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Abstract

Underground backfilling stands out as a crucial technological strategy for the eco-friendly and effective management of
solid waste in mining operations. However, existing backfilling techniques have led to increased production processes at
the working face, resulting in a reduction in coal extraction efficiency. Addressing the temporal and spatial interference
between mine solid waste backfilling and coal mining is essential. To overcome this challenge, this study introduces a novel
post-mining spatial gangue slurry backfilling method. Radar detection was employed to ascertain the typical characteristics
of the subsequent space collapse roof shape. Stress monitoring and compaction experiments were conducted to establish
the relationship between stress and the bulking coefficient of the overlying rock mass, identifying subsequent spatial void
structure characteristics. The development of a CO, mineralized coal-based solid waste filling material, utilizing conventional
low-calcium fly ash under normal temperature and pressure conditions, was presented. This paper provides a comprehensive
understanding of the post-mining spatial gangue slurry backfilling method, outlines the spatial layout approach for the cor-
responding system, and analyzes research challenges associated with gangue slurry backfilling materials and the technol-
ogy of slurry injection borehole layout. The research aims to innovate an efficient underground disposal model for gangue,
contributing to the refinement of the technical system for the comprehensive disposal and utilization of gangue.

Keywords Goaf - Subsequent space - Grouting filling - Solid waste disposal - Evolution of void structure

Introduction

Coal is one of the primary sources of energy worldwide and
plays a significant role in economic development (Zhang
et al. 2019a, b, c; Gao et al. 2018). The healthy develop-
ment of the coal industry is crucial for energy security and
sustainable economic growth (Chen et al. 2020a, b; Xu et al.
2020). While coal has made tremendous contributions to
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industrial development, it has also brought a series of envi-
ronmental damage issues, significantly impacting surface
ecology and groundwater environments, particularly in eco-
logically vulnerable areas (Singh and Guha 2018; Li et al.
2019). The contradiction between large-scale coal extraction
and environmental protection is particularly pronounced in
areas characterized by coalfields with thick coal seams, shal-
low burial, limited water resources, and fragile ecosystems
(Wang et al. 2018a, b, c; Chen et al. 2020a, b, 2021; Zhong
et al. 2019). In response to the ecological damage caused by
large-scale mechanized mining methods, the current scien-
tific development strategy for coal resources needs to shift
from “passive restoration” to “active protection” and from
“intensive mining” to “harmonious coordination” (Zeng
et al. 2019; Liu et al. 2020).

Due to the limited conditions for coal occurrence, around
90% of coal in China is primarily extracted through under-
ground mining (Wang et al. 2019; Huang et al. 2022; Qi
et al. 2019). In accordance with the overall requirements
of ecological civilization construction and prioritizing
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environmental protection, as well as emphasizing natural
restoration, efforts should be made to minimize and control
the ecological damage caused by mining operations under-
ground. Currently, the main methods used to prevent ground
ecosystem disruption resulting from coal mine strata col-
lapse are pillar extraction and backfill mining (Zhu et al.
2018; Zhang et al. 2017a, b; Wang et al. 2018a, b, ¢). How-
ever, the pillar extraction method leads to resource wastage
and reduces the service life of mines. It also affects produc-
tion layout and efficient coal recovery (Bai et al. 2022b; Li
et al. 2016). On the other hand, traditional backfill mining
incurs high costs and poor economic viability, making it
unsuitable for large-scale promotion and implementation by
coal mining enterprises (Wang et al. 2018a, b, c; Yu et al.
2020a, b; Shao et al. 2020). Therefore, it is crucial to explore
a comprehensive, scientifically sound, and efficient coal min-
ing technique that minimizes subsidence and ensures water
preservation, which is a vital and practical requirement for
green and efficient mining at the current stage (Meng et al.
2021; Hou et al. 2021; Yuan et al. 2021).

In underground mining, longwall mining method, com-
pared to other mining methods, enables continuous coal
extraction and possesses advantages such as high productiv-
ity, efficiency, recovery rate, and strong applicability (Zhang
et al. 2017a, b; Liu et al. 2023). Consequently, it has been
widely applied and developed. However, the damage caused
by longwall mining to the surface and groundwater in min-
ing areas should not be underestimated (Doulati et al. 2022;
Bai et al. 2022a). Since most longwall mining methods pri-
marily adopt the full caving method to manage the roof, the
roof collapse area is extensive, resulting in significant dis-
placement and deformation of overlying rock layers from the
coal seam to the surface (He et al. 2015; Bai and Tu 2019).
In cases where the coal seam is close to aquifers or surface
water bodies, mining-induced fractures may penetrate the
aquifer sealing layers, leading to water resource loss and
sudden inrush of water in working areas, thereby triggering
a series of ecological, environmental, and production safety
issues (Gao et al. 2019; Yu et al. 2020a, b; Hu et al. 2018).
The various environmental and safety problems caused by
underground coal mining essentially revolve around the loss
of water resources induced by mining operations (Li et al.
2020; Xu et al. 2019).

Backfill mining is an effective method that limits the
impact on water, soil resources, and infrastructure within
the tolerable range of ecological tolerance for mining activi-
ties (Liu et al. 2018; Hu et al. 2017a, b; Chen et al. 2019;
Zhang et al. 2020a, b). Promoting advanced technologies
such as efficient backfill mining in an adaptable manner and
conducting feasibility studies on coal mine backfill mining
are among the key tasks for comprehensive management of
mining subsidence areas (Zhao et al. 2019; Ma et al. 2018;
Zhang et al. 2019a, b, c; Wang et al. 2020). Backfilling the
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goaf is currently one of the most effective approaches to
water conservation in coal mining (Liu et al. 2019; Zhang
et al. 2020a, b; Xie et al. 2016; Xu et al. 2017). However, tra-
ditional goaf backfilling encounters challenges such as insuf-
ficient time and space for timely backfilling before the roof
collapses after coal extraction (Chen et al. 2018; Yang et al.
2017; Wu et al. 2016; Zhao et al. 2020). Additionally, min-
ing and backfilling operations occur within the same limited
space, making it difficult to coordinate parallel operations
and causing backfilling to affect mining progress (Zhang
et al. 2019a, b, c; Shi et al. 2019; Hu et al. 2017a, b; Wang
et al. 2021a, b). In coal mining environments characterized
by complex geological conditions, a specialized approach
to backfill mining has been implemented. This practice
entails utilizing materials like gangue, sand, and crushed
stone to fill the goaf, with the primary objective of minimiz-
ing subsidence associated with the mining process (Yang
et al. 2019; Jiang et al. 2018; Liu et al. 2021). However,
whether using coal gangue backfilling, cementitious back-
filling, partial substitution of fly ash for cement in backfill-
ing, or concrete backfilling, the unit cost is generally high.
The relatively high investment cost significantly impacts the
economic benefits of enterprises and objectively limits the
widespread application of this method.

