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Abstract: At present, the filling mining method is widely used. To study strength evolution laws of
cemented tailings backfill (CTB) under different curing ages, in the experiment, mine tailings were
used as aggregates, ordinary Portland cement (PC32.5) was used as cementing materials, and different
additives (lime and fly ash) were added to make filling samples with the solids mass concentration at
74% and the cement-sand ratios 1:4, 1:6 and 1:8. Based on the nuclear magnetic resonance (NMR)
technology, the porosity test of filling samples with curing ages of 3 d, 7 d and 28 d was carried out,
and the uniaxial compressive strength test was carried out on the servo universal material testing
machine. The relationship between the uniaxial compressive strength and porosity of backfills and
the curing age in the three groups was studied, and change laws of the porosity variation and strength
growth rate of backfills were analyzed. Based on the variation in porosity, the strength evolution
model of the CTB under different curing ages was established, and the model was fitted and verified
with test data. Results show that the uniaxial compressive strength, porosity, porosity variation,
and strength growth rate of the three groups of backfills gradually increase with the increase of the
curing age, the porosity of backfill basically increases with the decrease of the cement-sand ratio,
and the porosity of backfill decreases with the increase of the curing age. Porosity variations and
relative strength values of the three groups of backfills under different cement-sand ratios obey an
exponential function, and the two have a good correlation, indicating that the established filling
strength evolution model can well reflect strength evolution laws of the CTB with the change of
curing age.

Keywords: backfill; compressive strength; curing age; porosity variation; strength evolution model

1. Introduction

In the underground mining of metal mines, mining with filling has significant advan-
tages in reducing tailings emissions and controlling surface subsidence [1-3], and with
the society’s requirements for safe production and environmental protection in mines,
filling mining methods are more and more widely used [4]. During the filling process, the
backfill formed by the filling slurry after backfilling mined-out areas can play a certain
supporting role to the surrounding rock [5,6], which can effectively reduce the deformation
and loosening of the surrounding rock in the mining field. Due to the different strengths
of the CTB under different curing ages, it will have a certain impact on the stability of
the surrounding rock [7], thereby affecting entire underground mine production activities.
Therefore, mechanical properties of CTB are one of the important indicators that must
be considered [8,9], and an understanding of the strength evolution laws of CTB under
different curing ages has important guiding significance for mine production practice.

At present, researchers at home and abroad have conducted a lot of experimental
studies on the strength variation laws of backfill. Zhang [10] and Ghirian et al. [11] studied
the relationship between the uniaxial compressive strength of CTB and its curing age, and
found that the strength of CTB increased with the increase of curing age, and increased with
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the increase of cement-sand ratio. Li et al. [12] has examined the effects of solid content (SC),
cement/ tailings (c/t) ratio, and curing time (CT) on rheological and mechanical properties
of CTB mixes. Cheng et al. [13] established the exponential function relationship between
the uniaxial compressive strength of high concentration cementation filling and curing age
by using the fitting approach. Xu [14] and Yilmaz et al. [15] studied the predictability of
cemented paste backfill (CPB) uniaxial compressive strength by using electrical resistivity
(ER) and ultrasonic pulse velocity (UPV) respectively. Ma et al. [16] introduced the damage
mechanics model and damage factor of the backfill to describe strength characteristics and
failure process of the CTB, and accurately described the stress-strain curve of the backfill
during the loading process. Qiu et al. [17] established the damage constitutive model
before the peak stress of the backfill based on the principle of strain equivalence.

With the deepening of research, many researchers have found that different addi-
tives have a significant impact on pore properties and mechanical properties of filling
materials. Xu et al. [18] studied rheological properties and mechanical properties of (CTB)
doped with flocculant (anionic polyacrylamide) over time, and results showed that the
flocculant had a negative effect on the rheological behavior and mechanical strength of
backfill. Farzaan et al. [19] investigated the thermal conductivity of backfill with and with-
out sodium silicate additive as a new binder. Hu et al. [20] conducted uniaxial compressive
strength tests, NMR and scanning electron microscope (SEM) tests on CPB with different
air entraining agent (AEA) contents, results showed that: with the addition of AEA, the
strength of the backfill first increases and then decreases. At the same time, an appropriate
amount of AEA can optimize the pore structure of CPB. Bayram et al.’s [21] study presents
the utilisation of granulated marble wastes (MW) as an additive and waste bricks (WB) as
replacement and additive to ordinary Portland cement (OPC) for cemented paste backfill
(CPB) of sulphide tailings.

