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To modify the mechanic properties of high water backfill material (HWBM) for its engineering application in mining backfill, a
series of experiments were performed to investigate the effects of electrochemical treatment on the mechanic properties and
electrical resistivity of the HWBM at the early age. Meanwhile, the effects of the potential gradient, power-on time, and
water–cement ratio (W/C) on electrochemical modification efficiency were investigated. *e results show that the uniaxial
compression strength (UCS), elastic modulus, and deformationmodulus of the HWBM all first increased and then decreased after
electrochemical treatment with the increasing of the potential gradient and power-on time. However, for the HWBM with
different W/C, the UCS and electrical resistivity both increased the HWBM except when the W/C was 3 :1. *e elastic modulus
and deformation modulus of the samples both increased after electrochemical modification except when the W/C was 4 :1.
Additionally, there is a positive correlation between the UCS and electrical resistivity in HWBM samples. *erefore, it is proved
that the electrochemical technology is a potential method for improving the physicochemical properties of the HWBM.

1. Introduction

*e double liquid high water backfill material (HWBM) is a
novel cementitious backfill material in coal mine, which
consists of calcium sulfoaluminate (CSA) cement, calcium
silicate (C2S), gypsum, calclime, additives, and water [1, 2].
Because of the advantages of high liquidity, fast setting, and
high early strength [2], the HWBMs have been used to
backfill the gob areas and roadway in mine for the ground
surface subsidence control [3–5]. However, the application
of the HWBM is limited by the disadvantages of poor
toughness, small compressibility, and high cost. Addition-
ally, as the water–cement ratio (W/C) increases, the setting
time increases and the uniaxial compression strength de-
creases in the HWBM [1, 4–6].

To improve the engineering properties and reduce the
backfill cost, the modification of the HWBM has attracted

much recent research interest. Meanwhile, vast experiments
have been performed to investigate the influence of various
additions on the hydration process and physicochemical
properties of HWBMs. For example, the addition of fly ash
can enhance the residual strength of HWBMs and reduce
backfill cost, but the UCS decreases as the content of fly ash
increases [7–10]. *e addition of lithium carbonate or alu-
minum sulfate can enhance the compression strength and
accelerate the hydration process of the HWBM [2, 11].
Additionally, the addition of river sand, gravel aggregate, and
silica fume also can modify the mechanical properties of
HWBMs [12, 13]. Meanwhile, the effects of water–cement
ratio, gypsum-lime content, and additives on the performance
of the HWBM also have been investigated by many scholars
[1, 2, 14–16]. However, as a novel modified technique for
improving the physical properties of rock and soil, electro-
chemical modification (ECM) of the HWBM has no reports.
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*e use of the electrochemical method is a valid rock and
soil modification technique that has been researched for
many years. In the electrochemical treatment of rock and
soil, a direct current (DC) electric field is applied to pass
through the rock or soil mass, which causes charged species
present in the soil or rock mass (cations and anions, polar
water, and other charged particles) to migrate towards an
oppositely charged electrode. Ultimately, the physico-
chemical properties of the soil or rock mass is modified
significantly [17, 18]. Nowadays, the electrochemical method
has been successfully applied to many fields of geotechnical
engineering, such as the electrochemical consolidation of
weak rock [18–20], the electrochemical desalination of rock
and soil [21–27], the electroosmotic consolidation of soils
[28–34], and the electrochemical modification of the ad-
sorption and desorption behavior of methane and water
adsorption in anthracite [35–38]. Meanwhile, the electro-
chemical method also was applied to modify the mechanic
properties of the fly-ash cemented backfill materials; they
find that a power-on time of 180min and a potential gra-
dient of 1V/cm can enhance the strength and reduce the
deformation of the fly-ash cemented backfill materials [39].
Additionally, ECM also was used in electroosmotic dew-
atering of mine tailings, electrochemical accelerated leaching
of cement binders containing high volume fly ash, and the
electrochemical chloride removal of cement paste subjected
to NaCl and Na2SO4 attack [40–42]. *ese studies have
proved that electrochemical treatment is an effective tech-
nique for the modification of the physicochemical properties
of rock and soil mass. Meanwhile, the compression and
deformation parameters of backfill materials are important
factors for backfill mining [43, 44]. However, the electro-
chemical modification of HWBM has not been reported to
our knowledge. Hence, to fill the research gaps and enhance
the performance of HWBM, we will focus on investigating
the influence of electrochemical treatment on the strength
deformation modulus, elastic modulus, and electrical re-
sistivity of HWBMs.

