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The development of water-conducting fractures from underground coal mining is a geological cause of groundwater loss. Sealing
mining-induced rock fracture channels through borehole grouting is an effective way to protect groundwater resources. A ground-
based engineering test was conducted at the Gaojiabao coal mine that utilized horizontal directional drilling (HDD) to grout and
seal water-conducting overburden fractures. This study carried out a theoretical and experimental exploration using HDD to
evaluate the development characteristics and grout hydraulic conductivity of these mining-induced fractures. The results showed
that, as a result of varying fracture morphologies in different zones of the mining overburden, multiple fracture types were
sequentially exposed as the HDD borehole advanced from the original rock mass outside the mining area towards the mining-
induced fractured rock mass. The fracture types were exposed in the following order: compressive shear fractures, tensile failure
fractures, and bed separation fractures. Moreover, the void characteristics of the exposed fractures in the borehole were
significantly different at different drilling horizons, which affected the flow behavior and sealing performance of the injected
grout. Lastly, three typical orders in which the different types of fractures were sequentially exposed by the borehole were
summarized, and further analysis of the orders led to a scheme for determining drilling horizons favorable for efficient fracture
sealing. The results of this study will enable efficient grout sealing of the fractures caused by mining and reduce groundwater loss.

1. Introduction

Underground coal mining produces movement and destruc-
tion of the overburden in the form of mining-induced
fractures. Mining-induced fractures not only provide a path-
way for groundwater loss but also constitute a geological
source of the degradation of ground-surface ecosystems [1,
2]. Therefore, reasonable control of the water seepage
capacity of fracture channels is crucial to the protection of
groundwater in coal mining areas [3, 4]. Grout sealing is a
well-developed water control method currently used in sub-
surface engineering applications [5-7]. Grout sealing works

by constructing grout holes in a fractured rock mass and
injecting those holes with sealing materials, such as cement
and clay, such that the fracture voids are effectively filled,
and channel isolation and water blocking are achieved.

The Gaojiabao coal mine is located in the Binchang min-
ing area in Shaanxi, China. As the mine’s coal seam roof con-
tains a very thick, water-rich aquifer (i.e., the Luohe aquifer),
it has been subject to the risk of an influx of water from the
roof for a long time. To reduce the underground drainage
burden and maximize the conservation of groundwater
resources, an engineering test was carried out to evaluate
the practicability of using HDD to seal mining-induced


https://orcid.org/0000-0001-6525-3023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8823902

water-conducting fractures in the overburden [8]. It has been
observed in practice that, although various sealing materials
such as fly ash, cement, water glass, clay, walnut shells, and
cottonseed hulls have been implemented on site, none have
exhibited satisfactory water blocking performance. Owing
to the diverse development patterns of mining-induced
water-conducting fractures, strong fracture conductivity,
and the varying flow behavior of grout in different fractures,
one or more of the following phenomena was often observed
to take place during grouting: (1) fractures could not be effec-
tively sealed (i.e., the grouting materials leaked into the
underground goaf), (2) grouting materials clogged the bore-
holes earlier than expected, and (3) additional water leakage
was observed when drilling continued after successful seal-
ing. Each of these phenomena greatly compromised the seal-
ing performance of the mining-induced fracture channels. It
was obvious that these phenomena were closely related to the
development characteristics (e.g., fracture aperture) and
grout hydraulic conductivity of the borehole-exposed
water-conducting fractures. Accurate determination of a rea-
sonable drilling trajectory based on the flow behavior of seal-
ing grout in water-conducting fractures is the key to ensuring
effective fracture sealing.

