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Abstract
Numerous mining-induced water inrush hazards have been recorded in northern and eastern China, wherein landforms 
comprise thick unconsolidated layers. To prevent such hazards, the height of the water conducting fractured zone (WCFZ) 
must be determined in advance. This study presents a method to predict the height of this zone by determining the location of 
the key strata (KS) and considering the overburden load transfer under an arch structure in the unconsolidated layers. When 
the distance between the primary key stratum (PKS) and coal seam is more than 7–10 × M, where M refers to the mining 
height, the WCFZ tends to extend up to the floor level of the first KS, approximately the same distance (7–10 × M) above the 
mining seam, thereby making the height of this zone equal to the distance between the KS and coal seam. When the vertical 
distance between the PKS and coal seam is less than 7–10 × M, the height of this zone tends to be equal to or greater than 
the thickness of the bedrock strata. The theoretical results were verified by field observations.
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Introduction

Underground Longwall (LW) coal mining operations are 
associated with numerous hazards, such as land subsidence 
(Xuan and Xu 2014), roof collapse (Xu 2016), coal and 
rock bursts (Cai et al. 2015), gas outbursts (Fisne and Esen 
2014), and water inrush (Ricka et al. 2010), all of which can 
potentially damage mining equipment and/or cause physical 
injuries to mine workers A large number of inrush events 
occur worldwide during LW operations (Moebs and Sames 

1989), especially in northern and eastern China, wherein 
landforms usually comprise thick unconsolidated layers. At 
the bottom of these unconsolidated layers lies an aquifer of 
unconsolidated sand, sandy gravel, and gravel under water 
pressures as high as 3–4 MPa. Several instances of water 
inrush have occurred (Table 1), seriously affecting mine 
safety and efficient production.

To avoid such hazards, the height of the water conducting 
fractured zone (WCFZ) must be accurately determined in 
advance. Conventional methods for calculating this height 
were established based on water body regulations concern-
ing coal pillar design and extraction (Guo et al. 2018; Liu 
et al. 2014; Liu et al. 2018; Xu et al. 2016). An empirical 
formula applicable to different coal mines was established 
in the aforementioned regulations to determine the height of 
the WCFZ, but it ignored variations in rock mass strength. 
To make up for this deficiency, a method to predict the 
height of the WCFZ was developed by Xu (2016), in which 
the key stratum (KS) position must be accurately determined 
in advance. The basic premise of this method is that the KS 
position can be accurately determined.

The presently employed technique used to identify the KS 
position (Qian et al. 1996) focuses more on bedrock strata 
and ignores the effect of bearing structures within uncon-
solidated layers, which are usually represented as uniformly 
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distributed loading (UDL) structures with weights cor-
responding to those of unconsolidated layers. Any varia-
tions in loading stresses imposed on the strata due to the 
presence of an arch structure within unconsolidated layers 
(ASUL) are ignored. ASULs can form during excavation 
when unconsolidated layers are sufficiently thick, as is the 
case in a large number of coal mines in eastern and northern 
China. For example, the average thickness of unconsolidated 
layers in the Qidong coal mine is 363 m, with an average 
burial depth of the #7 coal seam measuring 460 m. Given 
these geological conditions, fracture characteristics of the 
overlying strata, determined without due consideration of the 
effects of ASUL, are unlikely to match those determined via 
field measurements (Xu et al. 2001). This is a particularly 
serious oversight, as a large number of coal mines in China 
(e.g. Xinjulong, Liangbaosi, Yuncheng, and Zhaolou mines) 
are prone to water inflow hazards (Zhu et al. 2016).

