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Abstract: CaCl,-6H,O/expanded vermiculite shape stabilized phase change materials (CEV) was prepared by atmospheric impregnation
method. Using gold mine tailings as aggregate of cemented paste backfill (CPB) material, the CPB with CEV added was prepared, and the spe-
cific heat capacity, thermal conductivity, and uniaxial compressive strength (UCS) of CPB with different cement—tailing ratios and CEV addi-
tion ratios were tested, the influence of the above variables on the thermal and mechanical properties of CPB was analyzed. The results show
that the maximum encapsulation capacity of expanded vermiculite for CaCl,-6H,0 is about 60%, and the melting and solidification enthalpies
of CEV can reach 98.87 J/g and 97.56 J/g, respectively. For the CPB without CEV, the specific heat capacity, thermal conductivity, and UCS
decrease with the decrease of cement—tailing ratio. For the CPB with CEV added, with the increase of CEV addition ratio, the specific heat ca-
pacity increases significantly, and the sensible heat storage capacity and latent heat storage capacity can be increased by at least 10.74% and
218.97% respectively after adding 12% CEV. However, the addition of CEV leads to the increase of pores, and the thermal conductivity and
UCS both decrease with the increase of CEV addition. When cement—tailing ratio is 1:8 and 6%, 9%, and 12% of CEV are added, the 28-days
UCS of CPB is less than 1 MPa. Considering the heat storage capacity and cost price of backfill, the recommended proportion scheme of CPB
material presents cement—tailing ratio of 1:6 and 12% CEV, and the most recommended heat storage/release temperature cycle range of CPB
with added CEV is from 20 to 40°C. This work can provide theoretical basis for the utilization of heat storage backfill in green mines.

Keywords: CaCl,-6H,0O/expanded vermiculite; shape stabilized phase change materials; cemented paste backfill; thermal property; mechan-
ical property

1. Introduction

With the resource exhaustion of surface and shallow
mines, deep mining has become an essential key technology
[1]. However, a large number of tailings and solid wastes will
be produced in the process of deep mining. In addition, the
two first-level indicators of comprehensive utilization of
mine resources and energy saving and emission reduction oc-
cupy an important position in the latest “Green Mine Evalu-
ation Indicators”, mainly including the disposal of solid
waste and the utilization of geothermal resources [2—3]. The
heat storage backfill technology is based on traditional ce-
mented paste backfill (CPB), adding a certain proportion of
shape stable phase change material (SSPCM) to replace some
aggregates to form CPB with high heat storage capacity, this
not only reuses solid wastes, but also can store the heat,
which can be extracted for domestic hot water or air-condi-
tioning equipment by pre-buried heat collection pipeline
[4—6]. Therefore, it is crucial to clarify the properties of CPB
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and SSPCM in the field of heat storage backfill technology.
The SSPCM is a kind of phase change medium between
solid—solid and solid-liquid phase change materials (PCM),
and it can keep PCM from leaking [7-8]. Porous carrier ma-
terials can absorb PCM because of their high specific surface
area and abundant pore structure, such as expanded vermi-
culite [9], expanded perlite [10], diatomite [11], etc. Among
them, the excellent porous layered structure of expanded ver-
miculite can ensure that PCM is well embedded in it by at-
mospheric impregnation method, and the preparation pro-
cess is simple, which is more suitable for large-scale applica-
tion in CPB [12]. However, the PCM absorbed in the porous
carrier materials needs to meet the temperature conditions
where the CPB is located. It is found that the mine resources
with mining depth of 1000 m will face the surrounding rock
temperature above 45°C [13-14]. The CaCl,-6H,0 is pre-
ferred because of its lower price, suitable phase change tem-
perature, and high thermal storage performance to meet the
thermal storage cycle conditions of medium-deep mines [15].
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Therefore, it is necessary to study the application range of
SSPCM in CPB.