In coal mining, the theory and practice of grout sealing
has focused on reinforcing the surrounding rock mass, water
blocking in shaft and roadway construction [7, 9-14], and
preventing water inrush when mining below a confined aqui-
fer [15-17]. Relevant research has centered on the selection
of water blocking materials, law of grout diffusion, optimiza-
tion of the grouting procedure, and evaluation of the fracture
sealing performance, which has laid an important foundation
for the practice of grout sealing in mining-induced overbur-
den fractures. However, the fractures to be sealed in the rocks
surrounding roadways or coal seam floor rocks are signifi-
cantly different from the mining-induced overburden frac-
tures in terms of their development morphologies, as well
as their abilities to conduct and confine grout (Figure 1).
Therefore, it is difficult to directly apply the existing research
results for the former fracture types to engineering practice
with the latter types, leading to the aforementioned dilemma
in the grout sealing of water-conducting fractures in the coal
seam roof of the Gaojiabao coal mine. The fractures in the
rocks surrounding the roadway or in coal seam floor rocks
are mostly compressive shear fractures generated by the con-
centrated stress that results from mining disturbances or pre-
existing fractures generated by the diagenetic process. These
fractures are distributed in a relatively enclosed space and
sufficiently confine the grout (except for the fractures at the
grouting end, fractures in a rock mass are not connected to
other free spaces), thereby enabling good sealing perfor-
mance. In contrast, mining-induced overburden fractures
tend to be tensile fractures generated during the breaking
and rotation of strata, and the channel sizes of these fractures
are obviously larger than the previously mentioned fractures
[18]. As mining-induced overburden fractures have good
connectivity to the underground mining space, the grout
often gushes into the goaf under the action of gravity in a
phenomenon known as grout escape. This results in signifi-
cantly higher difficulty in grout sealing these fractures.
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Therefore, the development of a grouting procedure or
method favorable for efficient fracture sealing based on full
consideration of the special development morphology and
grout hydraulic conductivity of mining-induced overburden
fractures is essential. Accordingly, this study carried out a
theoretical and experimental exploration using HDD to eval-
uate the development morphology and grout hydraulic con-
ductivity of fractures in light of the engineering test
performed in the Gaojiabao coal mine, which utilized HDD
borehole grouting to seal water-conducting overburden frac-
tures and aimed to provide a basis and support for improving
the sealing efficacy of mining-induced overburden fractures.

2. Case Study

2.1. Engineering Background. The Gaojiabao coal mine is
located in Xianyang City, Shaanxi Province. The mine field
is approximately 25.7km long in the east-west direction,
16.6km wide in the north-south direction, and has an area
of approximately 219.1681km? The designed production
capacity of the mine is 5 million t/a, and it has a service life
of 62.5 years. The No. 4 coal seam is currently the primary
working coal seam of the mine. It has an average thickness
of 9.8 m and is subjected to fully mechanized top coal cave
mining. Owing to the special hydrogeological conditions in
this region, an exceedingly thick, water-rich aquifer (i.e., the
Luohe aquifer) stretches across much of the coal measure
strata. The aquifer is 400-440 m thick and has a permeability
coefficient of 0.05471-1.08265 m/d. The aquifer is located 30-
110 m above the No. 4 coal seam and poses a serious water
hazard to the on-going coal extraction at the underground
working face. The mining-induced water-conducting frac-
tures in the overburden directly connect to the aquifer, which
has resulted in a large amount of water gushing into the
underground goaf. In the No. 1 panel, for example, longwall
faces 101, 102, and 103 still face a continuous increase in
water inflow under limited-height mining (i.e., within a min-
ing height of 5m), and the maximum water inflow on one
side has reached 720 m’/h, with a total of water inflow of
800 m*/h even after mining of the three faces was complete.
This poses a significant threat to safe and efficient mine pro-
duction and mine drainage. To reduce the underground
drainage burden, reduce the roof water hazard, and protect
groundwater resources as much as possible, a ground-based
engineering test was carried out that evaluated the use of
HDD to grout and seal the water-conducting overburden
fractures (Figure 2). However, owing to an incomplete
understanding of the development characteristics and grout
hydraulic conductivity of the water-conducting overburden
fractures exposed by the HDD, the grout sealing was difficult
to implement, and no obvious sealing effectiveness was ulti-
mately observed. Consequently, the test was suspended.

2.2. Overview of Grouting and Water Blocking. The HDD
boreholes were designed to consist of identical vertical and
build-up sections. After reaching the target horizons, the
boreholes were advanced separately at each horizon in a
“coordinated drilling-sealing” manner. That is, when the
drilling fluid failed to return to the ground as the borehole



Geofluids

Failure zone

» Grouting

—= Slurry flow direction

(a) Grouting in the surrounding rock fractures of a roadway

Z8 VS 78 e e SO

))
7’ («
N
N

))