*erefore, the objective of this paper is to investigate the
influence of electrochemical treatment on mechanic prop-
erties and electrical resistivity of the HWBMs at an early age.
Additionally, the influence of the potential gradient and
power-on time on electrochemical modified efficiency of the
HWBM and the electrochemical modification efficiency on
the HWBMs with different W/C were investigate. Mean-
while, the relationship between the UCS and electrical re-
sistivity of the HWBM was proposed for its nondestructive
testing in the hydration process.

2. Materials and Method

2.1.Materials. In this work, the HWBM was obtained from
Hebei, China, which is composed of CSA cement, C2S
anhydrite, gypsum, and the compound additives. *e
HWBMs included two types of slurry, that is, material A

(CSA and C2S cement clinker) and material B (anhydrite
and gypsum). Figure 1 shows the main mineralogical
compositions of materials A and B determined by the XRD
test. *e semiquantitative analysis results of mineralogical
compositions of materials A and B were tabulated in
Table 1.

2.2. Electrochemical Treatment Apparatus. *ree sets of
electrochemical experimental apparatuses were made in this
study, and each set was composed of a DC power supply, a
current meter, an electrolytic cell, electrodes, copper wires,
and the HWBM samples. *e schematic of electrochemical
treatment applied to a HWBM is shown in Figure 2. *e
maximum output voltage is 150V and the maximum output
current is 5 A of the DC power supply (IT6933 A, ITECH
Electronic Co. Ltd., Nanjing, China). *e electrode was a
round porous iron plate with a diameter of 50mm and a
thickness of 5mm. *e electrolytic cell was an acrylic tube
with an internal diameter of 50mm and a wall thickness of
10mm, and both sides of the electrolytic cell consisted of an
acrylic tube with an outer diameter of 50mm and a rect-
angular acrylic box. *en, four threaded rods were used to
connect and fix the electrolytic cell.

2.3. Experimental Procedure

2.3.1. Preparation of Samples. In this work, the ratio of
material A to material B was 1 :1 and the curing age was 7
days. Before the samples were prepared, a cylindrical mold
with an inner diameter of 50mm and a length of 200mm
was made to prepare the HWBM samples with diameters of
50mm and lengths of 100mm.

Materials A and B were mixed and stirred with water,
respectively, according to the designed water-cement ratio in
Table 2. *en, slurry A and slurry B were placed into molds
and stirred. After the initial setting time, the HWBM
samples were demolded, and a plastic film was used to cover
the samples for preventing weathering. Next, the samples
were placed in a constant humidity and temperature room
with a curing temperature of 20°C and a humidity of 95%.
*en, the samples were cured for 7 days. In this experiment,
48 samples were prepared as shown in Table 2. *e potential
gradient (P), power-on time (T), and water-cement ratio
(W/C) are selected to be the factors to investigate the effect of
electrochemical parameters and materials on the modified
efficiency. *e UCS, deformation modulus, elastic modulus,
and electrical resistivity of the HWBMs curing for 7 days are
taken as the experimental results.

2.3.2. Electrochemical Treatment. *eHWBM samples were
prepared as described before. *en, the samples were put
into the acrylic tube of the electrolytic cell and the electrode
plates were placed on both ends of the sample. Next, each
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part of the electrochemical treatment apparatus was as-
sembled as shown in Figure 3. *e plastic film was covered
on the electrolytic cell to minimize the contact area of the
sample with air.