To address this concern, equivalent loads corresponding to 
unconsolidated layers can be calculated using a load reduction 
factor (LRF). These equivalent loads can be approximated 
as the product of LRF and the corresponding weights of the 
unconsolidated layers. Numerous empirical investigations, 
analytical derivations, and numerical modeling studies have 
been performed to evaluate the values of LRF in practical rock 
support designs for roadways, tunnels, and caverns (Einstein 
and Schwartz 1979; Heinz 1984; Kim et al. 2006; Muir Wood 
1975; Panet and Guenot 1982). However, it is questionable 

whether LRF values used during rock stabilization could 
be adapted for use in unconsolidated layers, and only a few 
attempts have been made towards determining appropriate 
LRF values for unconsolidated layers in coal mining opera-
tions. There are two reasons behind such a paucity of such 
studies: (1) there are limited field data to facilitate the accurate 
monitoring of LRF; and (2) LRF values are influenced by the 
evolution of ASUL during coal mining. A theoretical equa-
tion for determining LRF values for unconsolidated layers 
was deduced by Huang (2005), based on the Terzaghi theory. 
That study found that LRF concerning unconsolidated layers 
were barely related to the lateral pressure ratio, thickness, and 
friction angle in unconsolidated layers, and any variations in 
strata loading caused by an ASUL could be ignored.

As use of this technique requires accurate determination 
of LRF caused by ASUL, a mechanical model of an ASUL 
was developed in this study to deduce the appropriate condi-
tions for its formation. Fracture characteristics of KS, deter-
mined using the proposed ASUL model, were subsequently 
compared against those of unconsolidated layers simplified 
as UDL. A theoretical equation for LRF estimation has been 
derived based on the evolution of loading stresses imposed 
on KS. A modified process for KS identification involved in 
LRF determination is proposed, and theoretical results were 
verified using field observations obtained from LW 40106 
of the Dafosi coal mine and LW 7130 of the Qidong coal 
mine, both in China.

Table 1   Water inrush hazards in eastern China when mining under unconsolidated confined aquifer

Longwall face Length of 
LW face (m)

Mining 
height (m)

Time Consequence of hazards

LW 1402(3), Panyi mine 155 3.7 1991-12-12 All chocks collapsed, water irruption quantity = 35 m3/h
LW 17110(3), Pansan mine 130 3.3 1995-04-11 Roof of chocks 1 to 30 sank, the coal wall fell, all chocks collapsed, water 

irruption quantity = 18.5 m3/h
LW 3222, Qidong mine 150 2.5 2001-11-25 All chocks collapsed, water irruption quantity 1520 m3/h, mine flooding
LW 3221, Qidong mine 150 2.5 2002-12-15 33% of the chocks collapsed in the middle of a panel, water irruption 

quantity = 238.5 m3/h
LW 7114, Qidong mine 174 2.6 2005-01-16 22 chocks collapsed, chocks severely damaged, water irruption quan-

tity = 169 m3/h
LW 7112, Qidong mine 85 2.6 2006-10-01 Chocks 21 to 56 collapsed, chocks severely damaged, water irruption 

quantity = 85 m3/h
LW 7130, Qidong mine 88–134 3.7 2009-08-29 Roof of chocks 50 to 55 sank, water irruption quantity = 850 m3/h
LW 6130, Qidong l mine 126 1.67 2010-01-24 Chocks 1 to 47 collapsed, water irruption quantity = 53 m3/h
LW 7121, Qidong mine 129 1.96 2010-07-24 Chocks 1 to 40 collapsed,support hydraulic system badly damaged, 

shearer damaged, water irruption quantity = 50 m3/h
LW 1602(3), Panyi mine 147.6 3.4 2010-09-26 Obvious strata problems, roof sank, all chocks collapsed, water irruption 

quantity = 6 m3/h
LW 1202(3), Gubei mine 99.2 3.6 2011-05-16 All the safety valves of chocks opened, and most chocks collapsed
LW 3301, Xinhe mine 40 2.5 2012-01-07 Roof pressure intensified, some chocks collapsed, water irruption quan-

tity = 1316 m3/h
LW 7240, Renlou mine 75 2.5 2012-02-09 80% of the chocks collapsed, the motor of scraper conveyer near the 

tailgate was crushed, water irruption quantity = 20 m3/h
LW 12041, Zhaogu mine 178.3 3.5 2012-04-02 Chocks 3 to 24 collapsed, roof sank, water irruption quantity = 280 m3/h
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Load Reduction Factor Determination