«

Grouting /—/V’—

in roof

™\
3 | ] w X
| | | I
\ | i = !
— y - —
L. < - B ! y a 4
Roof aquifer =i - E t ) RN
. ) B -4 . L ae - ic =
X < v Ex
~ "
d I VA i I [yl >
‘\?“ [ ; [ ¥ I | I | l | Py
e o I3
KRN
'\ foctia i
=g (N _ e A A e = < _I'Water-conducted
Grout leakage ; fracture zone
Grouting
in floor
~ ¥, DA v < o™ % x £ V. “f r«
-~ ¥ VIE e TN e T e . ~ .
/7‘(..“ >, My ‘r\f‘} A & ry A,.-\\,,\\ng,'ﬁ «f»&f\ C‘\A,« < fFloor failure zone
I T I N e O VU B L B S M B S B — S W o~ A I I
|T<'|nnr a}qnifpr [ ! ! T ' T ! ! ! r ‘ | ‘
\ 1 \ [ \ [ \ [ \ [ \ [ \ [ [ [ \
[ I I I [ [ [ I [ I [ [ [ I [ [ [
l:l Compression shear fracture V-shaped tensile fracture
distribution area i Jigsaw-fit fracture
Tensile fracture distribution area m
(open fracture) ‘ r \
) o Compression shear fracture Inverted V-shaped tensile fracture J
- Tensile fracture distribution area

(closed fracture)
(b) Grouting in the roof and floor of a coal seam

F1GURE 1: Schematic diagram of grouting in the surrounding rock fractures of a roadway and the mining-induced roof and floor fractures of a
coal seam.
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FIGURE 2: Trajectory of the HDD borehole in the Gaojiabao coal mine.

advanced (indicating that the borehole had exposed mining-
induced fractures), drilling was immediately stopped, and
grouting was implemented to seal the fractures. When the
sealing proved effective, drilling was resumed. As mentioned
in Introduction, when a borehole entered the predicted range
of the water-conducting fracture zone (WCFZ) (Figure 2),
drilling fluid was frequently lost, and grout sealing was
required every 1.4-5.2m of drilling distance. Various grout-
ing materials were tested; however, the sealing performance
was not satisfactory, and frequent leakage of those materials
into the underground goaf or plugging of the borehole was
observed. In particular, when cement, fly ash, clay, or other
fine-grained materials were used for grouting, the grout did
not remain in the fractures and directly leaked into the goaf.
When using coarse-grained materials, such as walnut shells
and cotton seeds, the boreholes were immediately plugged,
and the grout was unable to be pumped into the fractures.
As a result, the drilling horizons were adjusted on-site, and
a total of four horizons were explored with two boreholes
(Figure 2). For borehole 1, the vertical section was 630 m
deep, and three horizontal sections, referred to as horizontal
sections 1-1, 1-2, and 1-3, were explored. Horizontal section
1-1 was approximately 8 m above the bottom boundary of the
Luohe Formation and 107 m above the top of the coal seam;
horizontal section 1-2 was approximately 25m above the
bottom boundary of the Luohe Formation and 125 m above
the top of the coal seam, and the highest point of horizontal
section 1-3 was approximately 63m above the bottom
boundary of the Luohe Formation and 161.0m above the
top of the coal seam. Borehole 2 was a redrilled hole, spaced

6 m from borehole 1, that consisted of a 580 m deep vertical
section and a horizontal section. The horizontal section was
approximately 203m above the top of the coal seam and
105m above the bottom boundary of the Luohe Formation.
An on-site test indicated that, although the intervals of grout
sealing increased significantly after the adjustment of the dril-
ling horizons (grout sealing was performed for every 7.9-44 m
of drilling distance in borehole 2), it was still difficult to
achieve sufficient fracture sealing, and there was no significant
reduction in the inflow of water to the underground goaf.

As shown by the positions of the four horizontal sections
relative to the range of the WCFZ in the overburden, grout
sealing of the fractures tend to be difficult if the horizontal
drilling was performed within the WCFZ or the curved sub-
sidence zone above the WCFZ (i.e., the bed separation frac-
ture distribution zone). It was evident that this difficulty
was closely related to the development characteristics and
grout hydraulic conductivity of the mining-induced overbur-
den fractures exposed by the boreholes. Under current engi-
neering conditions and with the given types of grouting
materials, developing a method by which to determine a dril-
ling trajectory and horizon favorable for the retention of
grouting materials in mining-induced fractures is the key to
solve this difficulty. To this end, the remainder of this study
is focused on evaluating the grout hydraulic conductivity of
the various types of water-conducting fractures exposed by
HDD and exploring reasonable drilling horizons to provide
a theoretical basis for improving the practical efficacy of
using HDD borehole grouting to seal water-conducting over-
burden fractures.
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3. Development Features of Mining-Induced
Overburden Fractures Exposed by HDD

