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Abstract: Known for its advantages in preventing geological and environmental hazards, cemented
paste backfill (CPB) has become a topic of interest for scientists and mining engineers in recent
decades. This paper presents the results of a study on the use of cemented super-fine tailings
backfill (CSUTB) in an underground mine for control of surface subsidence. An analytical solution
is developed based on the available model to calculate the required strength of backfill when in
contact with non-cemented tailings (NCT). The effect of solid contents on the rheological properties of
CSUTB is investigated. A reasonable mix proportion (RMP) of CSUTB is determined for Zhongguan
Iron Mine (ZGIM) based on laboratory experiments. The validity of RMP in surface subsidence
control is verified by a 3D numerical model. The obtained results show that CSUTB requires higher
strength when in contact with NCT than when in contact with orebody. Rheological characteristics,
e.g., slump, fluidity, and bleeding rate of fresh CSUTB, decrease with higher solids content, of which
values with a certain solids content can be determined by quadratic polynomial regression equations.
RMP with a cement to tailings (c/t) ratio of 1:10 and a solids content of 70% is recommended for ZGIM,
as it shows favorable mechanical and rheological abilities. The deformation parameters (curvature,
inclination, and horizontal deformation rate) obtained from numerical modeling are acceptable and
lower than critical values, meaning CSUTB can feasibly be used with RMP in subsidence control.

Keywords: super-fine tailings; cemented backfill; Mitchell solution; theological properties; subsidence control

1. Introduction

Underground mining is the primary method to remove and excavate economically valuable
minerals, but it usually co-produces a large number of voids and large quantities of waste materials,
e.g., tailings and coal gangue. Underground voids often lead to stope instability and ground subsidence,
causing damage to residential buildings and infrastructures [1,2]. In China, the subsidence area
caused by mining activity has reached 314,765 km?, resulting in 535 deaths and economic losses of
$1.9 billion [3]. Meanwhile, massive tailings generated from mineral processing have been deposited
into more than 3000 tailings dams (ponds) without any further steps due to its low cost [4,5]. However,
this method of disposal entails geological (e.g., tailings dam failures) and environmental (e.g., acid
mine drainage, heavy metal leaching and groundwater pollution) hazards [6-8]. For example, a tailings
dam located in Shanxi province, China collapsed in 2008, causing 277 casualties and direct economic
losses of $14.59 million. More seriously, the quantity of tailings in China is still increasing at a speed of
600 million tons per year [3].

A typical way to treat and prevent the aforementioned hazards is known as backfill technology,
which fills the underground gob with CPB [9]. CPB has become one of the most important mining
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methods, after being first used in Bad Grund Mine in Germany in the late 1970s, as it can (a) prevent
surface subsidence, (b) dispose of solid waste as a tailings storage area, (c) reduce ore dilution
and mining cycles, and (d) improve the working environment [4,10-14]. Meanwhile, CPB has
lower operating costs and higher strength acquisition compared with other backfill technologies
including cemented rock fill and hydraulic backfill [15]. CPB, with solid content between 70% and 85%,
is a mixture of water, total mill tailings, and binder (e.g., cement, fly ash, or blast furnace slag) to reach
the desired strength and rheology.

Treatment and utilization of super-fine tailings (SFT) has always been an interesting research topic
due to safety and environmental problems. Compared with coarse tailings, SFT involves slow-settling,
unreasonable particle size distribution and special chemical composition [16]. Few studies have been
conducted to evaluate the effect of fine tailings on the quality of CPB. Amaratunga et al. [17] found that
the strength and elastic modulus of paste fill increased significantly when fine tailings were added as
agglomerate pellets. Kesimal et al. [18] observed that decreasing the fines contents via desliming had
a positive effect on UCS of backfill. Fall et al. [19] firstly investigated the influence of tailings particle size on
the properties of hardened CPB (e.g., strength, cost and microstructure) and fresh CPB (e.g., water demand).
They reported that an increase in finer particles led to lower strength, poor workability, and higher
moisture content and water demand, which is consistent with the findings in [13]. Ke et al. [20] also
concluded that fine tailings positively affected the critical pore diameter and numbers in CPB. However,
super-fine tailings’ properties, e.g., chemical, physical, and mineralogical characteristics, are variable with
geological conditions (e.g., rock properties and ore mineralogy) and physical and chemical process of
extraction [7], leading to different qualities of CPB (CSUTB in this study).