Research methods for pore microscopic characteristics of porous materials mainly
include nuclear magnetic resonance (NMR) [22-26], computerized tomography (CT)
scan [27-30], scanning electron microscope (SEM) [31-34], mercury intrusion porosimetry
(MIP) [35-39] method and other technologies. Many researchers have discovered that the
porosity of the backfill is closely related to the strength, Ai et al. [40] used nuclear magnetic
resonance technology to test the porosity of the backfill, and found that the porosity of
the backfill has an important influence on macroscopic physical properties of the backfill.
Cihangir et al. [41] studied the short-term and long-term strength and microstructure
development of CPB produced by sodium silicate active slag (SSAS) under different silicate
modulus (Ms). Liu et al. [42] studied the pore structure of backfill by using NMR and
SEM technologies, and found that with the increase of curing age, the porosity of backfill
decreased gradually, and the porosity was negatively correlated with the compressive
strength. Hu et al. [43] used NMR and SEM techniques to obtain microscopic characteris-
tics of CPB samples under four different curing conditions, and established the relationship
between the water permeability of CPB samples and the uniaxial compressive strength,
as well as microscopic characteristics of samples. Li et al. [44] conducted a uniaxial com-
pressive strength test and MIP test on filling samples with a curing age of 28 d, and results
showed that there was a certain linear correlation between the compressive strength and
porosity of filling samples.

In summary, many researchers have used CT, SEM, HMR, MIP, and other microscopic
inspection techniques to test the porosity of the filling material, explore the relationship
between microscopic characteristics of pores and the strength. Study effects of differ-
ent additives and curing ages on the strength of CTB, and building the backfill strength
prediction model and damage constitutive model from different angles. However, few
researchers have analyzed and discussed evolution laws of filling strength from the per-
spective of porosity variation. Based on the above research, this study conducted nuclear
magnetic resonance test and uniaxial compression test on three groups of backfills under
different curing ages, and analyzed change laws of strength, porosity, porosity variation
and strength growth rate of different backfills under different curing ages. The porosity
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variation (AP) [45], which can directly reflect the strength evolution process of the backfill,
was introduced, and the strength evolution model of CTB based on the porosity variation
was established.

2. Materials and Methods
2.1. Experiment Materials

Samples used tailings from a mine as the aggregate, ordinary portland cement (PC32.5)
as the cementitious material, and different additives (lime and fly ash) were added. The
lime is calcined from CaCOj3, with CaO as the main component, the fly ash is the solid
waste discharged from coal-fired power plants, with SiO,, Al,O3, and Fe,O3 as main
components, and the test water is tap water in the laboratory. Table 1 shows the basic
physical parameters of tailings and Table 2 shows the main chemical composition of the
materials. Figure 1 shows the material particle size distribution and accumulation curve.

Table 1. Basic physical parameters of tailings.

Loosen Density Maximum Minimum Natural
Tailing Type Percentage Volume Volume Porosity Porosity Repose Angle
Weight (tm—3)  Weight (t-m—3) (%) (%) ©)
Graded tailings 2.727 1.466 1.702 0.462 0.376 39
Table 2. The main chemical composition of the materials.
Composition Tailings Cement Lime Fly Ash
CaO (%) 5.538 63.335 73.564 9.235
510, (%) 79.27 23.525 2.143 46.304
Al O3 (%) 4.16 4.228 1.468 28.448
Fe;O3 (%) 5.34 3.447 0.984 4.245
MgO (%) 0.386 2.833 2.135 0.667
SO3 (%) 2.62 2.854 0.146 0.848
NayO (%) 0.142 0.026 0.037 0.268
Ti O (%) 0.128 0.146 0.035 1.297
100 100 8 100 10
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Figure 1. Material particle size distribution and accumulation curve. (a) Fly ash; (b) Cement; (c) Tailings.