Regarding this particular situation, the authors propose
a delayed backfilling approach for goaf filling. The back-
filling operation is delayed compared to the mining opera-
tion, allowing for the natural collapse of the goaf roof.
This results in a completely or nearly completely filled
goaf area formed by the natural collapse of the goaf roof
after coal mining. The authors utilize the fragmentation
and expansion properties of the collapsed rocks. On the
side close to the working face, a designated delayed filling
zone is determined. Through directional drilling or upper-
level roadways near the working face, the voids in the col-
lapsed zone are grouted before compaction, consolidating
the collapsed zone to form a load-bearing structure with
certain strength, as depicted in Fig. 1. Radar detection was
utilized to characterize the typical shape of the roof col-
lapse in the subsequent space. Stress monitoring and com-
paction experiments were carried out to establish the cor-
relation between stress and the bulking coefficient of the
overlying rock mass, revealing the characteristics of the
subsequent spatial void structure. The paper introduced the
development of a CO, mineralized coal-based solid waste
filling material, employing conventional low-calcium fly
ash under normal temperature and pressure conditions. It
systematically elaborated on the concept of the subsequent
space gangue grouting filling method and provided the
spatial layout approach for the subsequent space gangue
grouting filling system. The challenges in the development
of gangue grouting filling materials and the technology for
grouting borehole layout were thoroughly examined. The
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backfilling volume and range only cover a portion of the
mined-out space. After reinforcing the collapsed rock mass
with backfill material, it supports the overlying strata and
achieves the objectives of controlling strata movement and
water conservation while mining proceeds parallelly. The
advantage of this method is that it separates the mining
and backfilling processes, avoiding interference between
them. Based on field investigations, the authors provide
a detailed analysis of the characteristics of the collapsed
goaf roof and the height of the collapsed zone, establishing
the boundaries for grout filling. By monitoring the stress
of the goaf in real-time, a stress distribution model for the
delayed filling zone of the collapsed rock mass is estab-
lished. This provides theoretical support for determining
the timing of delayed grout filling in the collapsed goaf
and understanding the development patterns of overlying
strata fractures in the delayed filling zone.
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Study area and hydrogeological conditions

The Yushen mining area is located in the arid inland region
of central and western China, characterized by scarce water
resources, making it a typical ecologically fragile mining
area (Fig. 2). Groundwater in this region mainly relies on
atmospheric precipitation, with an annual average precip-
itation ranging from 248.7 to 724.9 mm and a long-term
average precipitation of 471.5 mm. Due to the terrain and
landform, most of the precipitation forms surface runoff
and is lost, with less than 15% infiltrating into the rock and
soil layers. Moreover, the area experiences a high average
annual evaporation of 1611 mm, leading to severe water
shortage (Ma et al. 2022). In the early twenty-first century,
the Yushen mining area began adopting modern coal mining
technologies such as large working faces and one-time full-
height mining. Due to the shallow burial of coal seams, thin
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overlying bedrock, and thick wind-blown sand cover on the
surface, this high-intensity, integrated mining leads to defor-
mation and fracture zones known as “double zones.” The
structural damage to the aquifers results in the infiltration
of water from the bedrock aquifer and the loose water-bear-
ing layers of the Quaternary system into the goaf. This has
caused a series of mining environmental geological effects,
including leakage of underground water resources, sudden
inrush of water and sand underground, groundwater level
decline, and degradation of the ecological environment. The
original fragile ecological environment of the mining area
has become even more difficult to restore. For example, on
July 13, 2003, when the 1310 working face in the Dalitata
mine advanced to a position 16.7 m away from the cutting
eye, the roof collapsed completely, leading to a geological
disaster of water inrush and sand outburst, with a maximum
water inflow of 510 m*/h (Ma et al. 2022). According to the
statistics of water inflow in the Yushen mining area in recent
years, the average water inflow of the Dalitata, Bulianta, and
Shigetai mines exceeds 13,000 m>/d. The maximum water
inflow is 16,853 m?/d (Shigetai). The average flow rate of
the Mother River Spring Domain in the Dalitata mining field
was 5961 m?/d before coal mining, with a maximum aver-
age flow rate of 106,273 m>/d (Fan et al. 2018). However,
in recent years, due to the damage and drainage of the Qua-
ternary water-bearing layer caused by coal mining, the flow
rate of the Mother River Spring Domain has decreased to
only 1680 m?/d, a reduction of 72% (Song et al. 2021). Pro-
tecting and utilizing groundwater resources in coal mining

has become an urgent issue in the scientific development of
coal resources in ecologically fragile areas of central and
western China.

The project proposes the technique of delayed backfilling
for low-carbon water-conserving mining in goaf areas. It
determines the space for delayed backfilling in goaf areas,
the layout of grouting holes for backfilling, and parameters
for delayed grouting and backfilling. The main contents
include the fragmentation characteristics of collapsed rock
blocks in goaf areas, the initial distance for delayed backfill-
ing, the ultimate distance for delayed backfilling, the strati-
graphic position for delayed backfilling, the arrangement of
surface grouting holes and underground grouting holes, hole
spacing, hole structure, and grouting volume.

