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In order to investigate the effect of brine on the corrosion process of rebar in the backfill of the mine and
the strength of the backfill, four kinds of anti-corrosion measures, such as passivation, water-soluble rust
inhibitor, epoxy resin, epoxy resin and water-soluble rust inhibitor combination, were selected. The
corrosion behavior of rebar in the backfill mixed with brine was studied by electrochemical test, and
compared with that of backfill mixed with deionized water. At the same time, the influence of brine on
the early, middle and long-term strength of filling sample was analyzed by uniaxial compression test and
XRD test. The results showed that the brine had a significant corrosion effect on the rebar in the backfill,
and the combination of epoxy resin and water-soluble rust inhibitor had the best effect among the four
anti-corrosion measures. The effect of brine increased the content of ettringite, which in turn increased
the early strength of the test sample of the backfill, but the rebar in the test sample was constantly
corroded, and the corrosion products were not conducive to the long-term strength.
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1. INTRODUCTION

With the rapid development of economy, the mining intensity of mineral resources is increasing,
and the mineral resources in the shallow land are basically exhausted. Most of the mines in the world
are advancing to deep mining one after another[1-3], and even many coastal mines are carrying out
seabed mining[4, 5]. In addition, with the requirements of maximum recovery of resources and green
sustainable development in mining, backfilling mining has become the preferred mining method in
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current mining operations[6, 7]. In the coastal and seabed filling mining, the water used in backfilling is
often of high brine concentration, which causes serious corrosion to the rebar in the backfill. For
example, some deposits are buried in the sea floor, and the joints and structures are often developed in
the mining area. During the mining process, the high concentration mineralized bedrock brine remaining
in the fractures flows out and flows into the bottom sump, which is diluted and then used as filling water.
In the filling process, the artificial roof of the backfill is cemented classified tailings, cement and rebar
in a certain proportion, which can be regarded as a special reinforced concrete material. As we all know,
reinforced concrete is a widely used and economical building material, which has been widely used in
civil infrastructure[8]. At present, many researchers have studied the corrosion behavior of rebar in
different concrete environments. Shi et al.[9] studied the influence of different simulated concrete pore
solutions on rebar passivation through electrochemical methods such as linear polarization,
electrochemical impedance spectroscopy, cyclic polarization and Mott Schottky curve, and concluded
that the higher the pH of the simulation solution, the faster the passivation. Sola et al. [10]studied the
migration of corrosion products of rebar in concrete by using accelerated corrosion test and numerical
simulation, and established a three-dimensional mechanical model of coupling between chemical and
moisture heat for corrosion process of cracked concrete. McCarthy et al. [11]studied the influence of
cement components, carbonation and chloride ions on the corrosion of rebar in concrete containing wet
fly ash. In addition, according to the literatures[12, 13] on corrosion protection of rebar in concrete, it is
found that coating is a feasible way to solve the corrosion of rebar.

In general, the backfill can maintain good stability and sufficient strength. However, in salt
bittern environment, some ions in brine will react with the hydration products of cement, weaken the
hydration reaction, and corrode the cemented products that have been formed, resulting in gel failure. In
this case, it can cause corrosion damage of the backfill, reduce the strength of the backfill and make it
fail and collapse. More dangerous is the free chloride ion, which will cause electrochemical corrosion of
rebar in the backfill, accelerate the corrosion rate of rebar, reduce the mechanical properties of rebar,
shorten its service life and even failure. However, at present, most of the researches focus on the
corrosion and protection of rebar in concrete in conventional environment, and there are few reports on
the corrosion and protection of rebar in coastal or seabed mining fillings.

In this paper, the tailings and cement are mixed with brine, and then rebar are added to form a
cemented test sample, which is cured in the brine. Explore the electrochemical characteristics of the self-
corrosion potential, polarization curve, impedance spectrum and other anti-corrosion measures of rebar
under passivation, water-soluble rust inhibitor, epoxy resin, combination of water-soluble rust inhibitor
and epoxy resin. Uniaxial compressive strength test and XRD analysis were used to study the effect of
brine on the early, medium and long-term strength of the backfill embedded with rebar, and the influence
mechanism was analyzed.