2.2. Sample Preparation

In the experiment, different cement-sand ratios and different additives were selected
as factor variables. Filling samples with a mass concentration of 74% and ratios of cement
to sand of 1:4, 1:6, and 1:8 were made, respectively. Then, different fillings of different
materials were tested. Samples were grouped and numbered: only adding cement for group
A, adding cement and lime (adding 5% of cement amount) for group B, and adding cement
and fly ash (adding 10% of cement amount) for group C. Sample specifications refered to
“Rock Test Regulations for Water Conservancy and Hydropower Engineering” [46] and
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“Hydraulic Concrete Test Regulations” [47], and a cylinder with a diameter of 50 mm and a
height of 100 mm was made. Manufacturing steps are as follows:

(1) Mold cleaning. Take out the mold and clean it, and apply a layer of lubricating oil on
the inside to facilitate later demolding.

(2) Raw material weighing. According to the design of the test plan, weigh the amount
of tailings, cement, additives and tap water solution needed for the test.

(3) Stir to fill the mold. Mix the measured raw materials thoroughly for 5 min, and then
fill the prepared mold with a glass rod.

(4) Stripping and curing. After curing the backfill for one day, carry out the demold-
ing number, and then put the filling sample into the standard concrete curing box
(temperature 20 °C, relative humidity 99%) for curing.

2.3. Experimental Test

Take out filling samples after curing ages of 3 d, 7 d, and 28 d from the curing box
in batches. Since the strength of the filler will decrease after being saturated with water,
samples will be divided into two groups and one group will be tested for strength, the
other group will be tested for porosity.

Uniaxial compressive strength tests were carried out on filling samples using a SNA420
universal servo testing machine, and, due to the low strength of the backfill, force control was
adopted to pressurize the backfill, and the loading speed of force was selected as 100 N/S.

An Ainimr-150 rock nuclear magnetic resonance imaging analysis system was used
for porosity testing. The magnetic field intensity range of which is 0.3 T & 0.05 T, the
radio frequency pulse frequency range is 2 MHz~49.9 MHz, and the accuracy is 0.1 MHz.
The backfill needs to be saturated with water prior to porosity testing. The dry and
wet pumping times of the core vacuum saturation instrument were set as 240 min and
120 min [48], respectively, and then soaked in distilled water for 1 h (to ensure that the
backfill is fully saturated) for porosity testing. Table 3 shows major Carr—Purcell-Meiboom-
Gill (CPMG) sequence parameters for porosity test of backfill, and the specific test process
is shown in Figure 2.

Figure 2. Test flow chart.
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Table 3. CPMG sequence parameters were tested for backfill porosity.

CPMG Sequence Parameters of NMR

TD PRG ™W SW RG1 RFD DRG1
60018 15 1500 ms 2000 KHz 20 db 0.002 ms 3
CPMGSequence Parameters of NMR
SF O NS Py Py NECH
12 MHz 307,943.42 Hz 32 11 ps 23.04 ps 1000

TD, PRG, TW, SW, RG1, RFD, DRGI, SE, Oq, NS, P;, P, NECH represent time data, pre-amp regulate gain,
time wait, sampling bandwidth, regulate analog gain 1, regulate first data, regulate digital gainl, spectrometer
frequency, offset 1, number of sampling, pulse 2, pulse 2, number of echoes, respectively.

3. Results
3.1. Strength Analysis of Backfill

According to test results of the uniaxial compressive strength of filling samples at
different curing ages, the load-bearing strength of filling samples under different curing
ages can be obtained. Table 4 shows test results of the uniaxial compressive strength testing
of filling samples, and the strength of the three groups of backfills is shown in Figure 3.