For the use of backfill in subsidence control, a number of studies have reported using analytical
solutions, physical models, and numerical modeling. Siriwardane et al. [21] concluded that
fluidized-bed combustion ash could be used as an engineering material in coal mines to control
surface subsidence, which was clearly influenced by backfill ratio. Zhu et al. [22] also insisted that
filling ratio and porosity of backfill material had an obvious effect on surface subsidence by using
a coupled discrete element-finite difference method. Zhang et al. [23] and Guo et al. [24] proposed
analytical models for predicting surface subsidence in solid backfill mining based on the equivalent
mining height theory. Sui et al. [25] evaluated the subsidence of Taiping Coal mine based on numerical
simulation and a scale model and noted that subsidence could be mitigated by the backfilling method
so as to prevent sand and water inrushes. Application of CPB in metal mine has also been investigated
by a few researchers. Huang et al. [26] investigated the surface subsidence of Luohe Iron mine based
on a 3D discontinuum numerical model and found that backfill significantly reduced subsidence and
the distribution of subsidence was associated with orebody geometry. Yang et al. [27] investigated
the backfill stability and subsidence distribution in Sijiaying Iron Mine by combining numerical
modeling and a physical model. However, reports about the application of CSUTB in subsidence
control are scarce.

Owing to concerns about ground villages and stricter environmental regulations in China,
backfilling technology is also used in ZGIM. UCS of CSUTB of ZGIM at given times has been
successfully investigated in a previous study [28], whereas the rheological properties of CSUTB are not
clear. Meanwhile, a reasonable mix proportion (RMP) of backfill for ZGIM needs to be determined to
reduce mining costs and meet the strength requirement of mining. Therefore, based on field conditions
in ZGIM, the main objectives of this study are as follows:

To determine the required strength of CSUTB with an exposure for ZGIM

To analyze the effect of solids content on rheological characteristics of fresh CSUTB

To determine the RMP of CSUTB for ZGIM

To verify the validity of the CSUTB with RMP in surface subsidence control using
numerical modeling.

Ll .
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The paper is organized as follows: an introduction of the geological condition and mining
sequence of ZGIM is first presented. This is followed by an analytical solution for determining the
required strength of backfill in ZGIM. After that, the optimal mix design of CSUTB meeting the strength
and transportation requirement is recommended. Then, the mechanical parameters of CSUTB with
aforementioned mix design are input into numerical modeling to investigate its validity in subsidence
control. Finally, we present our conclusions.

2. Geological and Mining Conditions of ZGIM

As shown in Figure 1, Zhongguan Iron Mine (ZGIM, Hesteel Group Co., Ltd., an underground
iron mine) is located at Zhongguan County, Shahe City, 30 and 53 km away from Xingtai and Handan,
respectively, Hebei province, China. ZGIM (36°55’' N, 114°01’ E) has a temperate continental monsoon
climate with a mean annual rainfall of 544 mm. The orebody strikes NE 10° to 14°, dips to SE
with an average dip angle of 46°, and has a buried depth ranging from 300 to 500 m. The overall
topography above the mining area is high in the west and low in the east, and ground elevation is in
the range of +200 to +270 m. Rotary coring showed that quaternary topsoil, shale, crystalline limestone
(hanging wall rock), iron, and marble (footwall rock) are the dominant lithological materials in the
mine. A generalized stratigraphic section is shown in Figure 2.

o

=

Quaternary topsoil 58 m

Shale 20 m

Crystalline limestone 227 m

Orebody 131m

Figure 2. Generalized stratigraphic column at ZGIM.
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Considering the strict regulations related to environmental protection in China and to protect
surface residential buildings and farmland, as shown in Figure 1, a two-step sublevel open stoping
mining method with delayed backfill is used for ZGIM. The whole orebody is divided into five levels
atevery 60 m, i.e., —110, —170, —230, —290 and —350 m. The panel is arranged along the strike with
114 m length, and separated into primary and secondary stopes. The stope with 18 m width and
50 m length is perpendicular to the strike, and the permanent pillar between the panels is 6 m wide.
The primary stope is mined out first, the ore is mucked from draw points after blasting, and then CPB
is placed into the stope from the top drift. After three to four months’ curing, the secondary stope is
extracted and placed with NCT. The mining-backfilling sequence of primary and secondary stopes is
shown in Figure 3. The designed mining sequence of levels in ZGIM is as follows: —350 m > —290 m >
—-230m > —170 m > —110 m.

Primary stope
Primary stope
Primary stope

Extracted stope
Extracted stope

le—

Primary stope
Primary stope
Extracted stope

Extracted stope

le—

Primary stope
Extracted stope

Extracted stope

Figure 3. Mining-backfilling sequence of stopes in panel.