The typical comprehensive stratigraphic column of the
Yu-Shen coal area and the lithological characteristics are
shown in Fig. 3. The surface is primarily covered by Qua-
ternary strata, and bedrock outcrops are sporadically dis-
tributed in valleys. The mining area is defined within the
coal field, and it comprises six mineable coal seams at vari-
ous depths. The total estimated coal resources amount to
1.24 billion tons, with a remaining reserve of 1.19 billion
tons. The designed production capacity of the mine is 8
million tons per year, and the expected mine service life is
67.9 years. As of October 2021, the mining operation has
completed the extraction in the 301 panel area, including ten
working faces (30,101-30,110), and the extraction is ongo-
ing in the 302 panel area, specifically in the 30,201 working
face. In the next three years, the mine plans to extract from
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the 30,201 and 30,202 working faces. The 301 panel area
adopts a multi-slice longwall (MSL) method with a mining
height of 5 m, while the 302 panel area plans to use a single
pass longwall (SPL) method with a mining height of 7.2 m.

Based on the groundwater occurrence conditions and
hydraulic characteristics, they are divided into two types:
the Quaternary loose rock porous confined aquifer and the
Jurassic Middle System Zhijialu Formation and Yan'an For-
mation sandstone fractured confined aquifer. From top to
bottom, it can be divided into five aquifer layers (forma-
tions): the Quaternary Holocene alluvial layer porous con-
fined aquifer, the Upper Pleistocene lacustrine layer porous
confined aquifer, the Quaternary Middle Pleistocene loess
layer porous fractured confined aquifer, the Jurassic clastic
rock weathered crust fractured aquifer, and the clastic rock
fractured confined aquifer. The aquitards mainly consist of
Quaternary Middle Pleistocene relative aquitard and the
mudstone and sandy mudstone aquitard between the Juras-
sic sandstone layers (Table 1).

Upon analyzing the distribution characteristics of aqui-
fers in the mining area, two main types of aquifers were
identified: the loose rock mass aquifer with pore and fis-
sure water in the Quaternary system, and the fractured rock
aquifer in the Jurassic clastic rocks. As for the distribution
characteristics of aquitards in the mining area, two major
aquitards were identified: the relative aquitard composed of
middle-lower Quaternary loess in the Quaternary system and
the interbedded aquitard in the Jurassic bedrock. Current
research indicates that the focus of water hazard prevention
and control lies in ensuring safe mining operations by mini-
mizing the inflow of water from the roof during the mining
process. Properly controlling the position of the interface
between the water-conductive fractured zone and the aqui-
fers based on the hydrogeological conditions of the mined
coal seam and preventing damage to the aquitards caused by
mining activities are essential approaches to achieve water-
conserving mining practices.

Field detection of collapsed roof form

The detection area is the goaf of the No. 3 coal seam in
the 301 panel area. The ZTR12 series geological radar
(GR) utilizes shielded antennas to emit high-frequency
electromagnetic waves ranging from 1 MHz to 2.5 GHz,
while the receiving antennas collect the corresponding sig-
nals, which are then stored and displayed by a computer.
The ZTR12 series GR has a central antenna frequency of
100 MHz, a length of less than 1 m for each individual
antenna, a step size smaller than 2 X 10725, an output
signal of 10x 107 s, and a voltage of 90 V. Addition-
ally, when generating a 100 MHz transmission pulse, the
amplitude ratio between the pulse and ripple increases

significantly to over 30 dB, allowing the effective mapping
depth of the GR to reach within a range of 30 m below
the No. 3 coal seam, making it fully applicable in under-
ground mining environments. The ZTR12 series GR was
employed to detect the roof strata of the goaf in the No.
3 coal seam. The GR has a detection depth of 30 m and
a detection distance of 70 m. The detection area is illus-
trated in Fig. 4, and the GR system conducted tests at 1024
sampling points.

The GR detection data collected were processed
through zero-point calibration, denoising, filtering, and
gain adjustment to obtain the GR detection images. These
images clearly reflect the collapse status of the roof strata
after coal seam extraction in the detection area, as shown
in Fig. 5. From Fig. 5, it can be observed that within a
distance of 30 to 70 m from the detection starting point,
there are four distinct alternating strong and weak reflec-
tion zones. Specifically, a weak reflection zone appears
in the 60 to 70 m position, and its phase is generally con-
sistent with the surrounding medium reflection image.
Therefore, the black dashed-line area represents a mildly
damaged region where the roof exhibits minor fragmen-
tation and relatively high integrity. On the other hand, a
strong reflection zone appears in the 50 to 60 m positions,
and its phase differs from the surrounding medium reflec-
tion image. Hence, the white dashed-line area represents
a severely damaged region where the roof exhibits sig-
nificant fragmentation and poor integrity. This cyclic pat-
tern of alternating reflection zones follows the advancing
direction of the working face and is in basic agreement
with the results obtained from on-site borehole observa-
tions. Based on the aforementioned detection results, the
collapsed morphology of the roof in the goaf of the No. 3
coal seam was reconstructed, as shown in Fig. 6.

From Fig. 6, it can be observed that after the extraction of
the No. 3 coal seam, the immediate roof (carbonaceous mud-
stone) and the overlying roof (siltstone) exhibit well-devel-
oped fractures, and the fracture development has extended
into the mudstone layer. However, the upper portion of the
siltstone layer is minimally affected by the extraction of the
No. 3 coal seam, with a collapse zone height of 25 m.

Collapse rock mass expansion characteristics

Based on the theory of overlying stress in collapsed rock
blocks within goaf areas, the stress variation and dilatancy
coefficient of the collapsed rock blocks within the goaf are
divided into different zones. By analyzing the stress varia-
tion patterns and dilatancy characteristics of the collapsed
rock blocks within the goaf, the initial lag filling distance
is determined.