After the electrochemical treatment apparatus was as-
sembled, the output voltage was adjusted according to the
potential gradient, and, then, the output button of the DC
power supply was pressed. In these experiments, the po-
tential gradient and power-on time were set as shown in
Table 2. After electrochemical treatment, the samples were
cured for 7 days.

2.3.3. Electrical Resistivity Measurements. As shown in
Figure 4, the electrical resistivity of the HWBM samples was
measured by a MCH2816 A digital AC bridge (Shenzhen
Meichuang Instrument Co. Ltd., China). Before measure-
ment, the two ends of the samples were smoothed using a
face-grinding machine, and the diameter and length of
samples were measured. *en, the resistance of samples was
measured at the measurement frequencies of 50Hz, 100Hz,
500Hz, 1 kHz, 5 kHz, 10 kHz, 50 kHz, 100 kHz, and 200 kHz,
respectively.

*e electrical resistivity of the HWBM sample is cal-
culated from the following equation [45]:

ρ �
R · S

L
, (1)

where R is the electric resistance of samples in Ω, S is the
cross-sectional area of the samples inm2, and L is the length
of the samples in m.

2.3.4. Uniaxial Compression Tests. *e UCS of the HWBM
samples were measured in a WAW-600B electrohydraulic
servo universal testing machine (Tianshui Hongshan Testing
Machine Co. Ltd., China) shown in Figure 5. According to
the ISRM suggested methods [46], the loading rate of 2mm/
min was selected and shut down until the specimen was
damaged. And the elastic modulus of the samples was
calculated on the basis of the stress-strain curve.

3. Results and Analysis

3.1. 2e Effects of Electrochemical Modification on the Me-
chanic Properties of theHWBM. In this section, the effects of
the potential gradient and power-on time on the UCS,
deformation modulus, and elastic modulus of the HWBM
were investigated. Additionally, the effect of electrochemical
treatment on the mechanic properties of the HWBMs with
different W/C was investigated.
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Figure 1: *e XRD pattern of binder materials of the HWBM: (a) material A and (b) material B.

Table 1: Mineralogical composition and content of materials A and
B in HWBM (%).

Phase Material A Material B
CSA 68.15 0
C2S 34.85 0
Anhydrite 0 74.85
Gypsum 0 25.15

DC power Ammeter

Anode

Copper wire

Cathode

+ –
A

Figure 2: Schematic of the electrochemical treatment applied to the
HWBM.
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3.1.1. Effects of Potential Gradient on Electrochemical
Modification of HWBM. *e stress-strain curves of the
samples after electrochemical modification with different
potential gradients are shown in Figure 6. *is result in-
dicates that the UCS of the samples was higher when the
potential gradient was 0.2V/cm and 0.5V/cm while the UCS
decreased as the potential gradient exceeded 0.5V/cm.
Additionally, the strain at the peak stress increased as the
potential gradient increased. Furthermore, the effects of

electrochemical treatment on the UCS, deformation mod-
ulus, and elastic modulus of the HWBMwere investigated as
shown in Figure 7.

As shown in Figure 7, the change in the peak strength,
elastic modulus, and deformation modulus of the HWBMs
after electrochemical modification with different potential
gradients shows the following:

(1) When the potential gradient was 0.2 V/cm and 0.5V/
cm, the UCS of the HWBM increased by 10.78% and
7.22%, respectively; when the potential gradient was
1.0V/cm, 2.0V/cm, and 3.0V/cm, the UCS of the
HWBM decreased by 6.37%, 7.98%, and 21.97%,
respectively. *is result indicates that treatment with
a weak electric field (less than 0.5V/cm) can rein-
force the strength of HWBMs.

(2) When the potential gradient was 0.2V/cm, the elastic
modulus of the samples increased by 25.01%; as the
potential gradient increased, the elastic modulus of
the samples decreased from 45.12% to 67.26%,
90.35%, and 93.72%, respectively.

