure 5. Main experimental devices.

TDS1002B-SC was used as the digital oscilloscope in
this testing. The ultrasonic frequency was 50 kHz and the
input voltage 10 V. The amplitude values, transmitting
times, and waveform of the ultrasonic was recorded.
The experimental device is shown in Figure 5d.

RESULTS AND DISCUSSIONS

Mass change analysis

Figure 6 shows the mass change of the different
samples after applying the electric current for 20 days.

8
7_
6_
—~ 5
2
54
%} .
3_
o —a— Control
—e— GM
14 —A—CM
—— GCM
0 T T T T
0 5 10 15 20

Time (d)
Figure 6. Mass change of sample.

d) ultrasonic instrument
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The mass of the Control sample increased by 3.36 g,
GM by 5.67 g, CM by 5.75 g, and GCM by 7.22 g. The
mass increase of GM, CM and GCM increased by
68.8 %, 71.1 % and 114.9 %, respectively, compared
with the Control sample. This is due to the samples
with graphene and carbon fiber give mortar a smaller
resistivity, therefore the surface of the crack has a larger
current density, which leads to more sediments were
generated. Moreover, the exposed graphene and carbon
fibers on the fracture surface increase the surface area
of the fracture, which making sediment easier to deposit
on the fracture surface. The chemical reactions in the
electrolyte solution are shown in Table 6.

Table 6. Chemical reactions in the electrolyte solution.

H,0 — % 0,1 +2 H" + 2¢
2H,0+2¢ — H,t +2 OH"

H,0 »20H +2 H'
Zn** +2 OH — ZnO| + H,0

(anode)
(cathode)

(Aqueous reaction)

RCPT analysis

Figure 7 shows the total charge passed in 6 hours
through each sample after repaired for 20 days. The
total charge passed of the Control sample, GM, CM and
GCM were 3491 coulombs, 1840 coulombs, 1529 cou-
lombs and 894 coulombs respectively. The total charge
passed of GM sample, CM and GCM were reduced by
473 %, 56.2 % and 74.4 %, respectively, compared
with that of Control sample. GCM has the smallest
total charge passed and the best resistance to chloride
ion permeation. Depending on the mass change, the
GCM sample produced more sediment. Besides that,
the uniform distribution of graphene and carbon fiber at
the crack resulted in greater uniformity of the sediment.

Time 0 day

5" day

Control

GM

A characteristic of the repair was a decrease in total
charge passed and an increase in impermeability of the
mortar.

4000

7 | —=— Control
35007 | o GM

1 | ——CM
30007 | —o—GcM

N

)]

o

o
1
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T
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Figure 7. The total charge passed of the sample.

Analysis of crack microscopic images

Figure 8 shows the microscopic images of cracks
in four samples at different healing times. It was noted
that the width of the cracks ranged from 0.3 - 0.5 mm
in the stages of pre-cracked, and white sediment was
generated after the electric current was applied. This
white sediment filled the cracks and formed a protective
layer on the surface of the sample. After applying the
electric current during 20 days, the cracks of all the
samples were completely healed. The cracks of the
Control sample healed slowly, and there are still obvious
cracks on the 15" day. The GM sample and CM healed

10" day

15" day 20" day

Figure 8. Crack microscopic image of the sample. (Continue on next page)
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Figure 9. Ultrasonic waveforms before and after the test piece is destroyed.
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slightly faster than Control one, and the crack healed
well on 15" day with only slight cracking. The best
repair was GCM sample, which was completely healed
in 15™ days. The law of crack healing is consistent with
the law of mass change and the law of anti-permeability.

Ultrasonic analysis

When concrete cracks are generated, some features
of the crack can be expressed by the waveform changes,
amplitude value and the transmitting time of ultrasonic
wave [27, 28]. Figure 9 displays representative ultrasonic
waveforms for the Control sample, GM, CM and GCM
obtained in the stages of pre-cracked (small picture)
and healed for 20 days (large picture) respectively. The
transmitting time and amplitude values were acquired
from the head wave of the ultrasonic waveform. When
these samples get cracked, the transmitting times of
Control sample, GM, CM, and GCM were 66.9 us,

63.4 us, 69.1 us, and 67.8 us, respectively, and the
amplitude values were 2.8 mV, 3.1 mV, 2.5 mV, and
2.7 mV, respectively. This is due to the crack that has a
strong interference with the propagation of the ultrasonic
wave, which lead to ultrasonic with a large transmitting
time, small amplitude values, and unstable waveform.
After 20 days of repairing, the transmitting times of
Control sample, GM, CM and GCM were reduced
to 53.4 ps, 46.5 us, 44.8 ps and 40.7 ps, respectively,
and the amplitudes values increase to 5.1 mV, 6.5 mV,
6.9 mV and 7.3 mV, respectively. The defection inside
the samples were obviously reduced and the cracks
repaired, so that the transmitting times of the ultrasonic
wave was reduced and the amplitude values increased.
The GCM sample has the smallest transmitting time
and the largest amplitude value, which indicates that the
defects inside the GCM sample was the least, and the
repair effect was better than the Control sample, GM and
CM.