At present, many scholars focused on the improvement
and characteristics of CPB mechanical properties[16-22].
For example, Zhou et al. [17-18] studied the influence of un-
derground mine water on the mechanical properties of CPB,
and the results showed that the uniaxial compressive strength
(UCS) of CPB would be rapidly reduced by soaking and dry-
ing—wetting cycle. Besides, it was also found that the mech-
anical properties of CPB could be greatly increased by
adding 1% glass fibers with the length of 6 mm. Wang et al.
[22] explored the mechanical properties of layered CPB with
different structural characteristics based on cementtailing
ratio, and found that the mechanical properties of CPB de-
creased with the decrease of cement—tailing ratio. However,
the heat storage/release performance of CPB is closely re-
lated to its own thermal properties, but there are few studies
on the thermal properties of CPB at present. Because the ma-
terial of CPB is similar to that of concrete in building in-
dustry, it is found that many scholars have studied the con-
crete added with SSPCM [23-30]. For example, Shen ef al.
[23] and Ren et al. [24] found that SSPCM can improve the
heat storage capacity of concrete, but its thermal conductiv-
ity and UCS decreased significantly. Chen ef al. [27] invest-
igated that the particle size and addition amount of SSPCM
have great influence on the internal temperature of concrete.
Mobhseni et al. [29] found that phase change concrete did not
lose UCS after repeated thermal cycles, and the concrete ad-
ded with SSPCM had good thermal stability. Zhu et al. [30]
studied that the porosity of concrete with SSPCM was lin-
early related to water-cement ratio, and with the increase of
SSPCM, the porosity of concrete with higher water-cement
ratio increased more slowly than that of concrete with lower
water-cement ratio.

The above literatures can provide the reference for adding
SSPCM into CPB to improve its thermal property. More im-
portantly, the mechanical and thermal properties of CPB with
SSPCM are the basis for implementing heat storage backfill
technology. However, there are few systematic studies on the
adaptation of CPB with SSPCM to deep mine environment
and the heat storage capacity of CPB in the phase change and
non-phase change process of SSPCM. Based on the gaps of
the above research, CaCl,-6H,O/expanded vermiculite shape
stabilized phase change materials (CEV), which is easy to be
industrialized, was prepared by atmospheric impregnation
method, and CEV was added into the tailings-based CPB by
direct addition method. The thermal and mechanical proper-
ties of CPB with different cement-tailing ratios and CEV ad-
dition ratios were tested and analyzed. Furthermore, based on
test results, the optimal proportion scheme and heat
storage/release temperature cycle range of CPB added with
CEV was comprehensively determined. This study can
provide more options for SSPCM applied to the deep mine
environment, and provide a theoretical basis for the collabor-
ative optimization of mechanical and thermal properties of
CPB with SSPCM.

2. Experimental
2.1. Materials

In this experiment, anhydrous calcium chloride (CaCl,)
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) was used to prepare CEV, and strontium chloride
hexahydrate (SrCl,-6H,0, AR) from Xilong Scientific Co.,
Ltd. (Guangdong, China) was selected as an excellent nucle-
ating agent to reduce the supercooling of CaCl,-6H,0 [10].
Tailings were supplied by a gold mine in Meixian Country,
Shaanxi, China. The chemical composition and particle size
distribution of tailings was tested by an X-ray fluorescence
spectrometer and a laser particle size scanner, and the results
are shown in Table S1 and Fig. S1, respectively. Expanded
vermiculite (2040 mesh) was purchased from JingHang
Mine Co., Ltd. (Hebei, China), and its particle size distribu-
tion curve is shown in Fig. S2. Portland cement (P.O 42.5), as
the binder of CPB, was based on China’s cement strength
classification (GB175-2007-Portland cement), and its main
chemical composition is given in Table S2. Tap water was
used to mix the tailings, CEV, and cement to obtain CPB

slurry.

2.2. Preparation

The 102.8 g of CaCl, and 4.06 g 2wt%) of SrCl,-6H,0
were put into 100 g distilled water and stirred until com-
pletely dissolved, and then stored in the freezer. The expan-
ded vermiculite dried at 105°C for 24 h was put into the
melted CaCl,-6H,0 in a 50°C oven. The expanded vermi-
culite as porous carrier material can alleviate the influence of
PCM liquefaction on the UCS of CPB. The composites were
stirred for 5 min to make expanded vermiculite evenly dis-
tributed in the melted CaCl,-6H,0, and then put into a 50°C
oven for 4 h. Excess liquid CaCl,-6H,0 was filtered out with
filter paper, and CEV was obtained finally. The leakage test
was as follows: the obtained CEV was put into a 50°C oven,
and the filter paper was replaced until there was no liquid
trace on the filter paper and the mass change of CEV was less
than 1%. The prepared CEV was stored in the freezer. The
preparation process of CEV is shown in Fig. S3.