2. EXPERIMENTAL

2.1 Material and solution

Type HPB235 rebar was used in the experiments. Its chemical composition is shown in Table 1.
The specimens for electrochemical measurements were welded to a copper wire, and epoxy resin was
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coated on the weld[14]. The working surface was abraded with SiC papers of grit size from 400# to
1200# and cleaned with alcohol and distilled water. The corrosion solution in the test was high
concentration brine for filling of Sanshandao gold mine, Shandong Province, China. The mass
concentration of Na*, K*, Ca?*, Mg?*, CI, SO+, CO3? and HCOs™ were analyzed. The analysis results
are shown in Table 2. Water-soluble rust inhibitor obtained from Beijing kamabela Technology Co., Ltd,
China. The main component was compound amino alcohol, which was prepared by the reaction of small
molecule amine and epoxy derivative, and finally diluted into an aqueous solution. The effective content
of compound amino alcohol in the aqueous solution was 17%, the density was 1.03 g/cm?, and the pH
was 9.6. Epoxy resin (E-44) purchased from Nantong star synthetic materials Co., Ltd, Jiangsu, China.

Table 1. Chemical composition of steel rebar (wt%)

C Si Mn S P Fe
0.220 0.300 0.650 0.050 0.045 Bal.

Table 2. lon concentration composition of brine

Composition Na* K* Ca** Mg>* CI' SOs# HCOs COz*
Content
(mg/L)

14118 263 4275 1440 31392 1981 62.8 Bal.

2.2 Sample preparation of filling sample

In order to be similar to the actual production environment of mine, a corrosion test of the rebar
in the tailings cemented test sample was designed to simulate the corrosion of the rebar in the backfill
by brine. In the test, the tailings and gelling agent (portland cement) used for cemented the test sample
of the backfill were all from Sanshandao Gold Mine. The particle size distribution of the two materials
is shown in Fig. 1. The density and specific surface area of gelling agent are 3.1 g/cm® and 2.382 m?/cm?,
respectively. According to the test scheme, the cement/sand(C/S) ratio is 1:6, the slurry concentration is
70%, and the tailings backfill test sample was cemented. The size of the test sample is 40 mm x 40 mm
x 160 mm. In order to ensure that the rebar was always kept in the center of the test sample and sufficient
thickness of protective layer, suspending rebar and combining with secondary cemented is adopted, as
shown in Fig. 3 and 4.
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Figure 3. Preparation of backfill test sample
There were two kinds of water in the test, one was brine, the other was deionized water.

According to the proportioning requirements, the tailings, cement, brine were mixed to prepare slurry,

2.3.1 Corrosion of rebar in tailings cemented test sample by brine filling

2.3 Experimental program
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and the test sample was formed after the rebar was placed. This group of experiments was labeled La.
The slurry prepared by mixing the tailings, cement and deionized water was used as the control test,
which was recorded as Za

2.3.2 Experiment on protection of rebar in tailings cemented sample by passivation protection

According to the proportioning requirements, the slurry was prepared after mixing brine, tailings
and cement, and the passivated rebar was placed in the slurry to form test samples. The group of tests
was marked as Lg. Similarly, the group with deionized water as the test water served as the control group
ZB.

2.3.3 Experiment on protection of rebar in tailings cementation test sample with water-soluble rust
inhibitor

Brine, tailing sand and cement were prepared according to the proportioning requirements, and
the water-soluble rust inhibitor with the quality of 4.5% cement was added to mix evenly, and the rebar
shall be placed to form the test sample. Mark the test as Lc. The control group was treated with deionized
water and labeled as Z¢

2.3.4 Experiment of epoxy resin coating on rebar protection in tailings cementation test sample

Brine was used as test water, and the slurry was prepared by mixing it with tailings and cement
according to the proportioning requirements. The rebar coated with epoxy resin was placed in the slurry
to form a test sample, which was marked as Lp. The experimental water of Zp in experimental control
group was deionized water. In the experimental control group Lg, brine was used as the experimental
water, but when the tailings, cement and brine were mixed, a water-soluble rust inhibitor of 4.5% cement
mass was added to the slurry.

After the test sample was made, it was allowed to bleed for 24 h, and then it was put into the
standard curing box (temperature 20+3 °C, relative humidity RH > 95%) for 28 d. After the standard box
curing, the test sample was placed in brine for half immersion curing. During the curing period, the open
circuit potential, polarization curve test and electrical impedance spectrum test of the test sample were
carried out continuously, and the data were recorded to understand the corrosion status of rebar.

2.4 Electrochemical measurement

The Versa STATMC electrochemical comprehensive test system(AMETEK Co., America) was
used for the electrochemical test, and the three electrode system was used for the test[15]. The working
electrode was HPB 235 rebar, the reference electrode was saturated calomel electrode (SCE), the
auxiliary electrode was Pt electrode, and the electrolyte was brine. Potentiodynamic polarization test



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210367 6

was carried out after the electrode open circuit potential was stable, and the scanning potential was
controlled at - 250 -+ 250 mv (vs.OCP). The scanning rate was 0.5 mV-s™. For electrochemical
impedance spectroscopy (EIS) measurements, the frequency ranges from 10%Hz to 1072 Hz using an AC
amplitude of 10 mV rms was performed at a stable Open-circuit potential (OCP) value. The schematic
diagram of electrochemical test and indoor test diagram are shown in Fig. 4 and 5 respectively.