@ Springer



Environmental Earth Sciences (2024) 83:217

217 Page60f19

w oy 0101 Jo

SSOUNOTY) © YIIM ‘QUOISI[IS

pUE QUOISPNW JO SISISUOD

pxeymbe ot “p/ur 1000 01
G700°0 WwoIj saSuel anjea

P/W $10°0 Jo (3D
K)1ATIONPUOD OI[NEIPAY ®

M0

9€00°0-100°0

weas [e0d ¢ "ON oy}
Jo wonoq ay) Je sodeds
a1od pue sseur yoo1 pain}
-0®IJ 9} UT JoJeM 9INSsald
¢ weas
[20D) JO Y001 O1SL[D

uoneuIo]

[IIM IoJem POULUOD-0INOBY]  QJEIOPOW 0) MO] €21€°0-6+000°0 0T°69-+0°ST 90'90€—F€'8ET  POINJOBIJ UT J9JBM INSSAI ue uex JIsseInf A[ppIA A
S001 JNSe[d
Ur IoJeM PAUuUOd-2INOeI]
Kep/ur 6070 Jo (31) SOOI dnse[d
K31AnONpUOod J1NeIpAy 0z jo JO ISNIO pPaIayeam Ul UOTIBULIO
IIM IoJeMm PAULJUOI-0IN)OBT] MO €4800°0 SSAWIIY) B YIim A[[eIousn) €9°CST-67'ET  J9Jem pPauyuod painjoer]  on[Suoyy orsseinf S[ppPIA Al
Kep/ur 1690
0} 800" woiy Surduer ()
AyAnonpuod ormneIpky e 01°L9—6€'y  UOnBWIO] SUSYONM 9y L sor1es pajepdn oy
A ‘preymbe dAne[ax Ay, M0] €960°0-C¥100°0 089t ueaW ‘64°0T1-0 ¥9°€8— 9t UOIBULIOA IYSITT QYL Jo sseo[ Areurajend) oy, 111
Kep/ur 076 01 £TH() Woiy
Surduer (3[) AyAnoONpuod s1ojmbe
SI[NEIPAY B YIIM ‘90UBdIYIU pauyuod Aq paziIaloeIeyd ‘WsAs Areurarent) oyl
-31s A[ddns 1o1eM JuBROYIUSIS SUOMS O AJLIOPOIA 90 7—0rE10 26'79-C0 18°98—€+  JO I9Ae[ AIRJUQWIPIS QULNSNOR] QUJ03SI9f{ Joddn oy, I
QoueoyIU
-31s Teo130[0IPAY UTR}IAD
Sploy pue seaIe Ka[[eA
ur paIngInsIp ATurew s1j|  JeISPOW 0} MO 01> G8'/—0S'T 091-8°S Ioymbe y1sodop TeIang ouaSoaN Areurdjene) oy, I
((ws)
/T)/91e1 moput
sonsLIeoEIRY)  AInjeu snoxeyinby  jun paziprepue)s wy/ssouydIy) 1ymnby  wyssouyory) orydersneng wnens  xopup

PIoY 9y} UI SonsLIdoereyd (pIejnbe) 1o5mbe Jo marazeaQ | 9|qeL

pringer

AQs



Environmental Earth Sciences (2024) 83:217 Page70f19 217

Fresh air Coal transportation direction
- ——p

Fig.4 Location of GR detection f /

Transportation roadway

|

|

Return airflow roadway

|
|

I
Exhaust air  Detection endpoint Detection starting point
End point Starting point
70 m 60 m 50m 40m 30m 20m 10m Om

AP AN Frisreys PO ATA
o ~"I’M.,’W~:‘n' gAY vy .' '\‘P '
) N N s
\ \v(;?'/:\“‘.‘v///r" Ay \ \W&Q\M.\V [
N»f{;‘.ﬁ}\f.m. w«; 0 :.).\:,m‘.‘-:\y.w,.\.ﬂ'
() MY \ "l.'al',"“' N/ »
M .‘““ AN \ :?A‘_ " bl "\Afl‘..",,/‘%

L/
W'/
P

WAL
o W'
Lo . \
“” \ e “,

T ISl e

Fig.5 Processed detection results of GR data

End point Starting point
70 m 60 m 50 m 40 m 30 m 20m 10m 0Om

e s = Y = S5m

T 7== T\
AN e 10 m
R e e S
=
=X y - P —— — T
— S < —,
— : ‘xh ™ S e I5m  Depth
— 5 == = ; T —y ==
P e s (e oS s s =
) SR s 7-v=_ T ) = - 2 S
AR A e iy .,é“‘ = = 20 m
= : SE s =7 Mudstone k2
o e e == —c—=¢Mudstone
TE o — T =
S — = S
Z — 25m

o=
S e e g

%‘%?E"MH&——%G'A—‘E_ —

S g T N E N - Carbon mudstone

St | ] eSS o = O &S e

S S e e N e e e e S s

3% Coal seam Y

30m

Fig.6 Inversion map of breaking structure form with GR of coal seam mining

@ Springer



217 Page80of19

Environmental Earth Sciences (2024) 83:217

Zoning of stress in collapsed rock blocks

After the collapse of the roof in the goaf area, the overly-
ing load is transferred and redistributed, resulting in the
formation of supporting pressure. Based on the princi-
ples of limit equilibrium and conservation of overlying
load, the calculation methods for the range of coal wall
support influence and stress recovery zone are studied.
The deformation zoning of the lag filling zone is ana-
lyzed, and the corresponding stress paths during mining
are determined based on the longitudinal and transverse
stress variation patterns of the overlying strata. A stress-
distance distribution model for the collapsed rock blocks
in the lag-filling zone is established. Combining the the-
ories of cantilever beams and elastic foundation beams,
the stress variation patterns of collapsed rock blocks
in the goaf area are analyzed. Based on the subsidence
of the underlying rock layer in the 302 panel area, the
stress zones of the collapsed rock blocks in the goaf area
are classified as follows: low stress zone (LSZ), stress-
increasing zone (SIZ), and stress-stable zone (SSZ), as
shown in Fig. 7.

The relationship between stress o; in low-stress zone of
collapsed rock mass and the position / of coal wall in the
working face satisfies:

2
o,=b\/1+l—+AC (1)
a

In the equation: ¢; represents the stress in the low-stress
zone of the collapsed rock mass in MPa; [ represents the
distance from the coal wall in meters; AC represents the
compensation parameter; @ and b are coordination param-
eters determined through stress measurement experiments
on the collapsed rock mass.

h]

Collapse zone Fissure zone

Fig.7 Schematic diagram of stress distribution in goaf
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Distribution of fragmentation and swelling
characteristics of collapsed rock blocks

Based on the relationship between rock swelling coeffi-
cient and axial pressure, the distribution characteristics
of fragmentation and swelling of collapsed rock blocks
are analyzed. Since the rock swelling coefficient is not a
constant value but a function of stress variation, the rock
swelling coefficient and the characteristics of swelling
can only be obtained when the regression coefficients are
determined. In the field of the 302 panel area, random
samples of collapsed rock blocks were collected, crushed,
and placed in rigid cylinders for compaction experiments.
By using a Multi-functional Mechanical Test Loading
System (MMTLS), as shown in Fig. 6, the rock swelling
coefficient under compression was calculated (Table 2),
and the relationship curve between the swelling coefficient
and stress was plotted (Fig. 8).