The CEV prepared above was used to replace part of the
tailings by direct addition method to prepare the CPB speci-
mens with slurry content of 70wt%. Firstly, a certain quality
of cement, tailings, and CEV were put into the stirring pot for
premixing. After that, a certain quality of tap water was put
into the stirring pot, and then the automatic mixing mode of
the cement mortar stirrer was open. When the mixing was
over, the CPB slurry was poured into the cylindrical standard
mold (diameter, d = 50 mm; height, # = 100 mm) with the in-
ner surface pre-coated with mineral oil and cured for 24 h,
and then the mold was removed. Formed specimens were put
into hws-80 model standard curing box (temperature of (20 +
2)°C, humidity of (95 + 1)%) for 28 d. The proportion
schemes of CPB are shown in Table 1. The preparation pro-
cess and test flow of CPB are shown in Fig. 1.
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Table 1. Proportion schemes of CPB
Cement— Ratio Of.CEV Cement/ Tailings/ CEV/
Group 4 iling ratio _°P12¢In2 g g g
tailings / %
A0 0 280.0 0.0
A3 3 271.6 8.4
A6 1:4 6 70 263.2 16.8
A9 9 254.8 252
Al2 12 246.4 33.6
BO 0 300.0 0.0
B3 3 291.0 9.0
B6 1:6 6 50 282.0 18.0
B9 9 273.0 27.0
B12 12 264.0 36.0
Cco 0 311.0 0.0
C3 3 301.7 9.3
Cé6 1:8 6 39 292.3 18.7
c9 9 283.0 28.0
C12 12 273.7 373

Note: The cement—tailing ratio and slurry content were selected
according to the conventional proportion in mining industry. The
addition ratio of CEV was selected by referring to the addition of
phase change materials in building walls [30] and combining
with our previous research [31].

2.3. Test methods

The phase change enthalpy and specific heat capacity
were tested by differential scanning calorimetry (DSC,
DSC250, TA Instrument Inc., USA). The test procedure of
DSC was as follows: 8—10 mg of specimens were sealed in
an aluminum pan, and the test was conducted at a ramping
rate of 3°C/min under N, gas atmosphere over the temperat-
ure range of 5-50°C. The thermal conductivity of specimens
was tested by the transient plane source method using a
thermal constant analyzer (TPS2500S, Hot Disk Inc.,
Sweden) with the test range of 0.005-500 W/(m-°C). In this
test, two disc-shaped specimens with diameter of 50 mm and
thickness of 10 mm were polished with 120 meshes coarse
sandpaper firstly, and then were polished with 400 meshes

Int. J. Miner. Metall. Mater., Vol. 30, No. 2, Feb. 2023

medium-grained sandpaper and 1000 meshes fine sandpaper
successively to ensure the smoothness of contact surfaces
between two specimens where the probe was placed. The
UCS of specimens was tested by MTS electronic universal
testing machine (C43.504, MTS Systems Co., Ltd, USA).
The test stress rate was 0.500 MPa/s, the test strain rate was
0.0001 s', the test speed was 1.000 mm/min, and the test
temperature was 20°C. The microscopic morphology of CPB
with a magnification of 500x was tested with a scanning
electron microscope (SEM, JSM-6460LV JEOL, USA), and
the porosity of CPB can be obtained by quantitative analysis
of SEM images by Imagel].

The maximum encapsulation capacity (#%) can be calcu-
lated by Egs. (1) and (2) [32—33]. Then, the calculation result
of Eq. (1) on the maximum encapsulation capacity of expan-
ded vermiculite for CaCl,-6H,0 is verified by Eq. (2). If the
calculation results of Egs. (1) and (2) are close, the maxim-
um encapsulation capacity can be determined.

Mcgy — Mgy

Wlo=——— 1
’ Mcev &
L
W% = ——<EV )
Lecacy, 61,0

where mcgy is the mass of prepared CEV, g; mgy is the mass
of expanded vermiculite before atmospheric impregnation, g;
Lcgy is the latent heat of CEV, J/g; Lcaci,6m,0 15 the latent
heat of CaCl,-6H,0, J/g.

When the temperature of SSPCM is in the phase change
temperature range, the CPB added with SSPCM will accu-
mulate heat in the form of latent heat. Therefore, it is neces-
sary to use the effective specific heat capacity to represent the
heat storage capacity of CPB in the phase change temperat-
ure range, and the larger the effective specific heat capacity
of CPB in the phase change temperature range, the stronger
the latent heat storage capacity of CPB. The effective specif-
ic heat capacity can be considered as the average specific heat
capacity of the CPB added with CEV in the phase change
temperature range, as shown in Fig. S4, which can be calcu-
lated by Eq. (3) [34]:

9

Tailings

Put into

CEV CPB slurry

' Pour into Curing
) Stirring the mold Demouldmg the box for 28 days
Cement > » -

Cylindrical standard mold Formed specimens

Standard curing box CPB specimens

(b)

3 m
il BV¥

TPS2500S HotDisk DSC 250

JEOL SEM MTS electronic universal testing machine

Fig. 1. Preparation process (a) and test flow (b) of CPB.
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cy= 20 3)

Imax — Imin
where ¢ is the effective specific heat capacity of the CPB
with CEV, J/(g-°C); Ah is the effective specific enthalpy of
CPB with CEV at the fluctuation interval of phase change
temperature, J/g; tmax and fy;, are maximum and minimum
phase change temperature fluctuations,°C.