Table 2: Experiment scheme of electrochemical modification on
the HWBM.

Number P (V·cm−1) T (min) W/C
1 0 0 0
2 0.2 180 4 :1
3 0.5 180 4 :1
4 1.0 180 4 :1
5 2.0 180 4 :1
6 3.0 180 4 :1
7 0.2 60 4 :1
8 0.2 120 4 :1
9 0.2 240 4 :1
10 0.2 360 4 :1
11 0.2 540 4 :1
12 0.2 180 3 :1
13 0.2 180 5 :1
14 0.2 180 6 :1
15 0.2 180 7 :1
16 0.2 180 8 :1

Figure 3: Electrochemical treatment on HWBM samples.

Figure 4: *e MCH2816 A digital AC bridge.

Figure 5: *e uniaxial compression test bench.
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Figure 6: *e change in the stress-strain curve of the samples after
electrochemical modification with different potential gradients.
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(3) When the potential gradient was 0.2V/cm, the de-
formation modulus of the HWBM samples increased
by 36.78%; with the increasing of the potential
gradient, the elastic modulus of the samples de-
creased from 20.29% to 37.96%, 66.38%, and 78.78%,
respectively. *ese results show that the electro-
chemical treatment can significantly alter the plastic
deformation capacity of the HWBM samples.

*erefore, according to the change in the stress-strain
curves, peak strength, and elastic modulus of the samples
after electrochemical modification with different potential
gradients, 0.2 V/cm is the optimal potential gradient for
electrochemically modifying the HWBM, which can si-
multaneously enhance the mechanic properties of the
HWBM.

3.1.2. Effects of Power-On Time on Electrochemical Modifi-
cation of the HWBM. To investigate the effect of the power-
on time on electrochemical modification efficiency of the
HWBM, the potential gradient of 0.2 V/cm and W/C of 4 :1
were applied. *en, the power-on time was set as in Table 2.

Figure 8 shows that the residual strength of the HWBM
samples increased with the increase of the power-on time
after electrochemical modification. And the stress at the
peak strain increased when the power-on time was more
than 120min. Additionally, after electrochemical treatment,
the peak stress of the HWBM samples all increased. Fur-
thermore, the peak strength, deformation modulus, and
elastic modulus of the HWBM samples were calculated.

Figure 9(a) shows that the peak strength of the samples
increased by 5.89%, 6.86%, 10.79%, 11.40%, 13.41%, and
3.01%, respectively, after electrochemical modification when
the power-on time increased from 1 h to 2 h, 3 h, 4 h, and 6 h
to 9 h. It indicates that the UCS of the HWBM first increased
and then decreased with the increase of power-on time while
the extreme point appeared in the power-on time of 6 h.

Additionally, as shown in Figure 9(b), the deformation
modulus and elastic modulus of the samples also first in-
creased and then decreased. However, the extreme point
appeared in the power-on time of 3 h while the deformation
modulus and elastic modulus of the HWBM receiving the
electrochemical treatment increased by 36.78% and 25.01%,
respectively.

Combined with the variation of the stress-strain curve,
peak strength, deformation modulus, and elastic modulus of
the HWBM samples after electrochemical treatment with
different power-on time and considering the need of en-
gineering practice for the strength and deformation ability of
HWBM, the optimum power-on time of 3 h was selected to
investigate the effect of electrochemical treatment on the
mechanic properties of HWBMs with different W/C.

3.1.3. Effects of Electrochemical Modification on Mechanic
Properties of the HWBMs with Different W/C. Figure 10
shows the stress-strain curves of the HWBM with different
W/C before and after electrochemical modification. It can be
observed that the UCS of HWBMs decreased as the W/C
increased; this result is consistent with previous research
[1, 6]. Additionally, compared with the HWBM samples with
aW/C of 3 :1, the residual strength of the HWBM increased
with the increase of W/C. Meanwhile, the residual strength
of the samples with different W/C all increased after elec-
trochemical modification.