3. Required Strength of CSUTB for ZGIM

3.1. Analytical Solution for CSUTB when in Contact with the Orebody

CPB needs an adequate strength to remain self-standing and resist blast disturbance during
mining process of secondary stope. In order to calculate the required strength of CPB, a lot of models
have been proposed and modified [29-34]. In general, the most widely used model is developed
based on Mitchell et al. [35] in 1982 using limit equilibrium analysis. However, this model has several
limitations [30]: (a) it considered the cohesion of interfaces between backfill and side wall equal to that
of backfill, which is contrary to experimental results obtained from Fall and Nasir [36]; (b) it neglected
the shear strength along the interfaces between backfill and side/back wall; and (c) it did not consider
the surface load such as miners and equipment. Considering the abovementioned disadvantages,
Li and coworkers proposed a modified Mitchell model [29] and a generalized solution [30] for
calculating the required strength of backfill with a vertical exposure. The three-dimensional model
they used is shown in Figure 3. Fill body tends to slide and move toward the new extracted space
after secondary stope extraction, caused by driving forces including block weight and surface load
(9). Meanwhile, a critical failure plane (shear sliding plane) will be formulated. To keep fill body
stable, cohesion, and particle friction, both in backfill and in interfaces of backfill-orebody/side walls,
interfaces would produce shear force along the failure surface to resist shear sliding. In Figure 4, L is
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the stope length vertical to the orebody strike; B is the strike width; H is the stope height; 7. and 1,
are the shear strengths of the backfill-side wall and backfill-orebody interfaces, respectively; H; is the
height of wedge block; and « is the angle between the sliding plane and the horizontal plane.

Orebody / non-cemented tailings

~

\
e |
.

x

‘Hipideq pajuswa

~

sliding ghf 7
plane

Figure 4. Wedge block model (adapted from [30]).

The required uniaxial compressive strength (UCS) of backfill is expressed as [30]:

L
UCS = g - {'Y ~ Fang (ZK’{an(S - ’1) ' {eXP(_ZKtLaMHl) - eXP(_ZKtLaMH)} }
H_Btgna

2 H -1 o
'[(sttanzp/tanlx) snzz T r‘l?l +2rs L |7 - tan(45° + (P/Z)

)

where K is the Rankine active earth pressure coefficient, K = tan?(45° — %) ; ¢ is friction the angle of
backfill; ¢ is the friction angle of backfill-side wall interfaces, °; 7y is the unit weight of backfill, KN/ m3;
H; = H — Btana, m; FS is the safety factor; « = 45° + ¢/2; r,; is the roughness of the backfill-orebody
interface; and 7 is the roughness of the backfill-side wall.

3.2. Analytical Solution for CSUTB When in Contact with the NCT

Equation (1) can be used to design the required strength of backfill when in contact with the
orebody. However, from Figure 3 we note that the backfill is also in contact with NCT when mining
secondary stopes. In this case, Equation (1) may be too conservative to calculate the required strength
due to different mechanical properties between the orebody and NCT. Backfill will be subject to
a horizontal force F induced by NCT along the backwall. F is written as [27]:

Fe % Ky H2L )

where v is the unit weight of non-cemented backfill.
The shear force S of backfill-side wall interfaces can be estimated as in [30]:

-L . . -L
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2 L ) .
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Considering forces equilibrium in the directions parallel and vertical to the sliding plane, FS can
be obtained and evaluated as:

cLB+ (F' -cosa — F -sina) - tan¢ - cosa

FS = 4
F -sina-cosa + F - cos?a @)
where ' =q-B-L+vy-B-H'-L—2S;H = H — e,
Required cohesion ¢ of backfill is written as:
. (FS-sina-cosa —cos?a-tang) - L-B-p’ + F-cosa - (FS-cosa + tan¢ - sina) 5)

L-B+ (FS-sina —cosa-tan¢)-2-H' -B-rs-cosa

The required strength of backfill when its backwall contacts with NCT can be calculated as:

(FS -sina-cosa —cos?a-tan) - L-B-p' + F-cosa(FS-cosa + tan¢ - sina)
LB+ (FS-sinaw —cosa-tan¢)-2-H' - B-rs - cosa

ucs =2- -tan(45° + ¢/2) 6)

In Equations (5) and (6), p’ is given as:

1 -L
L Y~ Btana (ZK’-ytan(S - q)

/

P~ 2K tans [exp(— 2422 - Hy) — exp(—2K4ma . py) | i

3.3. Required Strength Calculation

Considering different interfacial properties between backfill and adjacent stopes, required
strengths of backfill can be calculated by substituting stope parameters, interface properties,
and mechanical parameters of backfill into Equations (1) and (6), respectively. The related parameters
are listed in Table 1; for 6, r, and r,, refer to [34,37]. Calculated results indicate that backfill needs
a higher strength (0.82 MPa) when in contact with NCT than when in contact with the orebody
(0.78 MPa). Due to the limitations stated in Section 3.1, the Mitchell model has the smallest value
(0.54 MPa) and is conservative to design backfill strength.

Table 1. Inputs for required strength calculation.

Lm) B@m) H@m) FS 9 (kN/m®) 11 (N/m3)  £(°) 5 P oo
50 18 60 15 18 16.3 30 15 0.2 0.5

4. Reasonable Mix Design of CSUTB for ZGIM via Laboratory Tests

Mechanical properties, i.e., uniaxial compressive strength with different c/¢ ratios, solids contents,
and curing ages, of CSUTB of ZGIM have been reported in a previous paper [28], and it can be noted
that backfill with 1:10 ¢/t had a strength between 0.83 and 0.94 MPa, higher than the required strength
(0.82 MPa). That is, a ¢/t of 1:10 could meet the strength requirement of ZGIM. Except for the strength
required to keep stable when extracting adjacent stope, CSUTB also needs favorable flow characteristics
to be successfully transported to underground open stopes [38]. Therefore, the main point of this
laboratory test is to verify the rheological properties of CSUTB with 1:10 ¢/t.