3. Results and discussion

3.1. Thermal performance and the maximum encapsula-
tion capacity of CEV

Fig. 2 shows that the trends of exothermic peaks and en-
dothermic peaks for DSC curves of CaCl,-6H,O and CEV
are basically the same, which indicates that expanded vermi-
culite can adsorb CaCl,-6H,0O by atmospheric impregnation
method. It can be seen from Table 2 that melting and solidi-
fying temperatures of CEV are 30.20°C and 22.07°C, which
are similar to those of CaCl,-6H,0, and the melting and so-
lidifying enthalpies of CEV are 98.87 J/g and 97.56 J/g, re-
spectively. Therefore, the CEV prepared in this paper has
good heat storage/release performance.

2.5
20k . CaCl,-6H,0
sl —— CEV
ﬁ?‘) 1.0 b Exothermic process
2 05
s 0
=]
= -0.5
S
jan

1.0+
—-15F
2.0 F

72.5 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Temperature / °C

Fig.2. DSC curves of CaCl,-6H,0 and CEV.

Endothermic process

It can be seen from Table 3 that the maximum encapsula-
tion capacity calculated by Eq. (1) is basically the same with
that calculated by Eq. (2), so it can be determined that the
maximum encapsulation capacity is about 60%. In the pro-
cess of preparing CEV, the leakage test was carried out re-
peatedly, so it can also be confirmed that the layered porous
structure of expanded vermiculite can adsorb CaCl,-6H,0
well.

Table 2. Thermal performance parameters of CaCl,:6H,0 and CEV

Sampl Melting process Solidifying process
ampe Melting temperature / °C Latent heat/ (J-g") Solidifying temperature / °C Latent heat / (J-g™")
CaCl,-6H,0 30.35 163.59 22.35 162.87
CEV 30.20 98.87 22.07 97.56

Table 3. Maximum encapsulation capacity of CEV

Calculation basis Test results

Maximum encapsulation capacity / %

Eq. (1)
Eq. (2)

Mgy = 1.00 g, MmCcev = 2.55 g
Lcgy = 98.87 J/g, LCaClz-6H20 =163.59 J/g

60.78
60.44

3.2. Analysis of influencing factors for specific heat capa-
city of CPB

3.2.1. cement—tailing ratio on specific heat capacity of CPB
Fig. 3 shows that the specific heat capacity of CPB in-
creases linearly with the increase of temperature. When the
temperature increases from 10 to 50°C, for CPB with ce-
ment—tailing ratio of 1:4, 1:6, and 1:8, the specific heat capa-
city increases from 1.100 to 1.153 J/(g-°C), from 1.023 to
1.081 J/(g:°C), and from 0.942 to 0.988 J/(g-°C), respect-
ively, with increase by about 4.54%, 5.44%, and 4.67% suc-
cessively. The average growth rate is 4.88%. In addition,
Fig. 3 also shows that the specific heat capacity decreases ac-
cordingly with the decrease of cement—tailing ratio. When the
temperature is 20°C, as the cement—tailing ratio decreases
from 1:4 to 1:6, and then to 1:8, the specific heat capacity de-
creases from 1.114 to 1.039 J/(g-°C), and then to 0.954
J/(g-°C), with decrease by 6.75% and 8.22% successively.
According to the analysis, with the decrease of cement—tail-
ing ratio, the cement content is decreased, the gel generated
by hydration reaction is reduced, and the cementitious de-

gree of the tailings-based CPB is also reduced accordingly. In
tailings-based CPB, the amount of gel produced is one of the
key factors in the compactness of CPB [35], so the internal
structure of CPB formed by curing has more pores and the
specific heat capacity is smaller. Therefore, the sensible heat

1.16

112 /
1.08 |
1.04 /

Specific heat capacity / (J-g™'-°C™)