Figure 11 shows the peak strength, deformation mod-
ulus, and elastic modulus of the HWBM samples with
different W/C. It can be seen that the UCS, deformation
modulus, and elastic modulus of the HWBMs all decrease
with the creasing of W/C. However, after electrochemical
treatment, the UCS of the HWBM increased by 10.78%,
7.05%, 9.34%, 16.67%, and 12.41%, respectively as the W/C
increased from 4 :1, 5 :1, 6 : 1, 7 : 1, and 8 :1 while the peak
strength of the samples decreased by 12.51% as theW/C was
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Figure 7: *e change in (a) peak strength and (b) elastic modulus and deformation modulus of samples after electrochemical modification
with different potential gradient.
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3 :1. Additionally, the deformation modulus and elastic
modulus of the HWBMs decreased significantly after re-
ceiving the electrochemical treatment except when the W/C
was 4 :1. It indicates that the electrochemical treatment can
significantly alter the deformation modulus and elastic
modulus of the HWBMs.

*ese results show that the UCS of the HWBMdecreased
when the W/C was 3 :1 while increasing as the W/C was
more than 4 :1. However, the deformation modulus and
elastic modulus decreased with the increase of W/C except
when the W/C was 4 :1. Hence, combined with the result of
Sections 3.1.1 and 3.1.2, it can be found that the electro-
chemical modification can effectively enhance the UCS and
residual strength and alter the plastic deformation capacity
of the HWBMwith differentW/Cwith the potential gradient
of 0.2 V/cm and the power-on time of 3 h.

3.2. Effects of Electrochemical Treatment on the Electrical
Resistivity of HWBMs. *e electrical resistivity has been
applied to evaluate the hydration process and mechanic
properties of the cement based material for many years
[47–50]. *us, in these experiments, the electrical resis-
tivity of the samples was used to study the relationship
between the electrical resistivity and strength in the
HWBM.

As shown in Figure 12, it can be observed that the
electrical resistivity of the HWBM decreased with the in-
crease of the measurement frequency while tending to
stability as the frequency exceeded 50KHz. *is result in-
dicates that lower measurement frequency can lead to the
instability of the test, and this is consistent with a previous
study [49]. *erefore, the measurement frequency of
200 kHz was selected to investigate the effects of
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Figure 8: *e change in the stress-strain curve of the samples after electrochemical modification with different power-on times.
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Figure 9: *e change in (a) the peak strength, (b) elastic modulus, and deformation module of HWBM samples after electrochemical
modification with different power-on times.
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electrochemical modification on the electrical resistivity of
the HWBM.

Figure 13(a) shows the variation of the electrical resis-
tivity of the HWBM after electrochemical modification. It
can be observed that the electrical resistivity of the samples
first increased and then decreased with the increase of the
potential gradient; the extreme point appeared in the po-
tential gradient of 0.2 V/cm. Additionally, as shown in
Figure 13(b), the electrical resistivity of the HWBM also first
increased and then decreased as the power-on time in-
creased from 1h to 9 h, and the extreme point occurred
when the power-on time was 6 h.*ese results are consistent
with the variations of the peak strength shown in
Figures 7(a) and 9(a).

Figure 13(c) shows the variation of the electrical resis-
tivity of the HWBM with different W/C before and after
electrochemical modification. It can be observed that the
electrical resistivity of the HWBM decreased with the in-
crease of the W/C. Additionally, the electrical resistivity of
the HWBM increased after electrochemical modification
except when the W/C was 3 :1.

In summary, the variation of the electrical resistivity of
the HWBM is approximately consistent with the change of
the UCS. *erefore, it can be inferred that there is a positive
correlation between the UCS and electrical resistivity in the
HWBM.