4.1. Materials and Methods

4.1.1. Tailings

The tailings samples used in this study were collected from the processing plant of ZGIM. Prior to
testing, tailings were mixed thoroughly to make them homogeneous. Particle size distribution,
as the most significant physical characteristic of fill material of tailings, was analyzed using
a Mastersizer2000 laser particle size analyzer (Malvern, Shanghai, China); the results are summarized
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in Figure 5 and Table 2. Table 2 indicates that the tailings of ZGIM can be classified as super fine
tailings since more than 60 wt % of the sample was finer than 20 um and its maximum diameter is only
211 pm [39]. The portion of tailings finer than 20 pm plays an important role in paste pumpability [15].

4.0 : 100
—=— % Incremental
—o— % Cumulative
3.2 80
IS g
$ 244 60 T
2 1.6 L40 O
2 X
0.8 20
0.0 T T T 0
0.1 1 10 100 1000

Particle size (Lm)
Figure 5. Particle size distribution of tailings.

Table 2. Particle size characteristics of unclassified tailings.

Characteristic Diameter dqo dso deo dgg d1go
Size (um) 2.17 14.2 18.7 829 211

Another important characteristic of tailings that needs to be identified is its chemical composition,
which has a pronounced effect on the hardening process of backfill [40]. The mineralogical analysis of
tailings was performed via WDX400 X-ray Fluorescence (XRF, Skyray, Suzhou, China) Spectrometer
and the result is given in Table 3. The main minerals in the sample are CaO (44.41%), SiO; (20.91%),
Fe; O3 (16.39%), and MgO (11.30%), indicating the high quality and activity of tailings [28].

Table 3. Chemical compositions of unclassified tailings and ordinary Portland cement (OPC) (%).

Composition CaO SiO; Fe;O3 MgO  AlO3 SO3 K,O Na,O TiO,

Tailings 4441 2091 16.39 11.30 3.22 223 0.52 0.39 0.10
OPC 60.51 22.86 3.35 1.57 5.45 3.01 0.56 0.25 0.11

4.1.2. Binders and Water

Ordinary Portland cement (OPC) was chosen as the binder in this study. OPC, following the
Chinese standards for “Common Portland Cement” (GB 175-2007) [41], was bought from Shenyang
cement plant (Shenyang, China). The characteristics of OPC used are listed in Table 3. Tap water was
used to mix the binder and tailings in the laboratory.

4.1.3. Mixture Preparation

The experimental parameters encompassed one type of ¢/t with four different solid contents
resulting in four mixes of CSUTB. Tailings material, OPC, and water were mixed and homogenized
for about 5 min in a concrete mixer. Detailed mix formulations are listed in Table 4. A high-precision
electronic scale with an accuracy of 0.01 g was used to weigh ingredients.
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Table 4. Summary of mix formulations of paste.

clt Solids Content

1:10 65%
1:10 68%
1:10 70%
1:10 73%

4.1.4. Slump Test

In the field, true rheological properties of pastes are not easy to obtain due to the complexity of
experimental devices. Hence, the Slump test is widely used to determine the consistency of backfill
due to its simplicity and convenience [42]. ASTM C143/C143M-15a [43] was followed in this study to
evaluate the transportability of a fresh CSUTB mixture. Slump height is defined as the difference in
height between the top of cone mold and the top of the paste after the cone has been removed. A series
of slump tests were conducted in accordance with Table 4.

4.1.5. Bleeding Test

The “bleeding” phenomenon is often observed in the settlement of backfill mixture, and the
bleeding rates are different with variable cement and water contents. In this test, as described in
ASTM (C940-16 [44], slurry was poured into a 1000 mL graduated cylinder immediately with a volume
about 800 & 10 mL after homogenized mixing. Bleeding rate was measured according to the final bleed
water on the sample surface, divided by initial water volume. To evaluate the settlement behavior of
mixtures, the height of bleed water at different times was recorded. Readings were taken at 5 min
intervals for the first 30 min, at 10 min intervals between 30 and 60 min, and thereafter at half-hourly
intervals until two successive readings showed no further bleeding. The total reading time was 150 min,
while the final volume of bleeding water was measured after 24 h. Plastic film was used to cover the
cylinder to prevent evaporation of the bleed water.