35 35 35
< [ cement-sand ratio 1:4 < [ cement-sand ratio 1:4 < [ cement-sand ratio 1:4
&£ ! & . & .
= 3.0 [ cement-sand ratio 1:6 Z 301 [ cement-sand ratio 1:6 = 3.0 [ cement-sand ratio 1:6
'§n [ cement-sand ratio 1:8 éﬂ [ cement-sand ratio 1:8 % [ cement-sand ratio 1:8 ]
= = =
225+ — 225 g25r
2 o o —
2 2 2
2 20 2 20 2 20
s £ &
£ £ g
S 15} S 15+ S 15+
= = =
ERty Rty g 10
< [2a] o
[=" o o
5 0.5 - 5 0.5 - § 0.5
o s = :
0.0 T T T 0.0 T T T 0.0 T T T
3 7 28 3 7 28 3 7 28
curing age /d curing age /d curing age /d
(a)
3.5 3.5 3.5
[ Group A [ Group A [ Group A
& 3.0+ [ Grouwp B - & 3.0+ [ Group B &£ 3.0+ [ Grouwp B
% [ Grouwp C J\E: [ Grouwp C § [ Grouwp C
a5t — a5t Bast
2 = 2 2
220F 220r Z20f
s . s s
o o =%
E 151 £ 151 £ 1.5
8 3 S
] ] =
%10 % 1.0 % 1.0
£ | b=
3 3 5
0.0 T T T 0.0 T T T 0.0 T T T
3 7 28 3 7 28 3 7 28
curing age /d curing age /d curing age /d

(b)

Figure 3. Strength diagram of backfill: (a) Filling strength with different cement-sand ratios; (b) Filling strength with
different additives.
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Table 4. Uniaxial compressive strength test results of backfill.
Groups Cement-Sand 3 d Strength 7 d Strength 7 d Strength 28 d Strength 28 d Strength
P Ratio (MPa) (MPa) Growth Rate (%) (MPa) Growth Rate (%)

Cement 1:4 0.647 1.890 192.12 2.489 284.70
only 1:6 0.618 1.746 182.52 2.081 236.73
(Group A) 1:8 0.554 0.602 8.66 1.483 167.69
Cement and 1:4 0.501 1.206 140.72 1.794 258.08
lime 1:6 0.453 0.788 73.95 1.104 143.71
(Group B) 1:8 0.401 0.494 23.19 1.010 151.87
Cement and 1:4 0.866 2.343 170.55 2.921 237.30
fly ash 1:6 0.687 1.304 89.81 1.919 179.33
(Group C) 1:8 0.384 0.551 43.49 1.098 185.94

It can be seen from Figure 3a that the strength of backfill in groups A, B and C increases
with the increase of the curing age, and decreases gradually with the decrease of cement-
sand ratio. When the curing age is from 3 d to 7 d, the strength of backfills with the
cement-sand ratio of 1:4 and 1:6 increases significantly, while the ratio of 1:8 increases
slowly. Among them, the group C has the highest strength when the ratio is 1:4 and the
curing age is 28 d, which is 2.921 MPa. In the backfill of group A, when the curing age is
3 d, the strength is relatively close under different cement-sand ratios, and strengths with a
ratio of 1:4 and 1:6 are 1.890 MPa and 1.746 MPa respectively at 7 d, which is significantly
greater than the ratio of 1:8. In the backfill of group B, when the curing age is 3 d and
7 d, strengths with a cement-sand ratio of 1:8 is not obvious, which are 0.401 MPa and
0.494 MPa. The strengths of 1:6 and 1:8 are, respectively, 1.104 MPa and 1.010 MPa when
the curing age is 28 d, which is significantly lower than the ratio of 1:4. In the backfill of
group C, the strength decreases stepwise with the decrease of the cement-sand ratio, when
the curing age is 7 d and 28 d, strengths with a ratio of 1:4 are 2.343 MPa and 2.921 MPa,
respectively, which is obviously larger than the ratio of 1:6 and 1:8.