3.3. 2e Correlation between UCS and Electrical Resistivity of
the HWBM. As with the mechanic properties, the electrical
resistivity of rock and soil also is inherently determined by
its chemical composition, pore structure, and particle size.
*us, there is possibly a strong correlation between the
electrical resistivity and mechanical properties of rock and
soil. Furthermore, the electrical resistivity has been

successfully applied to evaluate the mechanic properties of
cement based materials, such as the linear correlation be-
tween the electrical resistivity and compressive strength of
cemented soil and zinc-contaminated soil solidified by ce-
ment [47, 48], the linear correlation between the electrical
resistivity and the void ratio in undisturbed soil [49], the
negative exponential relationship between the apparent
resistivity and UCS in reinforced concrete [50], and the
logarithmic relationship between the electrical resistivity
and UCS in cemented backfill mass [51]. However, there are
no reports demonstrating the correlation between the UCS
and electrical resistivity of HWBMs at present.

Figure 14 shows the relationship between the UCS and
the electrical resistivity of the HWBM. According to the fit
curve and the fitting function as shown in equation (2), it can
be inferred that there is a linear positive correlation between
the UCS and electrical resistivity in the HWBM:

σ � −0.08576 + 0.049252ρ,

R
2

� 87.162%,
(2)

where s is the UCS of the HWBM and ρ is the electrical
resistivity of the HWBM.

However, this correlation is weaker due to the R2 of
87.162％.*us, it is still necessary to carry out a lot of tests to
confirm the correlation and, carry out quantitative char-
acterization of this relationship, and provide the experi-
mental and theoretical basis for the nondestructive testing of
the hydration process and mechanical properties of the
HWBM.

4. Discussion

In this work, the electrochemical modification of the early
age HWBM was performed. And the potential gradient,
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Figure 10: Stress-strain curves of the HWBM samples with different W/C: (a) untreated samples and (b) modified samples.
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power-on time, andW/C were taken as the main variables to
investigate variation in the UCS, deformation modulus,
elastic modulus, and electrical resistivity of the HWBM
under DC electric field. *e experimental results indicated
that the electrochemical action of lower potential gradient
and shorter power-on time can effectively enhance the UCS
and deformation ability of HWBMs, which is consistent with
the result of the electrochemical modification in the fly-ash
cemented filling materials [39]. In addition, there is a
positive correlation between the electrical resistivity and
UCS in HWBMs, which indicates that the electrical resis-
tivity of the HWBMs can evaluate its hydration process and
strength in a certain sense [52].

4.1. Hydration Process of the HWBM. In the HWBM, the
main hydration process in CSA clinker is as in equations (3)

and (4), and the ettringite (3CaO·Al2O3·3CaSO4·32H2O)
and aluminum gel (Al2O3·3H2O) as in equation (3) are
formed when the gypsum is enough [2, 53, 54]:

3CaO · 3Al2O3 · CaSO4 + 2 CaSO4 · 2H2O( +36H2O⟶

3CaO · 3Al2O3 · CaSO4 · 32H2O + 2 Al2O3 · 3H2O( 

(3)

2CaO · SiO2+nH2O⟶ C − S − H + Ca(OH)2 (4)

However, as shown in equation (5), the AFm
(3CaO·Al2O3·CaSO4·12H2O) would be formed when the
gypsum is not sufficient. With the addition of the CaO and
gypsum, additional ettringite will be formed as shown in
equation (6) [2, 53, 54]:
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Figure 11: *e change of elastic module of samples with different W/C after electrochemical modification.
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Figure 13:*e change in electrical resistivity of the HWBM samples after electrochemical modification: (a) potential gradient; (b) power-on
time; and (c) W/C.
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3CaO · 3Al2O3 · CaSO4+18H2O⟶

3CaO · Al2O3 · CaSO4·12H2O + 2 Al2O33H2O( 
(5)

3CaO + Al2O3 · 3H2O + 3 CaSO4 · 2H2O( +23H2O⟶
3CaO · Al2O3·3CaSO4·32H2O

(6)

Meanwhile, the increase of water content of the HWBM
will lead to the increase of water–cement ratio, which further
leads to the microstructure of ettringite be loose and the
strength of HWBMs to decrease. Additionally, the elastic
modulus of the HWBM will decrease. Oppositely, the UCS,
deformation modulus, and elastic modulus of the HWBM
will increase when theW/C decreased as described in Section
3.1.3 [1, 55].