1.00 -
0.96 14
— 16
0.92 ) )  — 18
10 20 30 40 50

Temperature / °C

Fig. 3. Specific heat capacity with temperature for CPB at
different cement-tailing ratios.
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storage capacity of CPB can be improved by the increase of
cement—tailing ratio.
3.2.2. CEV addition ratio on specific heat capacity of CPB
Fig. 4 and Fig. S5 show the specific heat capacity with
temperature for CPB with different CEV addition ratios.
Compared to the linear increase in specific heat capacity with
temperature for CPB without CEV addition in Fig. 3, Fig. 4
shows that no matter how many ratios of CEV is added, the
specific heat capacity has a great jump when the temperature
reaches the phase change temperature range of the added
CEV. According to the analysis, when CEV is added to CPB,
as the temperature rises to the phase change temperature of
CaCl,-6H,0, the CaCl,-6H,O absorbs heat and transforms
from solid to liquid, resulting in phase change latent heat
storage. With the temperature continuing to rise, CaCl,-6H,0
is completely transformed into liquid, and the phase change
latent heat storage is completed at this time [36]. Therefore,
the specific heat capacity of CPB with CEV added has a
big jump.

6.5

6.0+
@)

—— A0

& 55¢ — A3

w50l —— A6

0 — i?z
40}

35+
3.0+
25+
20+
15}
1.0F

05 L L L
10 20 30 40 50

Temperature / °C

~1

Specific heat capacity / (J

Fig. 4. Specific heat capacity of CPB with temperature under
different CEV addition ratios with cement-tailing ratio of 1:4.

3.2.3. CEV addition ratio on specific heat capacity of CPB
at phase change temperature range

It can be seen from Fig. 4 that CPB added with CEV
presents a peak around the CEV phase change temperature of
20-40°C, so the concept of effective specific heat capacity is
considered to analyze the latent heat storage capacity of CPB
added with CEV. Fig. 5 shows that the effective specific heat
capacity increases obviously with the increase of CEV addi-
tion ratio. When CPB is at the phase change temperature
range and the cement—tailing ratio is 1:6, the effective specif-
ic heat capacity is 1.737, 2.189, 2.678, and 3.612 J/(g-°C) re-
spectively for 3%, 6%, 9%, and 12% CEV added, with in-
crease by 64.80%, 107.58%, 154.01%, and 242.57% suc-
cessively compared with that without CEV (1.054 J/(g-°C)).
In the phase change temperature range, the effective specific
heat capacity of CPB can significantly be increased by
adding CEV. According to the analysis, with the increase of
the ratio of CEV added to the CPB, more CEV undergoes
phase change latent heat, which can stores more heat due to
the properties of SSPCM [15,37]. At this time, the increase of
specific heat capacity of CPB mainly depends on the latent
heat stored by CEV. Obviously, the increase of effective spe-

Int. J. Miner. Metall. Mater., Vol. 30, No. 2, Feb. 2023

cific heat capacity is beneficial to the thermal storage of CPB
in phase change temperature range. Compared with the re-
search of Jin et al. [38], the specific heat capacity of CPB
with 12% CEV prepared in this paper can be increased by
2.25 times in the phase change temperature range, which has
higher heat storage capacity.

3.8
35+
32
29+
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Effective specific heat capacity /
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Fig. 5. Effective specific heat capacity of CPB with different
CEV addition ratios at the phase change temperature range.

Fig. 5 also shows that the effective specific heat capacity
of CPB increases with the decrease of cement—tailing ratio at
the same CEV addition ratio, which is contrary to the law that
the specific heat capacity of CPB without CEV decreases
with the decrease of cement-sand ratio, so the specific heat
capacity of CPB with 3% CEV is different from that of CPB
without CEV. According to the analysis, with the decrease of
cement-tailing ratio, the tailings content is relatively in-
creased, so the addition of CEV instead of tailings will be
correspondingly increased. At this time, the increase in the
specific heat capacity of CPB is mainly due to the latent heat
storage of CEV, while the increase in sensible heat capacity
could be negligible with the increase of cement—tailing ratio
in the case of latent heat storage occurring in CEV.

3.2.4. CEV addition ratio on specific heat capacity of CPB
at non-phase change temperature

Fig. 6 shows that the specific heat capacity of CPB in-
creases with the increase of CEV addition ratio, but the de-
gree of increase is smaller. When the temperature is 15°C, at

1.24
—e— 14 ®
TS 120 F —a—1:6 /
T S //
o —
-
; 112k ./ ‘/A
.‘:g 1.08 - //
Q.
S L04F , /
2 100} —
.L‘lE) ./
§_ 0.96 + —
n 0.92 L L L L L
0 3 6 9 12
CEV addition ratio / %

Fig. 6. Specific heat capacity of CPB with different CEV ad-
dition ratios at non-phase change temperature.
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the cement—tailing ratio of 1:6, the specific heat capacities of
CPB are 1.079, 1.094, 1.144, and 1.178 J/(g-°C) respectively
for 3%, 6%, 9%, and 12% CEV added, which are increased
by 4.69%, 6.11%, 10.95%, and 14.24% successively com-
pared with that without CEV (the value is 1.031 J/(g-°C)).
According to the analysis, the specific heat capacity of CEV
prepared in this experiment can reach 1.583 J/(g-°C) when it
does not reach the phase change temperature (15°C), thus it
can be seen that the specific heat capacity of the whole CPB
can be improved by adding CEV with high specific heat ca-
pacity, namely, the addition of CEV increases the sensible
heat storage capacity of CPB to a certain extent.