Bearing Structures in Overlying Strata

Arch Structure in Unconsolidated Layers (ASUL)

The ASUL model was established by comparing ASUL 
characteristics with those of a hingeless arch structure, 
assuming that: (1) the thickness of the cross section of the 
ASUL is constant; (2) the ASUL is subjected to uniformly 
distributed loading, which is equal to the weight of the 
unconsolidated layers above the ASUL; (3) the horizontal 
loading on the ASUL is also uniformly distributed, and the 
ratio of horizontal and vertical loading stress is defined as 
the lateral pressure ratio; and (4) the ASUL is not supported 
by the caved unconsolidated layers under the ASUL. ASULs 
form when the thickness of unconsolidated layers exceeds 
the sum of the rise and thickness of a potential ASUL. In 
accordance with Fig. 1, the critical thickness of unconsoli-
dated layers is expressed as follows (Wang et al. 2019a, b)

wherein HC is the critical thickness of unconsolidated layers 
for the ASUL; Lm denotes the mining width of the LW face; 
Larch, Harch, and δarch represent the span, rise, and thickness 
of the ASUL, respectively; h0 denotes the thickness of the 
unconsolidated layers above the ASUL; λ is the lateral pres-
sure ratio; Σh, α, and γ, represent the thickness, fracture 
angle, and unit weight of bedrock strata, respectively; and φ 
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and C represent the friction angle and cohesion strength of 
unconsolidated layers, respectively.

KS Structure in Bedrock

According to KS theory, the KS is a thick layer of rock capable 
of bearing the weight and controlling the movement of a part 
or the entire overlying strata. This implies that when a KS rup-
tures, part of or the entire strata above it would simultaneously 
subside. For greater specificity, the stratum that controls the 
movement of part of the overlying strata is named the sub-key 
stratum (SKS), while the stratum that controls the movement 
of the entire overlying strata is referred to as the primary key 
stratum (PKS). According to KS theory, the position of the 
KS can be identified based on stiffness and strength principles 
(Qian et al. 1996) given by:

where q1|n+1 and q1|n represent stresses applied to the (n + 1)
th and nth layers, respectively, while ln+1 and ln represent 
fracture intervals of the (n + 1)th and nth layers, respectively. 
A modified equation to calculate the loading on the upper-
most hard stratum can be obtained as:

wherein ΣH and γ, respectively, represent the thickness and 
bulk density of unconsolidated layers. Subscript k in Eq. 3 
represents the kth hard stratum from the seam level, while 
subscript j represents the jth soft stratum controlled by the 
kth hard stratum; mk denotes the number of soft strata layers 
controlled by the kth hard stratum; and Ek,j, hk,j, γk,j respec-
tively represent the elastic modulus, thickness, and bulk 
density of the jth soft stratum controlled by the kth hard 
stratum. With this modified process for KS identification, 
if the thickness of the unconsolidated layers is less than the 
critical thickness calculated using Eq. 1, LRF (K) equals 
unity, and the model can be treated as a traditional one (Qian 
et al. 1996). If, however, an ASUL is present within the 
unconsolidated layers, the value of LRF (K) needs to be 
derived in accordance with Eq. 3.

Simulation of KS Fracturing Under ASUL Effects

Simulation Models

Two comparative models were established to study the effects 
of an ASUL on PKS fractures. The first model, Model A, 
was based on an ASUL and measured 250 × 30 × 150 cm 
in length, width, and height (Fig.  2a). In Model B, 
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Fig. 1   Model of arch structure in unconsolidated layers
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unconsolidated layers were replaced by UDL (Fig.  2b). 
Identical bedrock strata were used in both models. UDL was 
achieved by means of a regulating system comprising a pres-
surized cylinder, mobile pistons, and a servo pressure regula-
tion system to maintain a stable loading of 13 kPa on the PKS 
during excavation. Fifteen stress gauges were placed on the 
PKS to monitor any change in loading conditions.