It can be seen from Figure 3b that when the curing age is 3 d, strengths of backfill
in the three groups are basically the same with different cement-sand ratios, the group B
is basically lower than that of A and C groups as the curing age increases, it shows that
adding lime has a certain deteriorating effect on the filling strength. When the cement-sand
ratio is 1:4, the strength of backfill is always in the order of group C > group A > group B
with the increase of curing age, and when the curing age is 7 d and 28 d, strengths of
group B are 1.206 MPa and 1.794 MPa, respectively, significantly smaller than A and C
groups. When the cement-sand ratio is 1:6, the strength of group A is higher than that
of group B and group C at 7 d and 28 d curing age. When the cement-sand ratio is 1:8,
the strength of backfill increases with the curing age, and there is always in the order of
group A > group C > group B. When the curing age is 7 d, the strength of the three groups
is relatively close, and the strength of group A is 1.483 MPa at 28 d, which is higher than
that of group B and group C.

3.2. Strength Growth Rate Analysis

Strengths of the three groups of backfills under different cement-sand ratios all increase
with the increase of the curing age. 7 is defined as the growth rate of the filling strength and
F(3) as the initial strength value of the backfill. Figure 4 shows the relationship between the
curing age and strength growth rates of the three groups of backfills. The strength growth
rate of the backfill 7 is:

n= w x 100% (d > 3) 1
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350

where F(d) is the strength of the backfill at the curing age of d days; F(3) is the strength of
backfill at the curing age of 3 d.

350 350

— — I3 o w
73 =3 n =3 ] =3
=) =3 = = =) =3
T T T T T

Strength growth rate of group A backfill/%

=
T

—=— cement-sand ratio 1:4
—e— cement-sand ratio 1:6
—A— cement-sand ratio 1:8

—#— cement-sand ratio 1:4 —#— cement-sand ratio 1:4
—e— cement-sand ratio 1:6 300 - —e— cement-sand ratio 1:6
—A— cement-sand ratio 1:8 —A— cement-sand ratio 1:8

w
=3
=3

250 -

200 -

Strength growth rate of group B backfill/%
Strength growth rate of group C backfill/%

1 1 1 1 1 1 1

curing age /d

28 3 7 28 3 7 28
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Figure 4. The relationship between the curing age and the strength growth rate of backfill.

It can be seen from Figure 4 that the strength growth rates of the three groups of backfills
under different cement-sand ratios gradually increases with the increase of the curing age,
reflecting that the filling strength gradually increases with the increase of the curing age.
Among them, the strength growth rate of the backfill with a cement-sand ratio of 1:4 is always
higher than those of ratios of 1:6 and 1:8. When the curing age is 28 d, the strength growth
rate of group A with a ratio of 1:4 is the highest, reaching 284.7%. Strength growth rates of
the three groups of backfills gradually decreases with the decrease of the cement-sand ratio
when the curing age changes from 3 d to 7 d. In the backfill of group A, strength growth rates
with the cement-sand ratio of 1:4 and 1:6 during the curing age from 3 d to 7 d are relatively
close. In backfill of Group B and Group C, the strength growth rate with a cement-sand ratio
of 1:8 is greater than that of the ratio of 1:6 when the curing age is 28 d.

3.3. Porosity Analysis

To obtain the porosity of the backfill under different conditions, the study used an
AniMR-150 rock nuclear magnetic resonance instrument to test the porosity of the saturated

filling sample, and made statistics on test results. Analysis results are shown in Table 5
and Figure 5.

Table 5. Test results of the porosity of backfill.

Groups Cement-Sand 3 d Porosity 7 d Porosity 7 d Porosity 28 d Porosity 28 d Porosity

Ratio (%) (%) Variation (%) (%) Variation (%)
Cement 1:4 16.705 13.124 3.581 8.557 8.148
only 1:6 17.981 14.939 3.042 12.85 5.131
(Group A) 1:8 23.778 20.714 3.064 15.574 8.204
Cement and 1:4 15.630 11.943 3.687 9.871 5.759
lime 1:6 16.845 12.337 4.508 10.539 6.306
(Group B) 1:8 19.028 18.628 0.400 10.489 8.539
Cement and fly 1:4 14.045 11.956 2.089 11.885 2.160
ash 1:6 18.867 14.141 4.726 10.236 8.631
(Group C) 1:8 22.048 17.836 4212 10.528 11.520
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Figure 5. Porosity diagram of backfill: (a) Porosity of backfill with different cement-sand ratio; (b) Porosity of backfill with

different additives.