3.3. Analysis of influencing factors for thermal conduct-
ivity of CPB

3.3.1. cement—tailing ratio on thermal conductivity of CPB

Fig. 7 shows that thermal conductivity decreases accord-
ingly with the decrease of cement—tailing ratio. As the ce-
ment—tailing ratio decreases from 1:4 to 1:6, and then to 1:8,
the thermal conductivity decreases from 0.834 to 0.717
W/(m-°C), and then to 0.622 W/(m-°C), which are decreased
by 14.02% and 13.28% successively. According to the ana-
lysis, the cement plays an important role on the cementitious
effect of CPB. The less the cement content, the worse the ce-
mentitious effect of CPB, and the more and larger the intern-
al pores of CPB [31]. The pores are filled with air and the
thermal conductivity of the air (0.024 W/(m-°C)) is relat-
ively low [39], so the thermal conductivity decreases with the
decrease of cement—tailing ratio.
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Fig. 7. Thermal conductivity of CPB without CEV at differ-
ent cement-tailing ratios.

3.3.2. CEV addition ratio on thermal conductivity of CPB
Fig. 8 shows that the thermal conductivity of CPB de-
creases accordingly with the increase of CEV addition ratio.
At the cement—tailing ratio of 1:6, the thermal conductivity
values of CPB are 0.679, 0.632, 0.621, and 0.600 W/(m-°C)
respectively for 3%, 6%, 9%, and 12% CEV added, which
are decreased by 5.39%, 11.88%, 13.49%, and 16.35% suc-
cessively compared with that without CEV (the value is
0.717 W/(m-°C)). The thermal conductivity of CPB de-
creases with the increase of CEV addition ratio, but the de-
crease degree has no obvious rule. According to the analysis,
with the increase of CEV addition ratio, there are more pores
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Fig. 8. Thermal conductivity of CPB with different CEV ad-
dition ratios.

in CPB, and expanded vermiculite, as a porous carrier mater-
ial in CEV, has a large number of layered pores inside [40].
In Section 3.1, it is found that the maximum encapsulation
capacity is about 60%, so there are still some layered pores
which are not filled with CaCl, 6H,0, resulting in lower
thermal conductivity of the SSPCM [9,41]. Under the com-
bined action of the above two factors, the thermal conductiv-
ity will decrease with the increase of CEV addition ratio. The
improvement of thermal conductivity for CPB added with
SSPCM will become an important research direction of
backfill technology in the future. On the one hand, high
thermal conductivity materials, such as waste metal dross
during the production process, can be added to CPB to make
up for the reduction of thermal conductivity caused by the
addition of SSPCM. On the other hand, a small amount of
nano-metal can be added in the process of preparing SSPCM
to fill the pores of the porous carrier material and reduce the
pores, thereby increasing the thermal conductivity of SSP-
CM itself.
3.3.3. Temperature on thermal conductivity of CPB

Fig. 9 shows that the thermal conductivity of CPB is posit-
ively correlated with temperature. When the temperatures are
20, 30, and 40°C, the thermal conductivities of CPB without
CEV are 0.717, 0.736, and 0.752 W/(m-°C), and the thermal
conductivities of specimens with 6% and 12% CEV added
are 0.632, 0.641, and 0.657 W/(m-°C) and 0.600, 0.616, and
0.633 W/(m-°C). When the temperature increases from 20 to
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Fig. 9. Thermal conductivity of CPB with different temperat-
ures at cement-tailing ratio of 1:6.
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40°C, the thermal conductivity of CPB without CEV, with
6% CEV, and 12% CEV increases by 4.78%, 3.91%, and
5.53%, respectively. According to the analysis, the rise of
temperature will accelerate the thermal movement of mo-
lecules in CPB, and promote the heat conduction of solid ag-
gregate and the heat convection of air in the pores of CPB
and CEV; therefore, the thermal conductivity of CPB in-
creases with the increase of temperature.