4.1.6. Fluidity Test

According to reported research [45-47], GB/T 2419-2005 [48] was used to study the flowability
or fluidity of CSUTB mixtures. An open-ended truncated cone mold 2.4 in. (60 mm) in height with
a4 in. (100 mm) internal diameter of the upper opening and 4.8 in. (120 mm) diameter of the bottom
opening was used to test the fluidity of the mix by measuring its spreading diameter. Fresh mix was
poured into the mold twice, and the height of the first layer should be equal to 1.6 in. (40 mm). It is of
the utmost importance that the spreading diameter of the mix should be measured immediately after
the removing mold. Two measurements in directions perpendicular to each other are then carried out
along the diameters. The average value of two measurements is defined as the fluidity of the mix.

4.2. Experimental Results

4.2.1. Effect of Solids Content on Slump of Fresh CSUTB with 1:10 ¢/t

Slump values corresponding to solids content were plotted in Figure 6 together with the relevant
fitting curve. As expected, the rheological properties of CSUTB decrease with increasing solids content.
The findings suggest that the slump value decreased from 288 mm (11.52 inches) to 165 mm (6.6 inches)
when the solids content rose from 65% to 73%. According to [4,41,49], widely used slump values in
many backfilling operations are in the range of 180 mm (7.2 inches) to 250 mm (10 inches). It can be
noted that CSUTB with 73% solids content has a low slump value, meaning poor flowability during
the process of transportation. As shown in Figure 6, the slump value with a certain solids content can
be determined using the empirical equation obtained from polynomial regression, which is a little
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different from the findings in Kesimal et al. [15]. The results of slump tests of 1:10 ¢/t backfill with
different solids contents are also shown in Figure 7.

O Slump test ¢  Fluidity test A Bleeding rate

Poly. (Slump test) e= = Poly. (Fluidity test) == < Poly. (Bleeding rate)

35 35
= 30 30
g —
) : ®
z2 - = 25 &
.U .
S 20 - ~ o=3J 20 ®
.~ ® & oy
2 15 1 ‘~. 15 £
g 10 L 10 &
£ Slump = -1733.3x2 + 2239.9x - 694.9, R? = 0.9982 =
@ 5 4| Fluidity=-2566.7x? + 3351.3x - 1066, R? = 0.9898 5
Bleeding = 30.733x - 45.169x + 16.687, R? = 0.9849
0 T T T T T T T 0

65% 66% 67% 68% 69% 70% 71% 72% 73%
Solids content

Figure 6. Slump, fluidity, and bleeding rate vs. solids content.

Figure 7. Slump tests of CSUTB of 1:10 ¢/t with different solids contents: (a) 65%, (b) 68%, (c) 70%, and
(d) 73%.

4.2.2. Effect of Solids Content on Bleeding Rate of Fresh CSUTB with 1:10 ¢/¢

As shown in Figure 6, the bleeding rate of CSUTB shows a significant decrease with higher
solids content. The bleeding rates of tested CSUTBs with 1:10 ¢/t are 31.56% (65% solids content),
16.90% (68% solids content), 14.23% (70% solids content), and 8.79% (73% solids content), respectively.
The curves of the height of bleed water, varying with settlement time, are plotted in Figure 8. It is
worth noting that the solids content has a pronounced effect on the settlement speed of the CSUTB
mixture. In general, a lower solids content leads to a higher bleeding speed and settles adequately
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in a shorter time, e.g., the termination times of settlement are 20, 60, 80 and 60 min, respectively.
The lower bleeding rate in a mixture with a higher solids content is attributed to a higher cement
content. Considering the lower diameter of cement compared to tailings, the addition of cement will
reduce the porosity of aggregates and contribute to a higher water retention ability. To improve the
roof-contacted filling ratio and reduce underground pollution, the bleeding rate should be lower than
15% [50]. It can be concluded that the solids content should be at least 70%. There is a relationship
approximate to a polynomial function between the solids content and bleeding rate, as shown in
Figure 6, with a fitting correlation coefficient about 0.98.

80

(]
r—

—— Solids content 65%
—O— Solids content 68%
—/— Solids content 70%

Solids content 73%

O e
"%
A I

(o}
o
]

N
o
1

Height of bleed water (mm)
N
o

0 Tt T T T T T T ' T i
0 30 60 90 120 150

Time (min)

Figure 8. Natural sedimentation curves of fresh CSUTB of 1:10 ¢/t with different solids contents.