3.1. Types of Mining-Induced Overburden Fractures. The for-
mation of mining-induced overburden fractures is accompa-
nied by the failure and movement of strata and the
redistribution of stress in the rock mass. The strata in differ-
ent regions may be subject to various stress conditions with
different free space configurations, which can lead to differ-
ent morphologies and development degrees (or apertures)
in the fractures that ultimately affect the fracture conductiv-
ity. As shown in Figures 1 and 3, mining-induced fractures
can be classified into three main types according to how they
are formed. Type 1 fractures are tensile-shear fractures (i.e.,
break failure fractures) that are generated during the periodic
break and rotation of strata. They exhibit a relatively uniform
distribution in the overburden, with the horizontal spacing of
such fractures in the same stratum being approximately
equal to the broken step of the stratum. Type 2 fractures
are shear fractures that are generated by the advanced abut-
ment pressure in the coal-rock masses outside the mining
boundaries. They are distributed in a disorderly manner
and typically have a higher density than Type 1 fractures.
Type 3 fractures are bed separation fractures that are gener-
ated during the uncoordinated movement of adjacent strata.

Type 1 fractures are also classified into three subtypes
according to the location of the failed stratum in the overbur-
den (Figure 3):

(a) V-shaped tensile fractures near the mining bound-
aries, which are generated when the stratum
undergoes a single rotation with a clearly visible rota-
tion angle

(b) Jigsaw-fit fractures in the central compacted zone of
the mining area, which are generated when broken
blocks of the strata undergo two rotations, each in
an opposite direction (so there is no clearly visible
rotation angle), and the fracture surfaces of adjacent
broken blocks are pressed against each other.
Although the fractures appear closed, the fracture
surfaces cannot be fully fitted to each other owing
to the differences in surface morphology and rough-
ness. That is, the fractures still have a certain degree
of aperture and flow conductivity

(c¢) Inverted V-shaped tensile fractures between the min-
ing boundaries and central compacted zone, which
are generated by two adjacent broken blocks with dif-
ferent rotation angles

Type 3 fractures have a similar distribution pattern to
Type 1. That is, bed separation fractures are open near the
mining boundaries where the fracture void volume is rela-
tively large and are closed in the central compacted zone.

As shown above, fractures in different areas of the over-
burden will have different morphologies and development
degrees (or apertures) when the overlying strata are in vari-
ous stress states with different movement characteristics.
When HDD is directed from the original rock mass outside

the mining area towards the fractured rock mass in the
mining-affected area, the various fracture types will be suc-
cessively exposed at different positions. Moreover, the distri-
bution pattern of the exposed fractures will vary at different
drilling horizons. All these factors will ultimately affect the
diffusion and flow behavior of the grout and the sealing
results of the fractures.

3.2. Simulation Experiment of HDD to Expose Mining-
Induced Overburden Fractures

3.2.1. Experimental Scheme. A simplified experimental set-up
was constructed using the 2.5m long physical model frame
shown in Figure 4(a) with consideration for the strata condi-
tions of the No. 1 panel of the Gaojiabao coal mine. To sim-
ulate HDD and demonstrate the morphology of the
borehole-exposed fractures in a straightforward manner,
the model was installed in one half of the model frame, while
the drilling process was simulated in the other half. A bore-
hole observation instrument was deployed onsite to photo-
graph the exposed fractures inside the borehole. The
physical model had dimensions of 1.2m (length) x 1 m (
height) x 0.2 m (width). The geometric similarity ratio of
the set-up was 1:100, the stress similarity ratio was 1:125,
and the density similarity ratio was 1:1.25. The similar mate-
rial proportions of the physical model for each stratum are
listed in Table 1. Coal seam excavation advanced from the left
side of the model towards the right side, and 5 cm wide pro-
tective coal pillars were reserved at each of the two mining
boundaries of the model.