3.4. Analysis of influencing factors for UCS of CPB

3.4.1. cement—tailing ratio on UCS of CPB

Fig. 10 shows that the UCS of CPB decreases accordingly
with the decrease of cement—tailing ratio. As the cement—tail-
ing ratio decreases from 1:4 to 1:6, and then to 1:8, the UCS
of CPB without CEV decreases from 3.20 to 1.75 MPa, and
then to 1.23 MPa, which are decreased by 45.26% and
29.81% successively. According to the analysis, with the de-
crease of cement—tailing ratio, the cement content with ce-
mentitious effect is decreased. The worse the cementitious
effect, the more and larger the internal pores in CPB [42—43],
which leads to the decrease of UCS of CPB with decreasing
cement—tailing ratio.
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Fig. 10. UCS of CPB without CEV at different cement-tailing
ratios.

Fig. 11 shows that there is also a law that the UCS de-
creases with the decrease of cement—tailing ratio for CPB
with CEV added. As the cement—tailing ratio decreases from
1:4 to 1:6, and then to 1:8, the UCS of CPB with 3% CEV
added decreases from 2.38 to 1.47 MPa, and then to 1.11
MPa, which are decreased by 38.01% and 24.44% success-
ively. The figure also shows that the UCS values of CPB with
3% CEV added decrease by 25.73%, 15.88%, and 16.38%
respectively for cement—tailing ratios of 1:4, 1:6, and 1:8
compared with that without CEV. It can be seen that the ad-
dition of CEV obviously decreases the UCS of CPB. Ac-
cording to the analysis, the physical properties of CEV itself
determine that its strength is lower than that of common CPB
[33,44]. Although expanded vermiculite has absorbed
enough CaCl,-6H,0, there are still pores inside it, and the ad-
dition of CEV to CPB will also cause extra pores, which fur-
ther decreases the UCS of CPB.

3.4.2. CEV addition ratio on UCS of CPB
Fig. 12 shows that the UCS of CPB decreases accordingly
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Fig. 11. UCS of CPB with 3% CEYV added.

with the increase of CEV addition ratio. At the cement-—tail-
ing ratio of 1:6, the UCS of specimens are 1.47, 1.39, 1.28,
and 1.24 MPa respectively for 3%, 6%, 9%, and 12% CEV
added, which are decreased by 15.88%, 20.73%, 26.84%,
and 29.47% successively compared with that without CEV
(the value is 1.75 MPa). According to the analysis, the addi-
tion of more CEV will accelerate the formation of internal
pores, so the UCS of CPB decreases with the increase of
CEV addition ratio [45]. Comparing the UCS of CPB with
the same CEV addition ratio, it can be seen that the UCS in-
creases with the increase of cement—tailing ratio, so the in-
crease of cement-tailing ratio can properly improve the
weakening effect of CEV addition on UCS of CPB.
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Fig. 12. UCS of CPB with different CEV addition ratios.

3.5. Relationship between porosity and properties of
CPB

As shown in Fig. 13 and Fig. 14, the UCS and thermal
conductivity of CPB are negatively correlated with porosity,
and the porosity also increases with the decrease of
cement-tailing ratio and with the increase of CEV addition
ratio. The UCS and thermal conductivity of CPB are non-lin-
early proportional to the porosity at different cement—tailing
ratios, however, the UCS and thermal conductivity of CPB
are linearly proportional to the porosity at different CEV ad-
dition ratios. When considering the relationship between
porosity and specific heat capacity, CPB with lower
cement-tailing ratio without CEV addition is interfered by
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porosity. However, the increase in specific heat capacity of
CPB with added CEV is mainly due to CEV, so the increase
in porosity and consequently the decrease in specific heat ca-
pacity due to the addition of CEV is negligible in the face of
the increase in specific heat capacity due to heat storage by
CEV. The microscopic morphology (porosity) of CPB is of
great significance to explain the mechanical and thermal
properties at different cement—tailing ratios and different
CEV addition ratios.
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Fig. 13. Relationship between porosity and UCS and thermal

conductivity with different cement-tailing ratios.
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Fig. 14. Relationship between porosity and UCS and thermal
conductivity with different CEV addition ratios and cement-
tailing ratio of 1:6.

3.6. Comprehensive analysis of test results of CPB

According to the above analysis, considering proportion
schemes of CPB based on different cement—tailing ratios and
different CEV addition ratios, it is necessary to give priority
to meet the mechanical properties of CPB required by the
backfill mining technology, and then consider its better
thermal properties and less cost price.