*e above results show that the ion concentration and
water content are important factors affecting the hydration

process in HWBMs.*us, the migration of charged particles
such as ions and polar water molecules will affect the hy-
dration process of HWBMs under the DC electric field,
which will lead to the change of UCS, deformation modulus,
elastic modulus, and electrical resistivity of HWBMs.
*erefore, the influence mechanism of electrochemical
modification on the internal hydration process of HWBMs
needs to be further analyzed and investigated.

4.2. Effects of Electrochemical Modification on the Hydration
Process of the HWBM. As shown in Figure 15, the electric
double layer theory is utilized to explain the effect of
electrokinetic effects on the hydration process of the HWBM
under the direct current electric field [56, 57]. Firstly, under
the DC electric field, the electrokinetic effects, which include
electroosmosis, electrophoresis, and electromigration,
caused the directed migration of charged particles such as
ion, polar water molecule, and other charged particles in the
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Figure 15: A schematic diagram of the migration of internal ions and free water in the HWBM under the electric field.
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HWBM. Under the effect of electrokinetic, polar water
molecules migrate from the anodic region to the cathodic
region and flock together near the cathode electrode. It will
lead to the change ofW/C in the anodic and cathodic regions
of the HWBM samples. Additionally, the negative anion
transfers to the anode region and forms a double layer
structure at the interface between the electrode and the
sample, which leads to the increase of pH value in the anode
region and the increase of sulfate ion and silicate ion content,
promoting the formation of ettringite and aluminum gel,
which promotes the hydration process in the anode region of
HWBMs. On the other hand, in the cathode region, the pH
value decreases, and the accumulation of water dipoles
increases the water–cement ratio and slows down the hy-
dration rate in the cathode region of HWBM samples. *is
process leads to the increase of the strength in the anodic
region and the decrease of the strength in the cathodic region
of the HWBM samples.

However, the formation of ettringite is mainly affected
by ion concentration, temperature, and pH value [58] while
the content and structure of ettringite are important factors
affecting the mechanic properties of HWBMs [1, 55]. Hence,
it can be inferred that with the increase of the potential
gradient and power-on time, the difference of ion con-
centration, water content, and pH value in different regions
of HWBM increases, which leads to the difference of hy-
dration process and hydration product increases in different
regions of HWBM; then, it leads to the mechanic properties
of different regions change. Finally, the mechanic properties
of HWBMs increase first and then decrease with the increase
of the potential gradient and power-on time as described in
Sections 3.1 and 3.2, *is result is consistent with the
previous study in the electrochemical modification of the fly-
ash cemented backfill materials. [39]. Additionally, the order
in which the three factors affect the mechanic properties of
the HWBM is W/C> potential gradient> power-on time.
*erefore, it is very important to determine the appropriate
electrochemical parameters for improving the mechanic
properties of HWBMs in the engineering applications.

Meanwhile, with the increase of the hydration products
and the formation of internal curing structure in the
HWBM, the porosity of HWBMs decreased and a large
number of water molecules exist in the form of crystal water.
And calcium ion, aluminum ion, sulfate ion, and silicate ion
also were involved in the hydration reaction, which leads to
the decreasing of free water content and ion concentration in
the sample. *erefore, with the hydration process, the
electric resistivity and UCS of HWBMs increases, Hence,
there is a positive correlation between the UCS and electric
resistivity of HWBMs.