3.2.2. Experimental Results. As shown by the sketch in
Figure 5 of the overburden failure and fracture development
after the coal seam was completely excavated, a water-
conducting fracture propagated to the bottom boundary of
the third overlying stratum, which was a key stratum (KS).
The corresponding WCFZ had a height of 43 m. An electric
drill was used to simulate HDD from the left side of the
model towards the mining-induced fracture area, while a drill
TV was used to photograph the morphologies of the different
types of fractures exposed by the borehole, as shown in
Figure 3. As the physical model was unable to simulate com-
pressive shear fractures outside the mining boundary, no cor-
responding photos were taken during the drilling simulation.
The results showed that, when exposed by the borehole, the
fractures manifested as voids of different scales as a result
of their varying apertures. The aperture differences of the
exposed fractures varied with the drilling horizons. These
characteristics directly affected the flow behavior and sealing
performance of the injected grout. Therefore, the types and
apertures (or void size) of the borehole-exposed fractures at
the different drilling horizons were statistically analyzed. A
total of six survey lines were set as shown in Figure 5. In par-
ticular, survey lines L1 and L2 were outside the WCFZ but
inside KS 3, while the other survey lines were all within the
WCFZ and ran through different strata, resulting in a
“multi-stratum run-through” phenomenon.

Figure 6 shows the distribution of the fracture types and
apertures exposed at the different horizons. To facilitate
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FiGure 3: Types of mining-induced fractures exposed by HDD. Note: the photos are of the fractures exposed by the simulated borehole

created in the physical simulation discussed in Section 3.2.

calibration and distinction, the different types of fractures in
the stratum where a survey line was made, as well as in the
adjacent (upper and lower) strata, were numbered. “A” rep-
resented the failure fractures in a given stratum and was
divided into three subtypes: A-1, representing V-shaped ten-
sile fractures in the stratum; A-2, representing inverted V-
shaped tensile fractures in the stratum; and A-3, representing
jigsaw-fit fractures in the stratum. “B” and “C” represented
failure fractures in the adjacent strata above and below,
respectively, and were each divided into three subtypes
(namely, B-1, B-2, and B-3 and C-1, C-2, and C-3) to repre-
sent V-shaped tensile fractures, inverted V-shaped tensile
fractures, and jigsaw-fit fractures, respectively. “D” repre-
sented the bed separation fractures between adjacent strata.
The six survey lines revealed that, as the drilling horizon
was lowered, the number of exposed mining-induced frac-
tures increased, and their apertures widened. Survey lines
L1 and L2 were outside the WCFZ and only revealed three
break failure fractures with small apertures in KS 3. In con-
trast, the other four survey lines below KS 3 ran through dif-
ferent strata, and each revealed bed separation fractures with
unusually large fracture apertures (or void sizes) when in
proximity to the bottom boundary of the KS. On survey line
L3, for example, which was 3 cm below the bottom boundary
of the KS, the voids in the bed separation fractures had a total
length of 180.72 mm. Considering the geometric similarity
ratio of the simulation model, this data suggested that, when
drilling in this stratum, the borehole would advance 18 m
into the delamination space before it entered the rock mass.
In other words, such a void would need to be grouted and
sealed to avoid the loss of drilling fluid and indicates a signif-
icant increase in the difficulty of using borehole grouting to
seal fractures. Similarly, survey lines near the mining bound-
aries revealed significantly large voids in the V-shaped tensile

fractures or inverted V-shaped tensile fractures. For example,
survey line L5 near the right mining boundary revealed that
the aperture of the V-shaped tensile fractures was as wide
as 6 mm, equating to an exposed void width of 0.6 m in prac-
tical drilling operations. A similar observation was made for
survey line L6, which was about 50 cm from the left mining
boundary and revealed an aperture of approximately
3.5mm in the inverted V-shaped tensile fractures.

These observations explain the extreme difficulty associ-
ated with using HDD borehole grouting to seal water-
conducting fractures that was experienced in the engineering
test in the Gaojiabao coal mine. Essentially, owing to the large
voids in the break tensile fractures and bed separation frac-
tures that were frequently exposed by the boreholes, it was
difficult to retain the injected grout, which was the main
cause of the difficulty associated with grout sealing the frac-
tures. Setting a proper drilling horizon and trajectory accord-
ing to the grout hydraulic conductivity of the various types of
fractures is the key to overcome this difficulty.

4. Types of Fractures Exposed by the HDD
Boreholes and Their Grout
Hydraulic Conductivity

4.1. Grout Hydraulic Conductivity. As indicated by the
observed distribution pattern of the fracture apertures on
the different survey lines in the simulation experiment, when
HDD was performed from outside the mining area into the
mining overburden, the different types of fractures were
exposed in one of the following orders depending on the dril-
ling horizon.