1400 1600
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1200 A -m 1400 -m
| n 1200-
1000- ] A
35 I 5 1000
S 800- n s
%‘ 1 «% 800
S 600 S 1
g A £ 600 A
4 A )
400 _ 400 A
200 200
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Figure 10. XRD spectrums of the white sediments inside the cracks.
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X-ray diffraction analysis

The XRD spectrums of the white sediments for-
med on the cracks of the samples after repaired 20 days
as shown in Figure 10. Comparing Figure 10 with
the JCPDS card, the spectrum on the surface of the
diffractive crystal corresponds to the standard diffraction
peak of ZnO, and there are extremely few impurity
peaks, which indicated that the sediments produced
by electrolytic deposition are ZnO crystal with higher
purity and graphene and carbon fiber are not affecting
the composition of the sediments. Narrow and sharp
diffraction peaks shape were found in XRD spectrums
of all the samples, which proved that the ZnO crystals
generated have larger size and good crystallinity. At the
diffraction angles of 32°, 34°, and 37°, the intensity of
the diffraction peak of GCM sample was higher than
that of other samples, which demonstrated that the ZnO
crystal formed in GCM samples is more than the ZnO
crystal formed in other samples.

Scanning electron microscopy analysis

The SEM images of the sediments inside the
cracks are shown in Figure 11. It can be seen from the
figure that the morphology of the ZnO crystal changes

c)CM

Figure 11. SEM images of sediments inside the cracks.

with the composition of the mortar. Most of the ZnO
crystals inside the crack of Control sample are slice-
like structures, which are loosely arranged and have
no regularity causes poor impermeability and strength
of concrete. Most of the ZnO crystals in GM sample
presented grain-shaped. There are numerous flower-
like ZnO crystals in the CM sample, and these crystals
have a certain continuity. The ZnO crystals in the GCM
sample was closely intertwined to form a continuous
structure with less pores, which owing to the uniform
distribution of exposed carbon fiber and graphene on
the fracture surface increased the contact area between
electrolyte solution and sample. As consequences ZnO
crystals grown uniformly on the surface of the crack
to form a uniform and compact structure, thereby the
mortar strength improved and the permeability reduced.

CONCLUSION

In this paper, the electrolytic deposition effects
of different components of the concrete was studied,
and the mechanism of electrolytic deposition to repair
concrete cracks was also discussed. Based on the results
achieved in this research, this thesis gets the following
conclusion:

£

d) GCM
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e After the application of electric current, the crack
was eventually healed regardless the composition of
the mortar, and the repairing speed of cracks was the
maximum in the first 5 days.

e After applied electric current for 20 days, the mass of
the GCM sample increased by 7.22 g (114.9 % relative
to the Control sample) and the total charge passed
was 894 coulombs (reduced by 74.4 % relative to the
Control sample). With the resistance to chloride ion
penetration: Control sample < GM < CM < GCM.

e Ultrasonic diagrams analysis shows that the trans-
mitting time, amplitude value and waveform of
Control sample, GM, CM and GCM are mainly affec-
ted by cracks. The crack width of all samples is close
after pre-cracking, therefore the difference was not
large. After repairing 20 days, the transmitting times
of the samples decreased and the amplitude value
increased, suggesting that the cracks of the samples
has been repaired to some extent. GCM has the best
repair effect, the transmitting time is reduced from
67.8 us to 40.7 ps, and the amplitude is increased from
2.7mV to 7.3 mV (increased by 170.4 %).

e Control sample contains numerous slice-like ZnO
crystals, which are arranged loosely and have no regu-
larity results in weak impermeability and mechanical
properties. Most of the ZnO crystals in GM presented
grain-shaped. Flower-like ZnO with a certain conti-
nuity in CM, improving the impermeability and me-
chanical properties. The ZnO crystals in the GCM
samples are intertwined to form a uniform and com-
pact structure, which leads to a good macroscopic
performance of concrete.
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