At the initial filling stage, the fragmentation coef-
ficient is relatively large, and at this time, the initial
delayed filling position is located in the low-stress zone.
According to Eq. (1), the relationship between the frag-
mentation coefficient (k,) of the collapsed rock block
and the distance (/) from the working face to the coal
wall is given by:

Table 2 Determination of rock dilation coefficient under different
stress

p/MPa  Rock dilation coefficientk,
Specimen 1 Specimen2  Specimen3  Mean value

0.01 1.768 1.772 1.720 1.753
0.02 1.693 1.688 1.673 1.685
0.03 1.665 1.676 1.652 1.664
0.04 1.626 1.634 1.629 1.630
0.05 1.606 1.612 1.603 1.607
0.10 1.566 1.570 1.566 1.567
0.20 1.518 1.513 1.502 1.511
0.30 1.485 1.496 1.472 1.484
0.40 1.430 1.461 1.445 1.445
0.50 1.406 1.421 1.418 1.415
0.60 1.374 1.401 1.382 1.386
0.70 1.339 1.368 1.341 1.350
0.80 1.308 1.342 1.322 1.324
0.90 1.300 1.322 1.296 1.306
1.00 1.289 1.316 1.277 1.294
1.10 1.277 1.301 1.271 1.283
1.20 1.268 1.290 1.261 1.273
1.30 1.259 1.281 1.255 1.265
1.40 1.252 1.261 1.240 1.251
1.50 1.242 1.250 1.231 1.241
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Fig.8 Collapse rock mass compaction experiment

[ p
kp=aln<c 1+E+AE>+ﬁ @)

In the equation, a and f represent the regression coef-
ficients related to the overlying rock stress in the goaf area,
while ¢ and d are the coordinating parameters for overlying
rock stress determination. AE represents the compensatory
parameter. It should be noted that the distance between the
coal mining face and the backfill body needs to be greater
than the initial collapse step distance of the roof. The calcu-
lation formula for the roof's ultimate collapse step distance
is as follows:

L =2kH / Rr 3)
30

Here, L represents the collapse step distance of the roof.
Q denotes the load borne by the strata beam of the overlying
roof. Ry is the ultimate tensile strength of the strata at that
location. H represents the thickness of the overlying roof
strata. k is the coefficient that accounts for the influence of

1.6%
sl kp=-02Inp+1.28

%V.\‘\.""'\
. e,
1.1 1 1 1 1 i
0.0 0.3 0.6 0.9 1.2 1.5

p/MPa

Expansion coefficient curve

the support stress generated by the mining face advancement
and the production technical conditions.

Analyzing the stress distribution of the collapsed rock
mass in the goaf, the stress in the collapsed rock mass is
mainly derived from the overlying strata pressure. The over-
lying strata above the adjacent coal seam form a cantilever
beam structure, which restricts the stress exerted by the over-
lying strata on the collapsed rock mass. According to the
principle of limited stress distribution in the overlying strata
near the coal seam (Wang et al. 2021a; b), the relationship
between the stress in the collapsed rock mass (o) and the
position of the mining face relative to the coal seam (/) can
be expressed as follows:

2
0=0.034/1+ 17 —-0.02 “)

In the equation, ¢ represents the stress in the collapsed
rock mass, MPa. [ represents the distance from the coal
seam, m. AC represents the compensation parameter. a and b
are coordination parameters determined through experimen-
tal measurements of the stress in the collapsed rock mass.

Fig.9 Testing of overlying Force plate Cavingrock Protective tube
strata stress on the collapsed TS / -
rock mass \\ : 7
Pressure \ Cable ~
o = e &
-7 transducer \ . OO«
. )/ ) E /('
' Pit ;
Vibrating wire rock B S onveHst Vibrating wire
stress gauge ) frequency reader
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Fig. 10 Stress-position relationship of the collapsed rock mass

After coal extraction, VSP530 vibrating wire rock stress
meters were installed on the mining floor, along with the
GT204A vibrating wire readout instrument, to measure
the overburden stress of the collapsed rock blocks (Fig. 9).
Based on the measured stress data of the collapsed rock
mass in the goaf, an approximate exponential relationship
curve was fitted, which showed good agreement with the
established mathematical model (Fig. 10). It was observed
that the closer the distance to the coal wall, the smaller the
stress exerted by the overlying strata on the collapsed rock
mass, with the corresponding parameters of AC=-0.02,
a=7,and b=0.03.

Determination of the delayed backfilling
zone in the goaf area

Considering the natural caving state of the roof after coal
mining operations in the 302-panel area, the technique
of delayed backfilling with low-carbon water-retaining
mining was proposed. A precise slurry system was estab-
lished on the ground to produce a slurry of coal gangue,
water, and additives with a certain mass fraction. Then,
the gangue slurry was transported through a pipeline sys-
tem and high-pressure injection to fill the space behind
the working face, thereby achieving the disposal of coal
gangue in an environmentally friendly manner without
affecting normal production (Fig. 11).

To support the overlying strata and control the develop-
ment of water-conducting fractures, delayed backfilling
plays a crucial role in preventing the connection with aqui-
fers. Therefore, before determining the backfilling area, it
is necessary to identify the layers for groundwater protec-
tion. Based on the distances between the 3# coal roof and
major aquifers within the scope of the 302-panel area, as
shown in Table 1, it is observed that the Zhenwu Cave
Sandstone is located at a distance of 0.99 to 18.38 m from
the coal seam, which is too close to be protected through
goaf backfilling. On the other hand, the Qili Town Sand-
stone is situated at a distance of 40.97 to 99.05 m from the
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Fig. 11 Schematic diagram of delayed backfilling in the goaf area
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coal seam, which is sufficiently far to be protected through
delayed backfilling. Consequently, the groundwater pro-
tection layers are identified as the Qili Town Sandstone
aquifer and the overlying Fourth Series Sandstone aquifer.