Electrochemical

c— - working instrument

Auxiliary electrode /Q (i O\ﬂ Computer

|
\. Reference Working ~ Auxiliary
electrode electrode  electrode

Reference electrode

Test block Rebar Corrosive solution

Figure 4. Schematic diagram of electrochemical test

3. RESULTS AND DISCUSSION

3.1 Analysis of self-corrosion potential measurement results

In thermodynamics, self-corrosion potential (Ecorr) IS often used to characterize the trend
parameter of corrosion resistance of materials in a specific medium. The larger the negative value of
Ecorr is, the more likely the rebar is to be corroded. Fig. 5 shows the change trend of Ecorr With curing
period in brine environment. It can be seen from Fig. 5 that the Ecorr Of rebar decreased significantly from
standard curing to brine curing, and with the increase of curing age in brine, Ecorr decreased continuously,
which indicates that brine had significant corrosion on rebar in backfill. In addition, the Ecorr Of rebar in
the test sample prepared with deionized water was higher than that in the sample prepared with brine,
but the difference between the two was minor differences. At the later stage of curing, the self-corrosion
potential of rebar in the two test samples tends to be the same level. The main reason was that in the
curing box (before the brine was half soaked), the test sample with brine had a preliminary corrosion on
the rebar, while the deionized water had a weak corrosion effect. However, after the brine was half
soaked, the brine seeped into the backfill and corroded the rebar, which made the same effect in the later
curing. It can be further found from Fig. 5 that after 4 weeks of standard curing, the Ecorr Of rebar in the
backfill with brine was - 635.0 mV (without any protective measures), while under the protective
measures such as passivation, adding water-soluble rust inhibitor and coating epoxy resin, Ecor Was
positively moved to - 589.1 mV, - 602.8 mV and - 561 mV respectively. Therefore, it can be
preliminarily concluded that the epoxy resin has the most significant anti-corrosion effect on the rebar
in the backfill [16,17].
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Figure 5. Effect of brine on self corrosion potential of rebar

3.2 Analysis of polarization curve measurement results

Fig. 6 shows the Potentiodynamic polarization curves of rebar with different protective effects
in saline water. It can be seen from Fig. 6 that the corrosion current of rebar was reduced under the
protective measures such as passivation, water-soluble rust inhibitor and epoxy resin. According to
Potentiodynamic polarization curve extrapolation method [18], the current density after immersion
curing (Lg) in brine under passivation protection was 199.526 puA/cm?, that after immersion curing in
brine with 4.5% cement mass was 158.489 pA/cm?, and that of rebar coated with epoxy resin was 0.158
HA/cm?. Under the protection of epoxy resin and water-soluble rust inhibitor, the current density of (Lg)
after soaking and curing in brine was 0.050 pA/cm?. It can be concluded that the epoxy resin coating can
effectively prevent the invasion of corrosive substances and prolong the service life of steel bars [19,
20]. This conclusion is consistent with that obtained by Galliano [21]. The corrosion protection effect of
single anti-corrosion measures such as passivation treatment of rebar or adding corrosion inhibitor was
not obvious in brine semi immersion environment, so it can be used as additional measures combined
with other anti-corrosion measures in practical application.
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Figure 6. Influence of different protective measures on Tafel polarization curve of rebar: (a)Four anti-
corrosion measures (b) Passivation (c) Water-soluble rust inhibitor (d) Epoxy resin

3.3 Analysis of EIS measurement results

Fig. 7 shows the Nyquist diagram of EIS curve obtained after rebar was passivated and soaked
in brine for 4 weeks. Fig. 8 shows the Nyquist diagram of EIS curve of rebar with different curing periods
under the conditions of epoxy resin protection and combination protection of epoxy resin and water-
soluble rust inhibitor. It can be seen from Fig. 7 that after the rebar was soaked in brine, there was no
obvious large-diameter capacitive arc in the low-frequency region for both the steel bars with passivation
protection and those without protection, which indicated that the corrosion protection effect of
passivation on steel bars in brine was not significant [22-25]. It can be seen from Fig. 8 that the
capacitance arc diameter of the rebar in the low frequency region was larger under the epoxy resin
coating, which indicated that the epoxy resin effectively played an anti-corrosion role in the filling and
cementing test sample. Especially under the protection of epoxy resin and water-soluble rust inhibitor,
there were two obvious large diameter of capacitive arc, which further proved that the combination of
epoxy resin and water-soluble rust inhibitor has the best anti-corrosion effect on rebar.