Scaled physical models were designed in accordance with 
laws of similarity theory (Eq. 4) (Ghabraie et al. 2015a, b; 
Yin et al. 2018).
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wherein Cσ, Cρ, and CL denote similarity constants for 
strength, density, and geometry, respectively. Subscripts P 
and m denote field conditions and the physical model of the 
prototype. Based on the dimensions of Model A, CL = 100:1, 
Cρ = 1.67:1, and Cσ = 167:1.

Materials used to simulate bedrock strata include sand, 
calcium carbonate, and gypsum (Ghabraie et al. 2015a). On 
the basis of trials performed to test unconsolidated layer 
parameters, a material comprising a 10:1 mass ratio mix 
of sand and dry sawdust was used in this study. Suitable 
mixtures for different overlying strata were determined by 
strength tests and are summarized in Table 2.

Characteristics of KS Fractures

Characteristics of KS fractures that were observed during 
the excavation operation performed as part of the physical 
simulation are listed below and illustrated in Fig. 2c, d.

1.	 In Model A comprising unconsolidated layers, the first 
PKS fracture interval measured 60 cm. Corresponding 
periodic intervals of PKS fractures in Model A meas-
ured 24, 23, and 25 cm, with an average value of 24 cm.

2.	 In Model B, the first PKS fracture interval measured 
48 cm, and corresponding periodic intervals of KS frac-
tures measured 20, 19, and 20 cm, with an average value 
of 19 cm.

3.	 When compared with results obtained using Model B, 
the PKS fracture interval in Model A was observed to 
increase during the first and subsequent fracture periods 
by 25% and 26%, respectively.

Evolution of KS Loading

KS fracture intervals are determined by the thickness, 
mechanical properties, and loading of the KS, with only the 
latter differing between Models A and B in this study. Thus, 
it is the loading imposed on the PKS that creates the differ-
ent fracture intervals.

The evolution of loading on the PKS prior to the occur-
rence of its first fracture in Model A is illustrated in Fig. 3. 
Given the effects of ASUL, distribution of this loading can be 

divided into an original zone; a reduced stress zone above the 
gob area, wherein the stresses are observed to be less than the 
weight of the unconsolidated layers, and; an increased stress 
zone above both sides of the gob area, wherein the loading is 
greater than the weight of the unconsolidated layers. Stress 
loading above the gob area tends to gradually decrease with 
excavation, while the loading above both sides of the gob area 
tends to gradually increase. Therefore, the loading imposed 
on PKS in Model B tends to remain stable during excavation, 
since it bears the entire weight of the unconsolidated layers. 
This, however, is not realistic, since the PKS fracture interval 
tends to decrease during excavation.

An ASUL formed when the thickness of unconsolidated 
layers exceeds the critical thickness, calculated using Eq. 1, 
can cause PKS loading to exhibit dynamic variations and non-
uniform distribution. Under such conditions, PKS loading 
cannot be approximated as UDL in the KS identification pro-
cess, as would normally be the case in a conventional model. 
An LRF, therefore, must be determined in order to calculate 
the equivalent loading of unconsolidated layers; this, however, 
is influenced by evolution of the loading imposed on the PKS.