The distance for delayed backfilling in the goaf

Based on the geological data of the 302-panel area, the initial
collapse step distance of the roof is estimated to be 41.6 m.
Through the rock fragmentation compaction experiments, the
initial filling coefficient of the collapsed rock blocks in the
302-panel area is determined to be 1.5. By applying Eq. 3, the
distance from the mining face to the coal wall is calculated to
be 46 m, which exceeds the roof collapse step distance. Com-
bining surface observations in the Yushen mining area and
surface subsidence monitoring of the 30,201 working faces
in the Hanglaiwan coal mine, it is observed that the initiation
phase of the surface movement for the 30,201 working face
lasts for 6 days, with a starting distance of 59 m. With an
average daily mining progress of 10.38 m, the underground
mining distance during the initiation phase is determined to
be 62 m. Therefore, the final determined distance for the ini-
tially delayed backfilling is 62 m.

The further the distance from the working face, the more
compact the collapsed rock blocks in the goaf become, lead-
ing to a decrease in the void ratio between the rock blocks.
When the residual fragmentation coefficient is less than 1.03,
it is not feasible to carry out delayed backfilling work. Based
on the fitted relationship between the fragmentation coef-
ficient and the overlying rock stress, according to Eq. 3, the
distance to the mining face is calculated to be 706 m in this
case. Combining surface observations in the Yushen min-
ing area and surface subsidence monitoring of the 30,201
working faces in the Hanglaiwan coal mine, it is observed
that the surface movement duration is 220 days, with an
average active phase of 71 days. With an average daily min-
ing progress of 10.38 m, the underground mining distance
at this stage is determined to be 737 m. Therefore, the final
determined distance for the maximum delayed backfilling
is 737 m.

The stratigraphic position for delayed backfilling
in the goaf

1. The stratigraphic position for delayed backfilling in the
goaf is determined by the sum of the collapsed rock
layer thickness and the coal seam extraction thickness.
By analyzing the hydrogeological data of the 302-panel
area and considering the occurrence conditions and
physical-mechanical properties of the overlying rock

layers in the mining area, along with empirical calcula-
tions based on mining height, collapsed zones, and frac-
ture zones, the relative position relationship between the
overlying aquifer and the collapsed zones/fracture zones
is determined to ensure that the collapse and fracture
zones do not extend into the aquifer. In the 302-panel
area, the coal seam extraction thickness is 7.2 m, and
empirical formulas yield a collapsed zone height of 30 m
and a fracture zone height of 154.8 m.

2. The thickness of the collapsed rock layer and the posi-
tion for delayed backfilling are determined based on the
accumulated height of the collapsed zone on the imme-
diate roof and the gap height between the immediate
roof and the old roof. If the collapse thickness of the
immediate roof layer is A, then the accumulated height
after the collapse is k,2h, and the gap left between the
immediate roof and the old roof is denoted as A:

A=Sh+M—k3Sh=M - Sh(k,— 1) )

In the equation, M represents the thickness of the extracted
coal seam, and X/ represents the thickness of the collapsed
rock layer.

When M = Zh(k, — 1), A = 0, the collapsed rock layer fills
the goaf completely. At this point, the bending and sinking of
the immediate roof are usually negligible and can be disre-
garded. Therefore, the thickness of the collapsed rock layer

Sh=h kM_—l where h’ represents the safety factor for caving,
-

W=5~355.

The position of the backfill layer in the goaf is deter-
mined by the sum of the thickness of the collapsed rock layer
and the thickness of the coal seam being mined. Different
backfill regions correspond to different coefficients of rock
fragmentation for the collapsed rock in the goaf, resulting in
different positions for the backfill layer. In the initial stage of
backfilling, when the coefficient of rock fragmentation for
the collapsed rock in the goaf is 1.5 and a safety factor of
5.5 is chosen, the calculation yields a rock collapse thickness
of 97.2 m. With a coal seam thickness of 7.2 m in the 302-
panel area, the position of the backfill layer in the goaf is
determined to be 86.4 m. In the ultimate stage of backfilling,
when the coefficient of rock fragmentation for the collapsed
rock in the goaf is 1.35 and a safety factor of 5 is chosen,
the calculation yields a rock collapse thickness of 102.9 m.
With a coal seam thickness of 7.2 m in the 302-panel area,
the position of the backfill layer in the goaf is determined to
be 110 m. Therefore, the position of the backfill layer in the
goaf ranges from 86.4 m to 110 m.
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Preparation of CO, mineralized fly ash
backfill material

During coal mining operations, a significant amount of solid
waste and CO, is generated. In the context of the peak car-
bon and carbon neutrality goals, the comprehensive utiliza-
tion of solid waste and CO, is an important approach for
achieving green and low-carbon development in the coal
industry. Traditional CO, mineralization of fly ash typically
requires high-temperature, high-pressure, and high-calcium
conditions to enhance the reaction rate, mineralization con-
version rate, and strength of the backfill material. However,
in engineering practice, it is difficult to meet the require-
ments of high-temperature and high-pressure mineralization
conditions, and there are safety risks involved.

To address this challenge, the development of
CO,-mineralized fly ash backfill material under conventional
low-calcium conditions at ambient temperature and pres-
sure is pursued. The main raw material for the backfill mate-
rial is the fly ash from a power plant in Zhengzhou, Henan
Province, China, with Ordinary Portland Cement (OPC)
procured from Zhucheng Yangchun Co., Ltd. as an addi-
tive and CO, as the mineralization gas supplemented with
alkaline activator SA. The experimental process is outlined
in Fig. 12. The chemical properties of fly ash, the charac-
teristics of OPC and details about the mixing procedure of
the negative carbon filling material (NCFM) are the same as

Water

Fig. 12 Preparation of NCFM backfill material

@ Springer

previous studies (Ngo et al. 2023). Mortar samples were pre-
pared in accordance with the Chinese standard GB/T17671-
2021. The Unconfined Compressive Strength (UCS) tests
for NCFM samples were conducted following the identical
procedures, utilizing the same equipment, and maintaining
consistent parameter settings as described in previous stud-
ies (Ngo et al. 2023). The CO,-mineralized fly ash backfill
material is filled into the goaf, achieving both water retention
during coal mining and sequestration of CO, and fly ash.