The effective impedance of corrosion system was simulated and analyzed by ZsimpWin software
according to the equivalent circuit diagram in Fig. 9. The fitting results are shown in Table 3. In Fig. 9,
Rs was the resistance of corrosion solution, Ry was the resistance of protective layer, Q1 was the
capacitance of protective layer, R> was the charge transfer resistance of rebar interface, and Q> was the
electric double layer capacitance of rebar interface. It can be seen from Table 3 that the double-layer
capacitance of rebar interface was small under epoxy resin coating. After 10 weeks of curing, the double-
layer capacitance of rebar coated with epoxy resin in brine environment was 8.712x103 Qt.cm2.s™,
which indicated that epoxy resin has strong anti-corrosion effect.
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Figure 9. Equivalent circuit models used to fit EIS data of rebars

Table 3. EIS parameters obtained from data fitting for rebar at different immersion times.

12

Test Q1 R1 Q2 R2
goup  (Qtcm?s™)  (Q-cm?) (Qt.cm2.sM (Q-cm?)
LA 5.207x101t  7.998x10° 3.780x10° 1.333x10*
Zaa 2.951x1077 6.841x10? 1.050x10™* 1.026x10*
Lg-1 7.618x10 1.007x10° 2.997x10° 5.839x10°
ZB-4 1.376x10° 4.332x10° 1.158x10™* 6.599x10°
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Lp-4 2.868x1012  1.353x10° 6.144x10°8 6.061x10°
Les 6.974x102  1.703x10° 3.938x101 4.713x10°
Las 7.769%x10°® 8.319x10? 7.824x10°° 2.202x10*
Lp-s 1.538x1077 2.969x10! 1.709x107 1.467x107?
Zp6 2.258x108 6.884x10° 6.201x10°® 3.838x10"
Les 5.995x101t  1.855x10° 2.649%x1077 1.465%10'®
La-10 5.132x107° 9.786x10? 7.242x10°® 1.803x10*
Lp-10 2.148x1077 2.907x10° 8.712x1013 1.761x10%°
Zb-10 2.837x107° 1.274x10° 5.994x107® 2.165%10%6
Le-10 2.039x10°  6.832x107  1.644x10° 1.913x10%8

The subscripts 4, 6, and 10 for the test group indicate the number of weeks of immersion in brine water,
respectively.

3.4 Effect of rebar corrosion in brine on the strength of cemented tailings backfill

In order to explore the influence of brine corrosion on the early and medium long-term strength
of the backfill, the 70 wt% slurry was prepared by adding brine, and the evenly stirred slurry was made
a test sample with the size of 7.07 cm x 7.07 cm x 7.07 cm. According to the same parameters, deionized
water was added to make the test sample with the same size as the control group. After curing with 20
°C for 24 h, the specimen was demoulded, and then put into the curing box for standard curing (20 £ 0.5
°C, relative humidity of 95%), curing for 3 d, 7 d, 14 d, 28 d, 60 d, 90 d and 120 d. The compressive
strength of the test sample was tested during the curing period, and the results are shown in Table 5. It
can be found from Table 5 that the uniaxial compressive strength of the filling sample made of brine
mixture with C/S ratio of 1:6 increases from 1.461 MPa in 3 d curing period to 4.373 MPa (28 d curing
period). When the C/S ratio is 1:10, the filling sample increases from 0.607 MPa to 1.938 MPa.
Compared with the sample with deionized water, the uniaxial compressive strength of the sample
increased by 80.92% (28 d, 1:6) and 19.56% (28 d, 1:10), respectively. However, after 60 days of curing,
the compressive strength of the test sample mixed with deionized water was higher than that of the test
sample mixed with brine. The lower the C/S ratio was, the smaller the difference of compressive strength
between them was.

In order to explore the mechanism of the influence of brine on the strength of the filler test
sample, XRD pattern analysis was performed on the cemented test sample mixed with deionized water
and the cemented test sample mixed with brine. The results are shown in Fig. 10. It can be seen from
Fig. 10 that the diffraction peaks of C-S-H gel and portlandite in the brine cemented test sample were
obviously larger in number and higher in intensity. Due to the presence of large amount of SO4% in brine,
it can contribute to ettringite production. Yu et al. [26] found that SO4% can produce corrosion on
concrete. Although ettringite affects the final strength of backfill[18, 27], the positive effect of C-S-H
gel and calcium hydroxide on the early strength was more obvious. According to the above experimental
results, brine filling was helpful to improve the early strength of the backfill.