4.1.1. Order I. The borehole advanced in a single stratum
within the WCFZ (Figure 7(a)). During drilling, the fractures
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TaBLE 1: Similar material proportion for each stratum.

Strata Thickness/cm Sand/kg Calcium carbonate/kg Gypsum/kg
Soft strata 24 69.2 12.10 5.20
Primary key stratum (PKS) 8 21.6 2.16 5.04
Soft strata 12 34.6 6.05 2.60
KS3 8 23.04 1.73 4.03
Soft strata 12 34.6 2.60 6.05
KS 2 8 23.04 1.73 4.03
Soft strata 10 28.8 5.04 2.16
KS1 5 14.4 1.08 2.52
Soft strata 8 23.04 4.02 1.73

Coal seam 5 15.8 1.58 0.675
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were exposed in the following order: compressive shear frac-
tures — V-shaped tensile fractures — inverted V-shaped ten-
sile fractures — jigsaw-fit fractures. Then, as the borehole
continued to advance toward another mining boundary, the
fractures were exposed in the opposite order. This exposure
order is often observed when drilling through a thick stra-
tum, and the drilling distance between two consecutive
rounds of drilling fluid loss and grout sealing was close to
the broken step of the stratum.

When compressive shear fractures were exposed by the
borehole, it was easy to conduct grout sealing with a low risk
of grout escape owing to the small fracture apertures and
poor fracture connectivity [19, 20]. In this scenario, fine-
grained grouting materials, such as fly ash, cement, and water
glass, are preferred. When V-shaped tensile fractures were
exposed in a stratum, owing to their numerous voids and
the fact that the fractures were often connected to other V-
shaped tensile fractures in the lower adjacent stratum, it
was advisable to first inject a coarse-grained grout until the
channel connecting the lower V-shaped tensile fractures
was sealed. Then, a large volume of fine-grained grout could
be injected. The grout in an exposed fracture void will grad-
ually accumulate upward only after it has flowed to its diffu-
sion radius in the void, and the accumulation will continue
until the grout reaches the drilling horizon and seals the frac-
ture openings on the borehole wall [21]. Only after sealing is
complete can drilling be resumed and continued smoothly
(Figure 8). Therefore, horizontal drilling at various distances
from the bottom boundary of a stratum leads to significantly
different grouting volumes. The closer the drilling horizon is
to the bottom boundary of the stratum, the smaller the
exposed fracture opening and the lower the required volume
of grout for sealing. Drilling is then resumed and continued
until inverted V-shaped fractures are exposed. Inverted V-
shaped fractures are connected to bed separation fractures
and, thus, have a larger void volume which requires more
grout than V-shaped fractures. Consequently, drilling can

only resume once the grout flows to its diffusion radius in
the bed separation fractures and gradually accumulates at
the drilling horizon. As the borehole advances, it will expose
jigsaw-fit fractures. Although the exposed jigsaw-fit fractures
are often connected to lower bed separation fractures or
jigsaw-fit fractures in the adjacent stratum, they have small
apertures and are easy to seal. This allows for the use of an
easily solidifiable fine-grained grout to seal the fractures,
which enables quick resumption of drilling. It should be
noted that the size (i.e., diameter) of the borehole is signifi-
cantly smaller than that of the V-shaped tensile apertures
or delamination apertures, and coarse-sized grout is prone
to plugging the boreholes. This results in a dilemma where
although the grouting pressure is high, the fractures are not
actually sealed. Therefore, when grouting and sealing frac-
tures with large apertures or voids, it is necessary to increase
the diameter of the borehole or reduce the grout injection
flow rate to reduce the risk of borehole plugging.

4.1.2. Order II. Horizontal drilling proceeds through different
strata within the WCFZ (Figure 7(b)) and exposes fractures
in the following order: compressive shear fractures — V-
shaped tensile fractures (in the same stratum) — bed separa-
tion fractures — inverted V-shaped tensile fractures (in the
upper adjacent stratum) — jigsaw-fit fractures (in the upper
adjacent stratum). The exposure order is reversed as the
borehole continues to advance toward the other mining
boundary. Drilling proceeded through different strata in
Order II to allow the exposure of additional bed separation
fractures near the mining boundaries, thereby making the
drilling distance between two consecutive rounds of drilling
fluid loss and grout sealing shorter than in the case of Order
L. Due to the breaking and rotation of the strata, in practical
drilling operations, HDD in the mining overburden inevita-
bly leads to the “multi-stratum run-through” phenomenon.
As a result, Order 1II is the most commonly adopted method
in practice.
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F1GURE 6: Distribution of the types and apertures of the mining-induced fractures at different horizons.