4.2.3. Effect of Solids Content on Fluidity of Fresh CSUTB with 1:10 ¢/t

Fluidity is also a common rheological index to evaluate the consistency of backfill mixture.
Compared to the slump test, a fluidity test shows advantages of lower mixture consumption and
easier operation [50,51]. A comparison of the fluidity of a fresh mixture with different solids contents
is shown in Figure 9. It is clear from the figure that the spreading diameter and height of central
accumulation horizon (CAH) obviously decreases and increases, respectively, with increasing solids
content. The spreading diameter of fresh CSUTB with 65% solid content is 277.5 mm (11.1 inches)
with a height of 5 mm (0.2 inches) in CAH, which means desirable transportation ability. However,
when the solids content increased to 73%, the spreading diameter is only 129 mm and the height of
CAH reaches 30 mm (1.2 inches), showing poor flowability. Interestingly, a segregation phenomenon
was observed in a mixture with 65% solid content, as shown in Figure 9a. The segregation of backfill
would make it impossible to fill the stopes entirely, leading to an unsafe work environment [52].
The fluidity, determined by spreading diameter, of mixture with 68% and 70% solids content is 269 mm
(10.76 inches) and 214.5 mm (8.58 inches) respectively. In China, a fluidity value higher than 200 mm
(8 inches) is often acceptable [53]. Fluidity values with regard to solids contents are illustrated in
Figure 6 to produce a regressive curve. It is concluded that their relationship can be expressed by
a quadratic polynomial regression equation due to a high correlation coefficient (0.99).
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Figure 9. Slump tests of CSUTB of 1:10 ¢/t with different solids contents: (a) 65%, (b) 68%, (c) 70%,
and (d) 73%.

4.3. Recommendation of RMP for ZGIM

After curing at 20 °C and 95% relative humidity for 28 days in a temperature- and
humidity-controlled chamber, the UCS values of CSUTB with different solid contents were obtained by
a uniaxial compressive test, i.e., 0.83, 0.86, 0.89 and 0.92 MPa for 65%, 68%, 70%, and 73%, respectively.
According to the mechanical and rheological testing of CSUTB, an RMP with 1:10 ¢/t and 70% solid
content is recommended for ZGIM. The reasons can be explained as following: (a) its UCS (0.89 MPa)
is higher than the required strength (0.82 MPa); (b) its slump value is about 240 mm, which is in the
common range of 180 to 250 mm; (c) it has an acceptable bleeding rate of 12.23%, which is lower than
the limit value of 15% [50]; and (d) its fluidity is 214.5 mm, showing favorable flow characteristics [53].
That is, CSUTB with such a mix formulation can be successfully transported to underground open
stopes and kept stable when mining an adjacent secondary stope due to its superior rheological and
mechanical properties.

5. Numerical Modeling Studies

One of the most important reasons for using minefill technology in ZGIM is to control and relieve
the subsidence to protect residential buildings and farmland. To verify the validity of the determined
mix proportioning of CSUTB in subsidence control, numerical methods are suggested. Numerical
methods are different from empirical methods and physical models since they can take geological and
geotechnical aspects into consideration. In mining engineering, FLAC 3D (Itasca Consulting Group,
Inc., Minneapolis, MN, USA), a numerical software based on the finite-difference method, is often used
to analyze the ground subsidence, stress, and deformation distribution of rock and backfill [22,54-58].
Therefore, a three-dimensional model based on FLAC 3D according to the mining conditions was
established for the simulation of backfill mining.

5.1. Model Geometry, Boundary, and Material Initial Conditions

A model was first built in AUTOCAD (Version 2016, Autodesk, Inc., San Rafael, CA, USA)
then meshed in ANSYS (Version 16.0, ANSYS, Inc., Canonsburg, PA, USA) and thereafter imported
into FLAC 3D (version 3.0) via special FISH functions. In order to minimize the boundary effect,
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a significant distance from the mining area to the lateral and bottom boundary is required. Finer
meshes are assigned in the domain where the orebody is located. The model dimensions were taken
as 1144 m on the X-axis (EW), 50 m on the Y-axis (NS), and 755 m on the Z-axis. The reason for the
small length in the Y direction (strike) is that the strike of the orebody is quite long enough relative
to its width and height, which has a minor effect on the subsidence [58]. Meanwhile, the change of
geometry of the orebody along the strike is not significant, which can be analyzed as a plane-strain
problem [21]. Therefore, a model developed from section of No. 4-5 exploration line. The model has
199,959 zones and 38,332 nodes, as shown in Figure 10.

Block Group
topsoil
shale
limestone
marble
-110m-level
-170m-level
-230m-level
-290m-level
-350m-level
orebody

Figure 10. FLAC 3D model for backfilling mining.

The model base had been fixed laterally and vertically (pinned boundary). The lateral wall of the
model had a roller boundary, meaning that movement was fixed laterally and free in the Z direction.
According to the ZGIM geological report issued by the North China Engineering Investigation Institute
Co., Ltd in 2007 and geostress distribution in nearby regions, regressive equations for predicting stress
tensor values are given in Equation (8) and then incorporated into numerical modeling. The major
principal stress is around 2.1 times the vertical stress, meaning the stress field in ZGIM is controlled by
horizontal tectonic stress rather than self-weighted stress.