For metal ore backfill mining, the 28-days UCS of CPB
must be greater than 1.0 MPa [46]. As shown in Fig. 12, the
three proportion schemes (cement—tailing ratio is 1:8 and 6%,
9%, and 12% of CEV are added) should be discarded for
metal ore backfill mining. Therefore, when considering the
thermal properties, the case of adding CEV for cement—tail-
ing ratios of 1:4 and 1:6 is only considered. To meet the high
heat storage capacity of CPB needed by heat storage backfill

technology, it is necessary to select the proportion schemes
from high-added CEV. Fig. 15 shows that considering the
thermal conductivity, when the cement—tailing ratios are 1:4
and 1: 6, the thermal conductivities of CPB with 9% and 12%
CEV differ only 2.09% and 3.42%, respectively. Consider-
ing the specific heat capacity, it can be found that when the
cement—tailing ratios are 1:4 and 1:6, the specific heat capa-
cities of CPB with 9% CEV and 12% CEV are not much dif-
ferent in the phase change temperature range and the non-
phase change temperature. However, compared with CPB
added with 9% CEV, the latent heat storage capacity and
sensible heat storage capacity of CPB with 12% CEV are at
least 34.86% and 2.97% higher, respectively. Moreover, the
latent heat storage has higher heat density and higher growth
rate (34.86%), which should be considered as the leading in-
dex of heat storage performance. The cement consumption
has a great influence on the cost and economic performance
of CPB, and a slight reduction in cement will lead to substan-
tial savings in the operating costs of CPB plants [47]. Mean-
time, the addition of CEV increases the initial investment of
CPB, but it still has a good economic efficiency in the pro-
cess of long-term heat extraction [48]. Therefore, the CPB
with the CEV addition ratio of 12% and with the
cement-tailing ratio of 1:6 has higher heat storage capacity
and meets the mechanical properties of CPB, combined with
the cost control considerations, and this proportion scheme of
CPB is recommended.
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Fig. 15. Comprehensive analysis of CPB with cement-tailing
ratios of 1:4 and 1:6.

In the process of thermal performance analysis, it is also
found that, as shown in Fig. 4, the specific heat capacity of
CPB with CEV addition has a large increase in the range of
20—40°C, and the phase change process of CEV can be used
for latent heat storage. Fig. 15 shows that the addition of
CEV can not only increase the sensible heat storage capacity
of CPB, but also increase the latent heat storage capacity of
CPB. Fig. 9 shows that the thermal conductivity of CPB in-
creases with the temperature in the range of 20-40°C. There-
fore, based on the thermal performance test results, it is re-
commended that the heat storage/release temperature cycle
range of CPB with CEV added is from 20 to 40°C in this
study.
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4. Conclusions

In this paper, the CEV was prepared by atmospheric im-
pregnation method, and the CPB specimens with different
cement-tailing ratios and different CEV addition ratios were
prepared by direct addition method. The thermal perform-
ance of CEV and the thermal properties and mechanical
properties of CPB specimens were tested. The main conclu-
sions are as follows:

(1) The melting and solidification enthalpies of CEV can
reach 98.87 J/g and 97.56 J/g, respectively, which has good
heat storage/heat release performance.

(2) The specific heat capacity of CPB without CEV in-
creases with the increase of temperature, and the average
growth rate is 4.88% when the temperature increases from 10
to 50°C. The specific heat capacity of CPB without CEV de-
creases with the decrease of the cement—tailing ratio. With
the increase of CEV addition ratio, the specific heat capacity
of CPB increases correspondingly, and its sensible heat stor-
age capacity and latent heat storage capacity can be in-
creased by at least 10.74% and 218.97% respectively after
adding 12% CEV.

(3) The thermal conductivity of CPB without CEV de-
creases with the decrease of the cement—tailing ratio, as the
cement—tailing ratio decreases from 1:4 to 1:6, and then to
1:8, the thermal conductivity decreases by 14.02% and
13.28% successively. The thermal conductivity of CPB de-
creases with the increase of CEV addition ratio, but the de-
crease degree has no obvious rule. In addition, the thermal
conductivity of CPB increases with the increase of
temperature.

(4) The UCS of CPB without CEV decreases with the de-
crease of the cement—tailing ratio. In addition, the UCS of
CPB decreases obviously with the increase of CEV addition
ratio, and the UCS of CPB adding CEV decreases by 53.42%
at most. However, the increase of cement—tailing ratio can
properly improve the weakening effect of CEV addition on
the UCS of CPB.

(5) The proportion scheme of CPB with the CEV addition
ratio of 12% and with the cement-tailing ratio of 1:6 is re-
commended. Based on the thermal property test results, it is
recommended that the heat storage/release temperature cycle
range of CPB with CEV added is from 20 to 40°C.
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