As the HDD borehole advances to expose bed separation
fractures, the size of the voids in the drilling direction
increases sharply. Thus, it is appropriate to use coarse-
grained materials for grout sealing in this situation. More-
over, it is necessary to continuously grout the fractures while
the grout flows to its horizontal diffusion radius and accumu-
lates upward. When the grout reaches the drilling horizon,
grouting could be stopped, and drilling could be resumed.
As bed separation fractures are often connected to inverted
V-shaped tensile fractures in the upper adjacent stratum
(Figure 7(b)), the degree of grout sealing in the bed separa-
tion fractures (namely, the diffusion range and accumulation
height of the grout) will affect the difficulty of sealing the
inverted V-shaped tensile fractures next exposed by the dril-
ling. The higher the degree of sealing in the bed separation
fractures and the greater the diffusion range of the grout,

the smaller the required grouting volume will be to seal the
inverted V-shaped fractures. As bed separation fractures are
caused by the uncoordinated movement of two vertically
adjacent strata, it is evident that bed separation fractures in
the presence of a thicker and harder upper stratum (such as
the KS) will exhibit a significantly higher void volume than
those in the presence of a thinner and softer upper stratum.
In addition, with a decrease in the rotation angles of the bro-
ken strata, the drilling distance in the delamination space will
increase, leading to a larger grouting volume and higher seal-
ing difficulty. Therefore, it is necessary to consider the condi-
tions of the drilled strata in practical drilling operations in
order to select proper grouting materials and volumes.

4.1.3. Order III. Drilling is performed in the curved subsi-
dence zone outside the WCFZ (Figure 7(c)), and the borehole
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F1GURE 7: Types of fractures exposed by the HDD boreholes at different horizons.
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FIGURE 8: Schematic diagram of grouting the V-shaped tensile fractures exposed by HDD.

advances through different strata to expose bed separation
fractures.

In contrast to the borehole-exposed bed separation frac-
tures in the WCFZ in Order II, the bed separation fractures
in the curved subsidence zone in Order III have a relatively
closed space. Thus, they are suitable for grouting with a large
volume of fine-grained materials and have a low risk of grout
escape. As the rotation angles of the strata in the curved sub-
sidence zone are relatively small, the borehole needs to
advance a significant distance in the delamination fracture
before entering the upper adjacent stratum. This results in
high grouting volume and frequency in practice. Once the
borehole enters the upper adjacent stratum, it needs to
advance a significant distance before exposing another

delamination fracture where frequent grout sealing will again
be required. Therefore, the frequency of grout sealing will
alternate between high and low as the borehole advances,
such as the case with the drilling of borehole 2 in the Gaojia-
bao coal mine. However, it should be noted that only the bed
separation fractures in the curved subsidence zone are
grouted and sealed in such a case, and it is impossible to
achieve water blocking in practice. Ultimately, the bed sepa-
ration fractures in the curved subsidence zone do not consti-
tute a channel that leads to groundwater loss. This is in line
with the observation that the influx of underground water
into the Gaojiabao coal mine did not significantly decrease
after the large-scale grouting of borehole 2 in the water block-
ing test.
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4.2. Determination of Reasonable Drilling Horizons for
Efficient Fracture Sealing. As previously shown, when using
HDD borehole grouting to seal water-conducting overbur-
den fractures while minimizing the grouting volume, it is
exceedingly important to determine the reasonable drilling
horizon in a scientific manner. Selection of the HDD hori-
zons should be based on the following three principles.

(1) Borehole grouting is intended to seal the water-
conducting channels that lead to groundwater loss.
Therefore, it is necessary to ensure that the drilling
horizon is within the WCFZ of the mining
overburden