The CO, mineralization reaction is conducted during the
preparation of the backfill material, resulting in the develop-
ment of mineralized backfill. The alkaline activator SA is
added to tap water to prepare an activating agent solution,
which is then added to the solid mixture at a water-to-ash
ratio of 1:2. CO, is introduced into the mixture during the
stirring process to initiate a mineralization reaction. The
backfill slurry is prepared into cylindrical specimens meas-
uring 50 mm X 100 mm and cured at constant temperature
and humidity (humidity: 95 + 1%, temperature: 20+ 1 °C)
for 3, 7, 14, 28, and 56 days. The composition ratios of
the CO, mineralized fly ash backfill material are shown in
Table 3. The rheological parameters and fitting results of the
slurry are presented in Table 4. The influence of curing time
and fly ash content on the unconfined compressive strength
(UCS) of the negative carbon filling material (NCFM) speci-
mens are illustrated in Fig. 13.
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Table 3 Proportions of NCFM

; No Ash/cement  Liquor Water-to-cement ratio  CO, Curing time Density
backfill material
SA Water
FA50 5:5 10% 90wt% 1:2 20min  3/7/14/28 Days 1290 kg/m’
FAG0 6:4 1440 kg/m®
FA70 73 1500 kg/m®
FAS0 8:2 1540 kg/m®
FA90 9:1 1490 kg/m?
Table4 Rheological No Model Fitting result T, K n R
characteristics parameters and
fitting results of NCFM slurry FA50 Herschel-Bulkley T =36.01 + 57.297°% 36.01 57.29 0.24 0.9985
FA60 7 =26.75 + 38.977%3! 26.75 38.97 0.31 0.9978
FA70 7 =16.76 + 11.347%% 16.76 11.34 0.25 0.9953
FAS80 7 =15.99 + 6.4250-36 15.99 6.42 0.36 0.9885
FA90 7 =17.09 + 6.39703 17.09 6.39 0.34 0.9883
55 FASO The yield stresses of FA50-FA80 are 36.01 Pa, 26.75 Pa,
soF FAG0 16.76 Pa, and 15.99 Pa, respectively. The yield stress of the
A FAT0 N NCFM slurry decreases with an increase in the mass of fly
431 FAS80 * ash. During the carbonation process, CO, reacts with the
401 FA90 hydration products of cement to form C-S-H gel, consum-
§ 350 ing free water in the slurry and reducing its fluidity. There-
2 30k 2 fore, slurry with a lower fly ash content requires higher yield
S o —= stress for pumping. However, when the fly ash content is
2357 . o increased to 90%, the yield stress increases to 17.09 Pa. This
200 /' is due to the excessive fly ash content, which increases the
L5t // specific surface area of particles in the slurry and adsorbs a
i @ large amount of free water.
10 " To ensure the transportation of filling materials through
0.5 5 1 s 0 > 30 pipelines, the yield stress of the slurry needs to be within
Curing time / Day 200 Pa, and thus the yield stress of NCFM meets the indus-
6 - trial application requirements. Regarding hydration and car-
= 3 days bonation reactions, the adoption of ambient temperature and
5L _a Z4d§Z}S/s pressure CO, mineralization method produces silica-based
28 days 1 . gel and CaCO;, providing strength to high fly ash filling
L AT materials and overcoming the disadvantage of low strength
E “ in conventional low-calcium fly ash in filling applications.
A3t - The flowability and UCS of NCFM filling materials meet the
S : - requirements for underground filling. The UCS at 3 days and
2r - 28 days are 2.70 MPa and 5.12 MPa, respectively. The silica-
- . based gel generated from the reaction of CO, with alkali
L () activators compensates for the low binding property of high
fly ash filling materials, exhibiting early strength character-
0 50 60 20 30 90 istics and subsequently promoting the reaction of volcanic
Proportion of fly ash /% ash, thereby increasing the long-term strength of NCFM.
Based on market prices, the direct cost of NCFM filling
Fig. 13 UCS of NCFM backfill material materials is approximately 131 RMB per ton. Compared to
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Table 5 Economic analysis of backfill material (RMB/ton)

Material type Cement Stone Ash Alkali activator Cost
Unit price  Amount (%)  Unitprice ~ Amount Unit price Amount Unitprice = Amount

NCFM 310 17 N/A N/A 50 80% 700 3% 113

Ash backfill material 310 35% N/A N/A 50 65% N/A N/A 141

Conventional backfill material 310 40% 80

60% N/A N/A N/A N/A 172

conventional fly ash filling materials and traditional filling
materials, NCFM filling materials can save direct costs of 28
RMB per ton and 59 RMB per ton, respectively. For detailed
cost analysis, refer to Table 5.

The arrangement of drilling and grouting
parameters

The arrangement of drilling involves a combination of
surface drilling and underground directional drilling. Due
to being unaffected by factors such as the coal seam dip
angle, priority is given to surface drilling and grouting fill-
ing (Fig. 14). If surface conditions do not permit drilling,
directional drilling is conducted in the vicinity of the mining
area (Figs. 15 and 16).

Drilling spacing

Referring to experimental measurements and empirical data,
the diffusion radius of the backfill slurry is determined to
be 100-150 m (Shi et al. 2021). Applying a safety factor of
1.5, the grouting hole spacing is set at 66—100 m. For the
302 panel area with a working face length of 300 m, the

surface grouting drilling arrangement is shown in Fig. 14.
Three holes are arranged along the inclined direction of
the working face with a spacing of 75 m. The underground
directional drilling arrangement is shown in Figs. 13 and 14.
Based on the determined distance and stratigraphic position
of delayed filling, directional drilling is conducted from the
filling drifts on both sides towards the fractured zone above
the goaf. Two directional drilling holes are arranged on each
side of the filling drifts, and four directional drilling holes
are arranged along the inclined direction of the working
face. Two options are considered: Option 1, where the two
directional drilling holes are located in the same vertical
cross-section with a spacing of 75 m (Fig. 15); Option 2,
where the two directional drilling holes are located at the
same horizontal stratigraphic position but staggered, with a
spacing of 37.5 m (Fig. 16).