LRF Determination for Unconsolidated Layers

Loading curves depicted in Fig. 3 were simplified to the 
linear form for quantification by treating PKS as a traditional 

Table 2   Mechanical parameters 
of bedrock specimen

Rock strata Material ratio 
sand: CaCO3: 
gypsum

Bulk density
kN/m3

Elastic modulus
MPa

Com-
pressive 
strength
KPa

Tensile strength
KPa

Unconsolidated – 12.2 0.93 30.3 3.3
PKS 50:3:7 16.4 131.7 222 30.5
KS 60:5:5 15.7 95.8 158 16.4
Soft rock 50:7:3 16.5 47.9 90 12.0
Coal seam 70:7:3 14.8 17.9 70 9.7
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Fig. 3   Evolution of PKS loading
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fixed-end beam (Fig. 4). The loading imposed on PKS com-
prised loading distribution functions, Q1(x) (x ∈ (0, l1)), 
Q2(x) (x ∈ (l1, l1 + l2)), and Q3(x) (x∈(l1 + l2, l1 + l2 + l3)), 
expressed as:

where q0 denotes the in situ stress; (2 l3) denotes ASUL 
span, determined in accordance with Fig. 5; (l1 + l2) denotes 

(5)

⎧
⎪⎪⎨⎪⎪⎩

Q1(x) =
(q12−q0)

l1
x + q0

Q2(x) = −
q12

l2
x +

(l1+l2)q12
l2

Q3(x) =
q3

l3
x −

(l1+l2)q3
l3

ASUL thickness calculated using Eq. (1); q3 denotes peak 
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tiplying the rise in ASUL, in accordance with Eq. 1, caused 
by the bulk density of unconsolidated layers obtained via lab 
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As depicted in Fig. 5, the PKS comprises fixed supports 
at both ends, thereby resulting in a statically indeterminate 
structure. The released structure at the symmetrical sec-
tion C, depicted in Fig. 4, was selected as redundant, with a 
bending moment at the midpoint of X1. This results in the 

Fig. 4   Mechanical model to 
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beam mechanical model for pri-
mary key stratum fracture based 
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presence of two unknown reactions, MA and FA at the left 
end of the PKS structure, by which a regular force equation 
can be obtained:

wherein ∆1P denotes PKS displacement under given load-
ing, Δ1P = ∫

M1⋅MP

EI
dx , �11 = ∫

M1⋅M1

EI
dx , M1  denotes the 

bending moment induced by X1, MP denotes the PKS bend-
ing moment under loading, E is the elastic modulus, and I 
represents the moment of inertia.

Using the equilibrium equation for bending moment 
about an axis passing through the cross section, we get

Thus, the bending moment of PKS under the given load-
ing comprising Q1, Q2, and Q3 can be determined

Substituting Eq. 8 into Δ1P = ∫
M1⋅MP

EI
dx yields:

At the same time, the following equation can be derived:
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Using the equilibrium equation for the bending moment 
at the left end of the PKS, the following equation can be 
obtained:

On substituting Eq. 11 in Eq. 12, the bending moment 
MA simplifies to:

wherein: k
1
=

(3l1+4l2+4l3)l21
24L2(l1+l2+l3)

, k
2
=

(l1+l2)(5l21+9l1l2+8l1l3+4l2l3+3l
2

2
)

24L2(l1+l2+l3)
,

k
3
=

[
5l

2

3
+12(l1+l2)l3+6(l1+l2)

2
]
l
3

24L2(l1+l2+l3)
.

Thus, the fracture interval of the PKS during its first frac-
ture period can be deduced:

wherein σT represents the limited tension strength and K 
represents the LRF.

Unlike results previously obtained based on assumptions, 
PKS fracture intervals calculated using Eq. 14 were influ-
enced by the LRF value. Under normal operating conditions 

in LW 7130 of the Qidong coal mine, the thickness of the 
unconsolidated layers measured 345.6 m, while that of the 
bedrock strata measured 52.62 m; the fracture angle of bed-
rock strata measured 60°; bulk density of the unconsolidated 
layers was 20 kN/m3, the lateral pressure ratio was of the 
order of 3.0, and the friction angle and cohesion strength 
of the unconsolidated layers measured 7.5° and 1.0 MPa, 
respectively. These values yield an LRF of 0.66 in accord-
ance with Eq. 14. As a result, the PKS fracture interval with 
ASUL was observed to be 1.2 times that of a traditional 
model (Qian et al. 1996). This was found to be consistent 
with the experimental data.