It can be seen from Figure 5a that the porosity of the three groups of backfills gradually
decreases with the increase of the curing age, and the reason is that, as the curing age
increases, hydration products inside the backfill increase continuously, internal pores are
filled, and pores gradually decrease. In the case of the same curing age, the porosity of the
backfill basically increases with the decrease of the cement-sand ratio. Among them, the
group A has the largest porosity when the cement-sand ratio is 1:8 and the curing age is 3 d,
which is 23.778%. In the backfill of group A, when the curing age is 3 d, the porosity with a
cement-sand ratio of 1:4 and 1:6 is close, at 16.705% and 17.981%, which are significantly
smaller than that of the ratio of 1:8. The porosity increases stepwise as the ratio decreases at
28 d. In the backfill of group B, when the curing age is 7 d, the porosity with a cement-sand
ratio of 1:8 is significantly greater than that of the ratio of 1:4 and 1:6. When the curing
age is 28 d, the porosity with different ratios is basically the same, 9.871%, 10.539% and
10.489%, respectively. In the backfill of group C, when the curing age is 28 d, the porosity
with different cement-sand ratios is relatively close, and the porosity with a cement-sand
ratio of 1:4 is greater than that of the ratio of 1:6 and 1:8.

It can be seen from Figure 5b that under the same conditions of the cement-sand
ratio and the curing age, the porosity of the three groups of backfills is not much different.
When the cement-sand ratio is 1:4, the porosity of the backfill of group A decreases fastest
with the increase of the curing age. When the curing age is 3 d, the porosity is group
A > group B > group C, and the porosity is group C > group B > group A at 28 d. When
the cement-sand ratio is 1:6, the porosity of the backfill in group C decreases fastest with
the increase of curing age. When the curing age is 3 d and 7 d, the porosity in group B is
lower than that of group A and C. When the curing age is 28 d, the porosity in group B and
C is close, which is 10.539% and 10.236%, respectively. When the cement-sand ratio is 1:8,
the porosity of backfill in group A increases with the curing age, which is greater than that
of group B and C. When the curing age is 28 d, the porosity in group B and C is basically
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the same, which is 10.489% and 10.528%, respectively, being significantly smaller than that
of group A.

3.4. Analysis of Porosity Variation

According to the analysis of the above test results, the porosity of the backfill decreases
with an increase of the curing age. The porosity variation is defined as AP and P(3) is the
initial porosity of backfill. Figure 6 shows the relationship between the curing age and the
variation in porosity of the backfill. The porosity variation AP is:

AP =P(3) - P(d) (d=3) 2
where P(3) is the porosity of the backfill at the curing age of 3 d; P(d) refers to the porosity
of backfill at the curing age of d days.
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Figure 6. Relationship between curing age and porosity variation of backfill.

It can be seen from Figure 6 that with the increase of the curing age, the porosity
variation of backfill in all three groups increases gradually, which reflects that the filling
porosity decreases gradually with the increase of curing age. When the curing age is from
3 d to 28 d, the porosity variation of backfill in group C with a cement-sand ratio of 1:8 is
the largest, which is 11.520%. In the backfill of group A, when the curing age is from 3 d to
7 d, the porosity variation of backfill with different cement-sand ratios is no much different.
When the curing age is from 7 d to 28 d, the porosity variation with a cement-sand ratio of
1:4 and 1:8 is higher than that for a cement-sand ratio 1:6. In the backfill of group B, when
the curing age is from 3 d to 7 d, the porosity variation of the backfill with a cement-sand
ratio of 1:8 increases slowly, but from 7 d to 28 d, the porosity variation increases rapidly,
and the porosity variation with a cement-sand ratio of 1:8 is 8.549% at 28 d, which is larger
than that of cement-sand ratios of 1:4 and 1:6. In the backfill of group C, when the curing
age is from 3 d to 28 d, the porosity variation of the backfill with a cement-sand ratio of
1:4 is always lower than that of the cement-sand ratio of 1:6 and 1:8. When the curing
age is 28 d, the porosity variation with different cement-sand ratios is 2.160%, 8.631% and
11.520%, respectively.