The later strength of the test sample with embedded rebar was tested, and the results are shown
in Fig. 11. It can be seen from Fig. 11 that the compressive strength of the test sample mixed with
deionized water was higher than that of the test sample mixed with brine. When the C/S ratio is 1:6 and
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the curing age was 120 d, the compressive strength of the two test samples was less than that of the test
samples mixed with brine in the medium and long term. Because the test sample with embedded rebar
was cured by half soaking in brine, the corrosion products of rebar are enriched in the internal part of
the test sample, which affects the hydration and gelation during the curing period of the test sample; in
addition, the occurrence of dry and wet circulation was conducive to the formation of salt crystallization,
which aggravates the corrosion of the test sample by brine.

Fig. 12 shows the color change of the test sample with or without epoxy resin coating after adding
with brine. The rebar without epoxy resin coating was seriously corroded by brine, and the main
corrosion behaviors were pitting corrosion and local corrosion. There were a lot of deep pitting pits on
the surface of rebar, and the cross-sectional area of rebar is reduced. The existence of pitting pits will
accelerate the corrosion rate of rebar, resulting in uneven corrosion of rebar, which will seriously affect
the mechanical properties of rebar. On the contrary, the surface of the rebar coated with epoxy resin still
showed metallic luster, and the color was mainly black and silver white, which indicated that there was
no corrosion or slight corrosion in these parts. Only yellowish brown rust spots were found locally, and
no obvious corrosion marks were found, which showed slight corrosion. These corrosion traces mainly
concentrated in the places with poor quality of epoxy resin coating. Compared with the color change
inside the test sample and the surface characteristics and color changes of the rebar corrosion, it showed
that the brine will cause serious corrosion to the rebar in the test sample. It was further verified that the
epoxy resin coating can effectively protect the rebar and delay the corrosion of rebar by brine[28-30].

Table 4. Medium and long term uniaxial compressive strength of cemented tailing test sample

Cement- Mixing Compressive strength of different curing ages/MPa
f:tr:g water ~ 3d 7d  14d 28d 60d 90d 120d

Brine 1461 2406 3344 4373 6936 8.632 9926
1:6 Df,'v‘;r;ézred 0.897 1439 1831 2417 7.461 9169 10.636
Brine 0607 1247 1524 1938 2642 3324 4.187

1:10 Dfl'v‘;rt‘ézre" 0483 0991 1268 1.621 2718 3589 4.538

N

#CSH + Ca(OH); ¥ CaO-Aly033CaS0,432H,0

v
v

L \WU 'W \w«w }b Mﬂw‘w‘mwm i

» Deionized water

L L L L L L
10 20 30 40 50 60 70
2Theta/Deg.

Figure 10. XRD diffraction pattern
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Figure 11. Uniaxial compressive strength of embedded reinforced backfill with different anti-corrosion
conditions

Figure 12. Color change of test sample and rebar coated with and without epoxy resin: (a) Test sample
without epoxy coating (b) Epoxy coated test sample (c) Rebar without epoxy coating (d) Rebar
with epoxy coating

4. CONCLUSIONS

Brine had a significant corrosive effect on rebar. Epoxy resin can effectively protect the corrosion
of rebar from brine. After a certain curing period, the Ecor increased from -635.0 mV (without anti-
corrosion measures) to -561 mV, and the current density was 0.158 pA/cm?. Epoxy resin combined with
water-soluble rust inhibitor (4.5% of the mass of cement) had a better anti-corrosion effect, and the
current density was as low as 0.050 pA/cm?. Passivation and the addition of water-soluble rust inhibitors
cannot effectively prevent the corrosion of rebar in the backfill by brine.

Brine had certain influence on the strength of filling test sample. In the early stage of cementation
curing, brine can improve the compressive strength of cemented test sample. When the curing period
was 28 days and the C/S ratio was 1:6 and 1:10, the strength of the test sample mixed with deionized
water was increased by 80.92% (28 days, 1:6) and 19.56% (28 days, 1:10), respectively. In the later
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stage of backfill curing, the strength of deionized water mixing test sample was greater than that of brine
mixing test sample. The lower the C/S ratio was, the smaller the difference of compressive strength
between them was.

XRD analysis showed that the diffraction peaks of C-S-H gel and calcium hydroxide were
obviously larger and the intensity was higher. A large amount of SO4% in brine was beneficial to
ettringite production, which promotes gel of C-S-H gel and calcium hydroxide and improves early
strength. However, in the later stage of curing, the ultimate compressive strength of the brine mixed
cementation test sample was not as high as that of the deionized water mixed test sample.
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