(12)

M
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1
+
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q
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)
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1
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1
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+ 2q

12

)
q
12
+ q

0

+
1

2
q
12
l
2

(
l
1
+

l
2

3

)
+

1

2
q
3
l
3

(
l
1
+ l

2
+

2

3
l
3

)
= 0

(13)MA =
(
k1q0 + k2q12 + k3q3

)
L2

(14)L = h

√
2�T

Kq0
,

(
K =

12
(
k1q0 + k2q12 + k3q3

)
q0

)
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Method to Predict the Height of the Water 
Conducting Fractured Zone

The proposed KS identification method is based on the effect 
of KS on the height of the WCFZ (Xu 2016). According to 
this method, the height of the WCFZ can be determined in 
four steps (Fig. 5):

Step one: Collect borehole columns and rock properties 
of the overlying strata at different positions along the min-
ing direction.
Step two: Determine the LRF considering the ASUL, 
according to Eq. 14. Determine the KS position in over-
burden strata using the KSPB software on the basis of 
borehole columns and rock properties collected in step 
one.
Step three: Calculate the distance between the KS and the 
roof interface of the coal seam. In this case, the critical 
height of the KS fracture can be estimated as 7–10 × M, 
where M represents the coal seam’s thickness.
Step four: Determine the height of the WCFZ using the 
estimation criterion. When the distance between the PKS 
and the coal seam exceeds 7–10 × M, the WCFZ tends to 
extend up to the floor level of the first KS located more 
than 7–10 × M above the mining seam, thereby making 
the height of the WCFZ equal to the distance between the 
KS and the coal seam. When the PKS height above the 
coal seam is less than 7–10 × M, the height of the WCFZ 
equals or exceeds the thickness of the bedrock strata. This 
indicates the possibility of water inrush hazards during 
LW mining operations.

Field Verifications

Case 1: Longwall Face 40106 of the Dafosi Coal Mine

Longwall 40106 of the Dafosi coal mine, which is located 
in the Binchang mining area of Shanxi Province, meas-
ures 1916 m and 180 m in length and width, respectively 
(Fig. 6a). The coal seam is 11.5 m thick, on average. Fur-
thermore, the thickness of the unconsolidated layers of LW 
40106 averages 195 m, and the thickness of the bedrock 
strata averages 300 m. Thus, an ASUL can form during 
excavation, which in accordance with Eq. 3, yields an LRF 
of 0.75. By substituting this LRF into the implementation 
process of KS identification, the KS positions can be deter-
mined within the LW face (Fig. 6b).

Note that there are four KS layers within borehole D18, 
and the vertical distance between the coal seam and the 
PKS measures 197.6 m. With the distance between the 
PKS and the coal seam exceeding 7–10 × M, the WCFZ 

was observed to extend up to the floor level of the first KS 
located at a distance exceeding 7–10 × M above the mining 
seam, thereby making the height of the WCFZ equal to the 
distance between PKS and coal seam. The calculated height 
of the WCFZ, in this case, equals 197.6 m.

To verify these results, the actual height of the WCFZ 
was determined based on the loss of drilling fluid dur-
ing borehole drilling (Fig. 6c). When the boundary of the 
WCFZ did not extend up to the bottom of the boreholes, the 
borehole walls remained smooth, and the surrounding rock 
masses within the borehole stayed intact without noticeable 
fracturing or borehole wall failure. As a result, the drill-
ing fluid loss was minimal. When the bottom of the surface 
borehole advanced into the WCFZ, the loss of drilling fluid 
quickly increased.