4. Strength Evolution Model of Backfill
4.1. Filling Strength Evolution Model Based on Porosity Variation
From the above analysis, it can be seen that the curing age has a significant impact

on the porosity and strength of the backfill, and the growth rate of the filling strength
gradually increases with the increase of the curing age. If the growth rate of the filling
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strength during the unit curing age is approximately constant, then the growth rate of the
filling strength from d days to d+Ad days for the curing age is:

F(d + Ad) — F(d)
F(d)

where kq is the strength growth rate of backfill during the unit curing age.
Transform to

F(d + Ad) — F(d)

Ad =k F(d) 4)
Which is dF(d)
W: kiF (d) ()
Integrate Equation (5), and get
InCiF(d) = kid (6)
Letd =3, get
_ exp(3ky)
Substitute Equation (7) into Equation (6), and get
exp(3ky) B
In {F(S) F(d)| = kd 8)
Transform to (3k1)
exp 1 _

The porosity variation of the backfill increases gradually with the increase of the curing
age, let the change rate of porosity within a unit curing age be approximately constant. The
porosity variation of the backfill from d days to d + Ad days is:

P(d+Ad) —P(d) = —kpAd (ko > 0,d > 3) (10)
where k; the porosity variation rate of the backfill during the unit curing age.

Transform to

P(d + Ad) — P(d)

Ad = —k2 (11)
Which is 4P(d)
W =~k (12)
Integrate Equation (12), and get
P(d) + Cy = —kod (13)
Letd =3, get
Cy = —3ko — P(3) (14)

Substitute Equation (14) into Equation (13), and get
P(d) — 3k, — P(3) = —kad (15)

Transform to
+3 (16)
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Substitute Equation (16) into Equation (9), and get
F@d) _ ky
H3) = oxp{ L 1PG) - ()} @)

Let AP = P(3) — P(d), define A = kj /k; as the strength evolution factor of the backfill,
and F(d)/F(3) as the relative strength value of the backfill. Since the strength growth rate
and porosity variation rate of the backfill during the unit curing age are approximately
constant, it is necessary to use the test data fitting method to fit and modify the above
model. At the same time, taking into account the difference in the influence of different
additives and different cement-sand ratios on the strength growth rate of the backfill, the
correction coefficient § is introduced to modify the formula, then there is

F(d
73] = BewlA(aP) as)
According to Equation (18), the relationship between porosity variation and the
relative strength value of a backfill follows an exponential function, and the model is also
applicable to backfills with different additions and ratios.

4.2. Verification of Filling Strength Evolution Model

To verify the rationality of the model, the model was fitted with experimental data,
Fitting results are shown in Figure 7, and specific values of fitting parameters 8, A, and R?
of the filling strength evolution model are shown in Table 6.