(2) The fractures exposed at the drilling horizon should
have good capacity to retain the grout. In other
words, the injected grout should remain within the
fracture voids to seal the fractures without the risk
of grout escape. Therefore, it is best to drill at hori-
zons where the fracture apertures are small. It is also
necessary to ensure that the vertical connectivity
between the exposed fractures and the fractures in
the lower stratum is as small as possible in order to
avoid grout leakage to the underground goaf. In the
meantime, it is necessary to increase the grout diffu-
sion in the plane to increase the range of the grout
sealing within a single borehole. Generally, the higher
the borehole horizon, the smaller the aperture of the
exposed mining-induced fractures. However, drilling
may be performed under but near the bottom bound-
ary of a thick, hard stratum (such as the KS) to expose
large voids in the bed separation fractures, such as the
voids shown on survey line L3 in Figures 5 and 6. On
the one hand, proper selection of the drilling hori-
zons would improve the planar diffusion range of
the grout. On the other hand, since bed separation
fractures are typically connected to multiple tensile
fractures in the lower stratum, such selection would
increase the risk of grout loss in the vertical direction.
Therefore, full consideration should be given to the
planar distribution characteristics of mining-
induced fractures in order to comprehensively evalu-
ate the planar diffusion of the grout in the fractures.
This should then be compared to the risk of grout loss
in the vertical direction in order to determine the
most suitable horizon

(3) The drilling horizon should be favorable for main-
taining the stability of the drilled rock mass. An
HDD borehole mainly consists of a vertical section,
build-up section, and horizontal section. Both the
vertical and build-up sections are lined and protected
by a casing, while the horizontal section is unlined. If
the horizontal section is drilled in a stratum with rel-
atively weak lithology, there is a high risk of hole col-
lapse due to mining-induced fractures. These types of
accidents will affect the grouting procedure and water
blocking performance. Therefore, it is necessary to
set the drilling horizon in a stratum (e.g., sandstone)
with stable lithology and high mechanical strength
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according to the stratigraphic column of the
overburden

According to these principles, it is possible to determine a
reasonable borehole horizon for the HDD in the overburden
with consideration for the overburden conditions presented
by the physical simulation results and distribution of the
water-conducting fractures (Figure 5). As the WCFZ
extended vertically up to the bottom boundary of KS 3, the
drilling horizon should be set below this stratum. Survey lines
L3-L6 were all within the WCFZ; however, as shown in
Figure 6, the fracture aperture on survey line L4 was the min-
imum (although survey line L3 was at a higher horizon, it ran
through bed separation fractures; thus, revealing larger void
volumes). Therefore, if a stable sandstone stratum was pres-
ent near L4, it would serve as a suitable drilling horizon.

5. Conclusions

(1) A ground-based engineering test was conducted in
the Gaojiabao coal mine to evaluate the use of HDD
to grout and seal water-conducting fractures; how-
ever, the water blocking performance was not satis-
factory. The present study utilized HDD boreholes
to expose the development characteristics and grout
hydraulic conductivity of water-conducting fractures
and determined reasonable drilling trajectories or
horizons favorable for grout sealing of the fracture
channels, which are the keys to solving these
problems

(2) As a horizontal directional borehole advances from
the original rock mass outside the mining boundary
towards the mining-induced fractured rock mass,
the borehole will successively expose fractures with
different development morphologies. The order of
exposure was found to be dependent on the drilling
horizon and whether the borehole runs through dif-
ferent strata. A simulation experiment was conducted
and revealed three orders in which the various types
of mining-induced fractures could be exposed by an
HDD borehole. When using HDD boreholes to
expose different types of mining-induced fractures
and seal them with grout, each type of fracture will
exhibit different grout hydraulic conductivity as a
result of their varying void volumes and scales, which
explains why the frequent grout sealing conducted in
the engineering test resulted in such poor sealing
performance

(3) The capacity of the mining-induced fractures to
retain grout was investigated, and further analysis of
the results led to a scheme for determining reason-
able horizons for HDD to facilitate efficient fracture
sealing. The drilling horizon should be selected in
such a way that the apertures of the borehole-
exposed fractures are as small as possible, and the
vertical connectivity of the borehole-exposed frac-
tures to fractures in the lower stratum should also
be as small as possible. This would reduce the risk
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of grout escape in the vertical direction while enhanc-
ing the planar hydraulic conductivity of the grout.
This scheme is intended to ultimately determine the
achievable range of grout sealing for a single borehole
while attaining the grout sealing of as many fractures
as possible with as small a grouting volume as
possible

(4) Except for the fracture morphologies, the high flow-
rate of water is also an important factor that pre-
vented the grout from accumulating in and filling
up the fractures, especially, for the readily hardenable
grout such as cement. In addition, when sealing with
different grout types, the influence degree of hydro-
dynamic erosion on the sealing effect may be differ-
ent. Owing to limited space, the abovementioned
factor was not discussed in the paper, and further
research will be carried out in the future
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