In summary, under the action of hydration reaction and
electrokinetic effect, the UCS and electric resistivity of
HWBMs show almost the same trend with the variations of
the potential gradient, power-on time, and W/C. *is result
also proves that electrochemical modification is a potential
method to modify the mechanic properties of HWBMs.
However, numerous experiments need to be performed to
investigate the effects of different electrochemical parame-
ters (such as the potential gradient, power-on time, electrode

material, electrolyte type and concentration, and pH value)
on the electrochemical modification efficiency of HWBMs.
Additionally, the effects of electrochemical treatment on the
performance in different regions of HWBM also need to be
explored. Furthermore, the electrochemical modified
mechanism of HWBMs also needs to be further explored,
which can provide a laboratory test and theoretical basis for
promoting the engineering application of HWBMs.

4.3. Potential Application of Electrochemical Treatment in the
High Water Backfill Materials. Combined with previous
studies [39, 41, 42] and this work, it can be found that the
electrochemical method is a potential technology for en-
hancing the performance of HWBM. Nevertheless, there are
many problems that have to be solved before the engineering
application. For example, the electrochemical modification
mechanism of HWBMs is not clear at present, and the
influence of different electrochemical parameters on the
performance of HWBM in different regions still needs to be
analyzed and explored through a large number of experi-
ments to improve electrochemical modification efficiency
and reduce energy consumption. In addition, for further
reducing the filling cost, electrochemical modification of
HWBM incorporated with solid waste (such as coal gangue
and fly ash) also need to be investigated in the future,
Meanwhile, before the practical engineering application of
electrochemical modification in filling mining, there are
many technology problems that also need to be studied in
the future, for example, the selection of electrochemical
modification equipment in large scale engineering site, the
selection of electrode materials and other electrochemical
parameters, arrangement mode of the electrode, the safety
evaluation in engineering application of electrochemical
modification of HWBMs, and the evaluation of modification
efficiency and stability in practical application. Additionally,
the inhomogeneity of the mechanic properties of the
HWBMs after electrochemical treatment and its mechanism
also need to be further investigated and solved.

5. Conclusions

In this paper, a series of experiments on electrochemical
modification of the early age HWBMs were performed and
also the influence of potential gradient and power-on time
on electrochemical modification efficiency of HWBM and
the effects of electrochemical modification on mechanic
properties of HWBM with different W/C. *e main con-
clusions are as follows:

(1) As the potential gradient increases, the UCS, de-
formation modulus, and elastic modulus of the
HWBM first increased and then decreased after
electrochemical modification. *e extreme points
appeared at the potential gradient of 0.2 V/cm. *ey
indicate that the potential gradient of 0.2 V/cm can
effectively enhance the strength, deformation mod-
ulus, and elastic modulus of the HWBMs.

(2) With the increase of power-on time, the UCS, de-
formation modulus, and elastic modulus of HWBMs
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also first increased and then decreased after elec-
trochemical modification. However, the peak point
of UCS occurred in the power-on time of 6 h while
the peak points of deformation modulus and elastic
modulus occurred in the power-on time of 3 h.

(3) With the increase of the W/C, the UCS of the
HWBM increased obviously after electrochemical
modification except when the W/C was 3 :1. How-
ever, the deformation modulus and elastic modulus
of the HWBMs decreased except when the W/C was
4 :1. Hence, the electrochemical technology is a
potential method to alter the mechanic properties of
the HWBMs in engineering application.

(4) *ere is a linear positive correlation between the
UCS and electrical resistivity in the HWBM. But a
number of experiments still should be performed to
confirm this correlation and explore its mechanism.
It indicates that the electrical resistivity of HWBM is
a potential parameter for evaluating its compressive
strength.

Data Availability
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generated or used during the study are available from the
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163.com.).

Additional Points

(1) A novel method for modifying the strength and electrical
resistivity of the HWBM by electrochemical treatment was
proposed. (2) Influences of the potential gradient and
power-on time on the modified effects of HWBM were
studied. (3)*e effect of electrochemical modification on the
mechanical properties and electrical resistivity of HWBMs
with different W/C was studied. (4) *e positive correlation
between electrical resistivity and UCS of HWBMs was
performed.
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