O max = 1.934 + 0.0478H (MPa)
jymin = 0.409 + 0.0292H (MPa) )
0y = 0.485 + 0.0272H (MPa)

where 0, max, 01 min, and ¢y are the maximum principal, minimum principal, and vertical principal
stresses; H is the buried depth. Orientation of maximum horizontal principal stress is approximately
NW in accord with the orientation of the maximum tectonic stress.
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5.2. Constitutive Model and Material Properties

One of the most significant parts of numerical modeling is assigning the constitutive model, which
describes the mechanical behavior including yielding and post-crack of geomaterial [56]. In FLAC3D,
elastic, strain softening, and Mohr-coulomb (mohr) models are often used for mining engineering.
In this simulation, the mohr model is used to simulate the behavior of rock and backfill, while the
elastic model is used for quaternary topsoil. Mechanical properties of different materials simulated
in this study are given in Table 5, based on laboratory tests and field investigation. Backfill tensile
strength was evaluated by the split tensile strength of CSUTB with 1:10 ¢/t and 70% solid content after
28-day curing. Internal friction angle and cohesion of CSUTB with that mix design are obtained from
backfilling technical report of ZGIM [59].

Table 5. Input parameters for FLAC 3D model.

. Tensile . Internal Elastic . ,
T Density St th Cohesion Frictional Modul Poisson’s
ype (g-m—?) reng (MPa) ctiona odulus Ratio
(MPa) Angle (°) (GPa)
quaternary topsoil 2.20 - 0.1 - 3.20 0.32
Shale 2.62 1.55 6.45 34 6.30 0.31
crystalline limestone 2.67 1.60 528 46 8.23 0.27
Orebody 3.95 1.53 6.25 34 6.30 0.31
Marble 2.78 1.65 5.72 45 8.30 0.30
CSUTB (1:10 ¢/t) 1.80 0.47 0.73 33 0.93 0.24

5.3. Numerical Modeling Results

After generating the numerical model, initializing the mechanical parameters, and fixing the
boundaries, the model was first solved as an elastic model for the equilibrium state. The mining and
backfilling sequences of levels discussed earlier were then followed. In this study, the effect of blast
was not taken into consideration and the model was analyzed under static loading. The rock, orebody,
and backfill were subjected to mohr failure criteria. A total of 60 monitoring points in the central line of
upper surface along the X direction were set for recording ground subsidence after each extraction.

5.3.1. Subsidence Parameters

To evaluate the ground subsidence, five deformation parameters, i.e., VD, HD, HDR, curvature,
and inclination, were introduced. VD is the vertical deformation of a monitoring point, which means
ascent in positive and descent in negative. The VD is expressed as:

VD=V, -V, )

where Vs is the elevation of the monitoring point after mining, mm; V,, is the elevation of the
monitoring point before mining, mm.

HD is the horizontal component of a displacement vector for monitoring points. In the orebody
strike section, HD is positive when monitoring points shift to the right, and negative when they shift
to the left. HD is written as:

HD = H,, — Hy (10)

where H,/ and H; are the distances from the monitoring point to the control point after and before
extraction, respectively, in mm.

Inclination is the ratio of the VD difference to the horizontal distance between two adjacent
monitoring points. Ground subsidence often leads to leaning of buildings, which has a significant
influence on their stability and stress state. Incline (i4p) is evaluated as:

. AVD

i Nz (11)
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where i 4 is the incline, mm/m; AVD and AH are the VD difference (in millimeters) and the horizontal
distance (in meters) between two adjacent monitoring points, respectively.

Curvature K is the ratio of the incline difference to the midpoint distance between two adjacent line
segments, which makes the surface crooked. Then, the force balance between the earth and the foundations
of buildings would be destroyed, causing deformation and destruction of the buildings. The style of cracks
in buildings is associated with the positive-negative values of curvature. K is expressed as:

Ai

K=——
1/2AHmid

(12)
where K is the curvature, 1073 /m; Ai (mm/m) and AH,,;; (m) are the incline difference and midpoint
distance between two adjacent line segments, respectively.

HDR is the horizontal deformation rate of the ground surface, which is equal to the ratio of HD
difference to the horizontal distance between two adjacent monitoring points. Buildings in China
are mainly made of brick and concrete, showing high compressive capacity and low tensile ability.
Therefore, a small HDR could cause cracks at the weak parts of buildings, leading to fracture failure.
HDR is determined as:

AHD

HDR = —— 1
AL (13)

where HDR, mm/m; AHD (mm); and AH (m) are different horizontal distances between two adjacent
monitoring points.

5.3.2. Subsidence Analysis

As discussed earlier, the mining sequence of five levels in ZGIM is as follows:
—350 m level > —290 m level > —230 m level > —170 m level > —110 m level. After each extraction,
the subsidence data were recorded, as shown in Table 6 and Figure 11. It can be noted from Figure 11
that subsidence increases significantly with increasing extraction area. The vertical deformation (VD)
value of monitoring points increases closer to the mining center, which leads to a V-shaped settlement
area. It is worth observing that the maximum horizontal deformation (HD) and incline occur at the
bilateral parts of the mining center with a distance about 200 m. In the mining center, the HD is nearly
zero but the HD rate is maximum, meaning buildings may occur some cracks caused by tensile stress.
The maximum HD area shows the highest inclination but the lowest HD rate, which commonly makes
a building unstable due to the deviation from the center of gravity. From Figure 11b, we can find the
maximum subsidence point moves to the left as the extraction activity continues, which is associated
with an irregular shape of the orebody and ascending mining sequence. This finding is also consistent
with the findings in [26]. Please note the value of subsidence parameters after mining the —110 m level
are nearly the same as extraction of the —170 m level.