5 5
cement-sand ratio 1:4: Fitting result cement-sand ratio 1:4: ™ Test point Fitting result cement-sand ratio 1:4: ®  Test point Fitting result
cement-sand ratio 1:6: Fitting result = cement-sand ratio 1:6: @ Test point Fitting result g cement-sand ratio 1:6: ® Test point Fitting result
| cement-sand ratio 1:8: Fitting result é 4 | cement-sand ratio 1:8: A Test point Fitting result é 4 | cement-sand ratio 1:8: 4 Test point Fitting result
-~ p=}
4] o
g 3 "
& 5
&3 B3t
=] =
o o
= =
s s
> >
= 2r = 2r
o0 =
= =
2 2
& 2
o o
Z 1F Z 1F
cement-sand ratio 1:4: F(d)/F(3)=1.1953xexp(0.1605xAP) R?=0.8493 = cement-sand ratio 1:4: F(d)/F(3)=1.0145xexp(0.2234xAP) R*=0.9971 = cement-sand ratio 1:4: F(d)/F(3)=0.9969xexp(0.5226xAP) R*=0.9800
cement-sand ratio 1:6: F(d)/F(3)=1.0893xexp(0.2442xAP) R?=0.9223 o~ cement-sand ratio 1:6: F(d)/F(3)=0.9853xexp(0.1377xAP) R?=0.9893 o~ cement-sand ratio 1:6: F(d)/F(3)=1.0238xexp(0.1196xAP) R?=0.9924
) cement-sand ral!io 1:8: F(d)’F(3I)*0.8902><exp(ol.1257><AP) RLID.*)I 15 ) cement-sand rL:tio 1:8: F(d)/F(3I):].UXGchp(Ov(I)S'%(AP) R1:IU.9695 ) cemenpsz:nd ratio 1 g;lp(d) F(})’O{9906Xexp(0{091SXAP) ) R2=0.9994
0 0
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Figure 7. Fitting results of the strength evolution model of the backfill.

Table 6. Fitting parameter values of filling strength evolution model.

Fitting Parameters

Groups Cement-Stand Ratio B 1 R2
Cement 1:04 1.1953 0.1605 0.8493
only 1:06 1.0893 0.2442 0.9223
(Group A) 1:08 0.8902 0.1257 09115
Coment and lime 1:04 1.0145 0.2234 0.9971
(Group B) 1:06 0.9853 0.1377 0.9893
p 1:08 1.086 0.099 0.9695

1:04 0.9969 0.5226 0.98
Cem’fg;jsd (f:l)y ash 1:06 1.0238 0.1196 0.9924
p 1:08 0.9906 0.0915 0.9994

It can be seen from Figure 7 that with the change of the curing age, the porosity
variation of the backfill has a good correlation with the relative strength value, and the
model can well reflect the difference between the porosity variation of the backfill and the
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relative strength value. The relationship indicates the correctness and applicability of the
established backfill strength evolution model.

5. Discussion

In this experiment, a certain mine tailing was used as aggregate, ordinary Portland
cement (PC32.5) was used as cementing material, and different additives (lime and fly ash)
were added to produce filling samples with mass concentration of 74% and cement-sand
ratios of 1:4, 1:6, and 1:8, respectively. NMR technology and servo universal material testing
machine were used to test the porosity and uniaxial compressive strength of filling samples
with curing ages of 3 d, 7 d, and 28 d respectively, and the strength evolution model of
CTB with curing ages was established based on the porosity variation. Test conclusions are
as follows:

(1) The strength of backfill in all three groups increases with the increase of curing age,
and increases with the increase of cement-sand ratio. Under different cement-sand
ratios, filling strength in group B is basically lower than that of group A and C with
the increase of curing age, indicating that adding lime has a certain deterioration
effect on short term cure strength.

(2) The porosity of the three groups of filling samples with different lime and sand
ratios gradually decreases with the increase of the curing age. Moreover, under the
condition of the same curing age, the porosity of filling samples basically decreases
with the increase of the cement-sand ratio, indicating that the curing age and the
cement-sand ratio have a great influence on the filling porosity.

(3) The porosity variation and strength growth rate of the three groups of filling samples
gradually increase with the increase of curing age. With the increase of curing age,
hydration products inside the backfill continue to increase, pores inside the backfill
are filled, pore volume gradually decreases, porosity decreases, and strength of
backfill increases.

(4) The porosity variation (AP) and the relative strength value F(d)/F(3) in the strength
evolution model of the backfill established in the study obey the exponential function
relationship, and the two have a high correlation coefficient, which shows that the
model can well reflect the relationship between the porosity variation and the relative
strength value of the backfill, confirms the correctness of the strength evolution
model of the backfill established. Because the model has a good fitting degree in the
case of different gray—sand ratios and different additives, the model demonstrates
applicability to backfills with different proportions and different additives.
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