Drilling fluid loss was observed to quickly increase in 
surface boreholes T1, T2, and T3 at depths of 298.5, 299.7, 
and 270.5 m, respectively, indicating boundary development 
of the WCFZ at those depths. Based on the depth of the coal 
seam in these three boreholes, the actual height of the WCFZ 
was observed to be 171.6, 170.8, and 192.1 m, respectively. 
Consequently, the height of the WCFZ was measured to be 
192.1 m, which was consistent with the theoretical results 
calculated using the modified KS identification process 
(197.6 m).

Case 2: Longwall Face 7130 of the Qidong Coal Mine

Longwall 7130 of the Qidong coal mine, which is in the 
Wanbei mining area of Anhui Province, is 1638 m long 
(Fig. 7a). The width of LW 7130 varies from 88 to 172 m. 
Furthermore, the coal seam is 3.23 m thick, on average, and 
the average inclination of the coal seam is 12.5°. The thick-
ness of the unconsolidated layers of LW 7130 ranges from 
338.7 to 361.3 m, with the average thickness being 351 m, 
and the thickness of the bedrock strata averages 52 m. The 
LRF was determined to 0.66 using Eq. 14, and the KS posi-
tions were determined within the LW face (Fig. 7b, c).

Note that two KS layers exist in boreholes D5 and D6, 
and that the vertical distance between the coal seam and the 
PKS measured 31.88 and 30.46 m, respectively. The min-
ing thickness was 2.85 and 2.83 m in boreholes D5 and D6, 
respectively. With the vertical distance between the PKS 
and the coal seam exceeding 7–10 × M, the WCFZ was 
determined to extend up to floor level of the first KS. This 
means that the height of the WCFZ should equal the distance 
between the KS and coal seam, which was determined to be 
31.88 and 30.46 m in boreholes D5 and D6, respectively.

Fig. 6   Field verifications of LW 40106 of Dafosi coal mine. a Plan 
view of LW 40106, b D18 borehole (K = 0.75), c loss of drilling fluid 
in different boreholes along LW 40106

◂
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Based on the loss of drilling fluid at depths of 369.4 m 
and 380.9 m in those boreholes (Fig. 7d), the actual height 
of the WCFZ was observed to be 29.5 m and 28.5 m in bore-
holes D5 and D6, respectively. Therefore, the height of the 
WCFZ was determined to be 29.5 m, which was consistent 
with the results calculated using the modified KS identifica-
tion processes (30.46 m).

Discussion

The conventional method for calculating the height of the 
WCFZ was established based on the regulations of coal 
pillar design and extraction for buildings, water bodies, 
railways, mine shafts, and roadways (State Bureau of Coal 
Industry 2000). An empirical formula for different overly-
ing strata in coal mines was established to determine the 
height of the WCFZ in the aforementioned regulations (State 
Bureau of Coal Industry 2000). The height of the WCFZ in 
the empirical formula was determined based on the overly-
ing strata lithology and mining height, but the mining height 
in the conventional formula is less than 3 m. Furthermore, 
the lithology of the roof strata is simply classified as hard 
rock, slightly hard rock, soft rock, and extremely soft rock, 
based on the statistical rules. Because of these conditions, 
the heights of the WCFZ as determined by the empirical 
formula do not match those determined through field meas-
urements. More seriously, a number of coal mines in China 
are prone to significant mining-induced hazards, as shown 
in Table 1.

To make up for this deficiency, a method to predict the 
height of the WCFZ was developed by locating the KS. The 
application conditions of the new method are as follows: (1) 
The thickness of the unconsolidated layers is greater than 
the critical thickness given by the abovementioned equation, 
and the ASUL can form in the overlying strata; (2) There 
is at least one KS in the roof strata; (3) The new method is 
not suitable for multiple-seam mines. The reliability of the 
new method was verified by field observations performed in 
different coal mines, China. Comparison of results between 
different methods to predict height of WCFZ is depicted in 
Table 3 (Xu 2016).