Drilling parameters

Both the vertical and inclined sections of the borehole
require permanent cement grouting to ensure water sealing
and meet the requirements for drilling and grouting con-
struction, thereby ensuring construction safety.
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Fig. 14 Schematic diagram of surface grouting drilling hole arrangement
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Fig. 15 Arrangement of directional drilling for grouting (Option 1)

1. The borehole structure is determined based on factors ~ Maximum grouting volume
such as the comprehensive treatment approach, geologi-
cal conditions, and equipment capabilities. The surface  There is a certain relationship between the grouting vol-

borehole has a diameter of ®311 mm, and a surface cas-  ume of the collapsed zone with fragmented gangue and
ing of ®244.5 mm X 8.94 mm is inserted down to the  the rock mass dilation characteristics. The dilation coef-
bedrock and cemented for wellbore integrity. ficient (k,) of the rock mass in the study area is generally

2. The underground directional drilling borehole has a  between 1.12 and 1.5, and the grout cannot completely fill
diameter of ®135 mm, and the horizontal section is left  the voids in the collapsed zone. Depending on the block
unlined. size of the fragmented rock mass, the filling capacity under
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Fig. 16 Arrangement of directional drilling for grouting (Option 2)

grout pressure can only reach 60-90% of the dilation vol-
ume, i.e., the filling degree (the ratio of grouting volume to
rock mass volume) y is between 0.6 and 0.9. The maximum

grouting volume (
backfill slurry is given by:

Ve=Vu=V.ik, = DA =)

where V, is the grouting volume of the slurry, V,

V,_) of the entire collapsed zone with

(6)

' 15 the

volume of coal extraction, V, is the original Volume of the
roof that collapses during coal extraction, k, is the rock mass
dilation coefficient. By definition, when y= Vg/(ka,), we can

obtain:

@ Springer

= V,k,/(k, = 1) = k,V,

W

The maximum grouting volume of the entire backfilling

space is influenced by the mining volume, the original vol-
ume of the collapsed roof, and the rock mass dilation coef-
ficient. Since the mining volume and the original volume
of the collapsed roof are constant, the maximum grouting
volume can be obtained by integrating the dilation coeffi-
cient equation along the length in the mining direction and
substituting it into Eq. (7).

Following the principle of initial dilution, subsequent

concentration, and final dilution, grouting filling is carried
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out. The maximum grouting pressure is determined to be
6 MPa based on the water inflow from the goaf to the work-
ing face, the horizontal thrust of the collapsed rock blocks
on the support, and the maximum compressive strength of
the grouting pipe during grouting. The filling degree ranges
from 68 to 80%, and the filling degree after water leakage is
ensured to be above 50%.

1. Mining volume of the grouting section at the working
face is as follows:

V,, = LDMp

where L is the length of the grouting section at the work-
ing face, m. D is the width of the working face, taken as
300 m. M is the mining thickness, taken as 7.2 m. 7 is
the recovery rate, taken as 100% (without considering
the gangue content).

2. Volume of post-mining collapse at the working face is
as follows:

‘_/c = ‘_/qu

where go is the settlement coefficient of full extraction
at the working face.

3. Volume of injected backfill material required for subsid-
ence reduction (n/%) is as follows:

\_/s = n‘_/c p

where A is the backfill coefficient.
4. Grouting volume is as follows:

V,=V,(1+x)

where x is the water-to-cement ratio, taken as 0.5. For
the 302 panel, the calculated unit grouting volume is
1400 kg/m?>.

Conclusions

Underground backfilling was essential for environmen-
tally friendly waste disposal in mines. However, address-
ing temporal and spatial interference between mine waste
backfilling and coal mining was crucial to overcome
technical challenges. This paper proposed a post-mining
gangue grouting filling method for goaf collapse blocks,
utilizing post-mining space efficiently. Collapse roof
morphology in the post-mining space was determined
using radar detection. The intrinsic relationship between
roof stress in collapse blocks and the swelling coefficient
was established through stress monitoring and compac-
tion experiments, revealing structural characteristics and
spatiotemporal evolution of post-mining space voids.

NCFM was developed under normal temperature, pres-
sure, and conventional low-calcium fly ash conditions.
Key parameters for grouting filling were meticulously
designed.

1. The study identified two main aquifer types: Quaternary
loose rock porous and fractured confined aquifers, and
Jurassic clastic rock fractured confined aquifers. Two
main aquitards were also recognized: the Quaternary
middle and lower Pleistocene loess relative aquitard and
the Jurassic interbedded aquitard rock group.

2. The stress variation law of collapse blocks in the goaf,
the distribution characteristics of block swelling, and
the observation of surface (roof) subsidence in the min-
ing area are analyzed, determining the initial lag filling
distance of 62 m and the ultimate lag filling distance of
737 m. The thickness of the collapsed rock layer that fills
the goaf is determined based on the accumulated height
of the directly collapsed roof and the void between the
directly collapsed roof and the old roof, and the final lag
filling stratum is determined to be 86.4 m to 110 m.

3. Under standard temperature and pressure conditions,
and employing conventional low-calcium fly ash, NCFM
was synthesized. Demonstrating suitable flowability, set-
ting time, and UCS, NCFM met the stringent require-
ments for underground filling, exhibiting UCS values
of 2.70 MPa at 3 days and 5.12 MPa at 28 days. The
silica gel produced from the reaction between CO, and
alkali activators compensated for the low binding capac-
ity inherent in high fly ash filling materials. This phe-
nomenon facilitated the formation of a dense structure
in the early stages and enhanced the long-term strength
of NCFM through volcanic ash reactions. The financial
benefits of employing NCFM, in comparison to conven-
tional fly ash and traditional filling materials, amounted
to 28 yuan/ton and 59 yuan/ton, respectively.

4. The innovative slurry injection method for backfilling
coal mine gob post-mining improved the technical sys-
tem for comprehensive gob disposal. This approach,
reducing emissions at the source and promoting on-site
disposal, holds significant promise for efficient solid
waste disposal and ecological protection in coal mining.
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