Table 6. Maximum deformation values with mining sequence (absolute value).

Vertical Horizontal o . Horizontal
. . Inclination Curvature .
Levels Deformation Deformation _3 Deformation Rate
(mm/m) (10~°/m)
(mm) (mm) (mm/m)
—350 16.914 4.671 0.0294 0.000224 0.0305
—290 77.017 21.083 0.1500 0.001258 0.1893
—230 164.68 55.747 0.3661 0.003009 0.4157
—170 222.32 78.085 0.5306 0.004857 0.5106

—110 225.04 79.370 0.5368 0.004890 0.5172
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Figure 11. Deformation distribution after extracting each level. (a) Horizontal deformation; (b) Vertical
deformation; (c¢) Horizontal deformation rate; (d) Inclination; (e) Curvature.

As shown in Table 6, the deformation values were quite small when the —350 m level was mined
first. However, the VD, HD, HD rate, curvature, and incline after extracting the —110 m level were
13.30, 16.99, 16.96, 21.83, and 18.26 times, respectively, the values of extraction of —350 m. A significant
increase in deformation values was found after mining the —230 m level, which can be explained by
it having the highest ore reserve. The allowable deformation values of ZGIM ground according to
GB-50771-2012 [60] are £6 mm/m HD rate, +4 mm/m inclination, and £0.4 x 1073 m~! curvature.
Compared with limited values, the final deformation values of ZGIM (0.5172 mm/m, 0.5368 mm/m,
and 0.004890 x 103 m_l) are small and safe. Therefore, it can be concluded that subsidence in ZGIM
is acceptable and will not cause obvious damage to the villages and farmland above the mining area;
and the backfill mining method can ensure the ground deformation in a controllable range. Moreover,
the recommended mix proportioning of CSUTB is reasonable and valid.

6. Conclusions

A study of the use of cemented super-fine tailings backfill in an underground iron mine for the
control of subsidence has been presented. An analytical solution (for determining required strength)



Minerals 2017, 7,216 17 of 20

and laboratory tests (for evaluating mechanical and rheological properties) have been investigated to
determine the optimal mix of CSUTB for ZGIM. Where necessary, a 3D numerical model incorporating
realistic mining sequences has been used to verify the validity of CSUTB with RMP in subsidence
control. The conclusions based on the results are as follows:

(1) The present study proposes an modified analytical solution for evaluating the required strength
of backfill when in contact with NCT based on Li [30], which then is used in a case study.
The required strength of backfill for ZGIM is 0.82 and 0.78 MPa when in contact with the NCT
and orebody, respectively.

(2) The results indicate that the rheological properties of CSUTB decrease with increasing solid
contents. The rheology, i.e., slump, fluidity, and bleeding rate values, with a certain solid content,
can be determined by empirical quadratic polynomial regression equations.

(3) Based on mechanical and rheological testing on CSUTB, a reasonable mix of 1:10 ¢/t with 70%
solid content is recommended for ZGIM. CSUTB with such proportions can meet the strength
and transportation requirements as the same time.

(4) According to the results of numerical modeling, the maximum vertical and horizontal
deformation after extracting —110 m level are 225.04 and 79.370 mm, respectively. The subsidence
will increase significantly after mining the —230 m level due to having the largest iron reserves.
However, the change of deformation is not clear between extraction at the —110 and —170 m levels.
The surface subsidence weighs more toward to left side due to irregular geometry of orebody.

(5) The maximum inclination (0.5368 mm/m), curvature (0.004890 x 10~3/m), and horizontal
deformation rate (0.5172 mm/m) are sufficiently small compared with critical values (4 mm/m,
0.4 x 1073 m~! and 6mm/m, respectively), which means the subsidence caused by mining
activities will not influence the safety of residential buildings and farmland. The results also
indicate that the recommended formulation of ZGIM is reasonable and valid.

The influence of mining sequence and backfill properties on surface subsidence should be further
investigated. Meanwhile, future study should also focus on the substitution of fly ash or blast furnace
slag for cement to reduce the backfill cost.
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Abbreviations

CPB cemented paste backfill
CSUTB cemented super-fine unclassified tailings backfill
ZGIM Zhongguan Irom Mine

ucCs uniaxial compressive strength
NCT non-cemented tailings

RMP reasonable mix proportion
c/t cement to tailings

orC ordinary Portland cement
mohr Mohr—coulomb

VD vertical deformation

HD horizontal deformation

HDR horizontal deformation rate
CAH central accumulation horizon

SFT super-fine tailings
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