In contrast to the results obtained using the conventional 
method, the height of the WCFZ based on the new method 
was closer to the field measurements. For example, since 
the vertical distance between the PKS and the coal seam 
exceeded 10 × M in boreholes D5, D6, and D8, the calcu-
lated heights of the WCFZ based on the new method was 
31.9, 30.5, and 32.0 m, while the heights of the WCFZ were 
29.5, 28.5, and 32.2 m, respectively. The error between the 
new method and field observations was − 2.4 to ≈ 0.25 m, 
while the error between the conventional method and field 
observations was − 15.2 to ≈ 9.2 m.

Using borehole D5 from LW face 7130 of the Qidong 
coal mine as an example, and the traditional method, the 
unconsolidated layers were represented as uniformly dis-
tributed loading structures with weights corresponding to 
those of the unconsolidated layers, and the KS position was 
determined as depicted in Fig. 8. There exists only one PKS 
layer within borehole D5, and the vertical distance between 
the coal seam and the PKS measured 2.5 m. Since the verti-
cal distance between the PKS and the coal seam was less 
than 7–10 × M, the height of the WCFZ equals or exceeds 
the thickness of the bedrock strata. The height of the WCFZ 
measured 56.3 m in borehole D5. Using the modified method 
and considering the ASUL effects, the height of the WCFZ 
measured 31.88 m in borehole D5, which is consistent with 
those obtained by site observations (Fig. 7b). Therefore, the 
calculated height of the WCFZ was more accurate when 
ASUL was considered than when it was not.

Conclusions

1.	 The presence of an ASUL tends to restrict the down-
ward movement of overlying strata and transfers loads 
to ASUL abutment during excavation. Consequently, the 
stress distribution can be divided into a reduced stress 
zone, an increased stress zone, and an original zone. 
A mechanical model to determine the LRF for uncon-
solidated layers was established by considering the load 
transfer effect due to ASUL according to physical simu-
lations. The equivalent loading was derived by multi-
plying the LRF with the weight of the unconsolidated 
layers. The LRF values were influenced by the width of 
the LW face, thickness of the bedrock strata and uncon-
solidated layers, characteristics of the ASUL, and the 
strength of the unconsolidated layers.

2.	 A new method was proposed to predict the height of the 
WCFZ by determining the location of the KS involved 
in LRF, considering overburden load transfer under 
ASUL effects. A modified process for KS identifica-
tion was proposed for the new method. When the dis-
tance between the PKS and coal seam is greater than 
7–10 × M, where M refers to the coal mining height, the 
WCFZ tends to extend up to the floor level of the first 
KS, located approximately the same distance (7–10 × M) 
above the mining seam, thereby making the height of the 
WCFZ equal to the distance between the KS and coal 
seam. When the vertical distance between the PKS and 
coal seam is less than 7–10 × M, the height of the WCFZ 
tends to be equal to or greater than the thickness of the 
bedrock strata.

3.	 The new method was verified by field observations made 
in coal mines in China. The application conditions of the 
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new method are: the thickness of the unconsolidated lay-
ers must be greater than the critical thickness given by 
the abovementioned equation; an ASUL can form in the 
overlying strata; and there is at least one KS in the roof 
strata. The new method is not suitable for multiple-seam 
mines.
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No.
Thickness

(m)
Depth

(m)
Lithology Remarks Column

16 Unconsolidated layers342.6 342.60

15 Mudstone8.20 350.80

14 Siltstone3.80 354.60

13 Mudstone2.70 357.30

12 Fine grained sandstone2.20 359.50

11 Mudstone4.30 363.80

10 Fine grained sandstone3.25 367.05

9 Mudstone2.30 369.35

8 #61 coal seam0.50 369.85

7 Mudstone7.45 377.30

6 #62 coal seam3.10 380.40

5 Mudstone0.55 380.95

4 Fine grained sandstone1.60 382.55

3 Mudstone10.38 392.93

2 Siltstone3.50 396.43 PKS

Fig. 8   KS position determined of D5 borehole using the traditional 
method
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