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A simulation study of support break-oft and water inrush during mining
under the high confined and thick unconsolidated aquifer

Abstract

The thick Cenozoic unconsolidated aquifer is deposited under Sunan syncline core in Huaibei coalfield, the
water yield property of unconsolidated bottom aquifer is strong and water pressure is high in some areas (up
to 4 MPa in some areas). Water inrush accident often occurs during mining under unconsolidated aquifer, the
biggest characteristic is abnormal mine pressure and support break-oft during water inrush accident
comparing with normal condition. In order to study mechanism of support break-off and water inrush during
mining under the high confined thick unconsolidated aquifer, a simulation of similar material was designed.
The experimental results indicated that, under normal condition, the compound breakage sequence of water-
resisting key strata between coal seam and high confined thick unconsolidated aquifer is from top to bottom
and the basic reason of synchronous fracture is the load of bottom key strata increased suddenly when the
breakage of top key strata happened. Because of high confined thick unconsolidated aquifer, surface acts on
the bottom key strata soil layer in the form of uniformly distributed load, which is the load-transfer
mechanism of confined thick unconsolidated aquifer. Once the overlying key strata compound breaks, the
height of unstable strata will reach far more than 30 meters and exceed support capability of current fully-
mechanized mining supporter, which leads to support break-oft accident during mining process under
confined unconsolidated aquifer.
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Abstract

The thick Cenozoic unconsolidated aquifer is deposited under Sunan syncline core in Huaibei
coalfield, the water yield property of unconsolidated bottom aquifer is strong and water pressure
is high in some areas (up to 4 MPa in some areas). Water inrush accident often occurs during min-
ing under unconsolidated aquifer, the biggest characteristic is abnormal mine pressure and sup-
port break-off during water inrush accident comparing with normal condition. In order to study
mechanism of support break-off and water inrush during mining under the high confined thick
unconsolidated aquifer, a simulation of similar material was designed. The experimental results
indicated that, under normal condition, the compound breakage sequence of water-resisting key
strata between coal seam and high confined thick unconsolidated aquifer is from top to bottom
and the basic reason of synchronous fracture is the load of bottom key strata increased suddenly
when the breakage of top key strata happened. Because of high confined thick unconsolidated
aquifer, surface acts on the bottom key strata soil layer in the form of uniformly distributed load,
which is the load-transfer mechanism of confined thick unconsolidated aquifer. Once the overlying
key strata compound breaks, the height of unstable strata will reach far more than 30 meters and
exceed support capability of current fully-mechanized mining supporter, which leads to support
break-off accident during mining process under confined unconsolidated aquifer.
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1. Introduction

Most of coalfield in North China are concealed coalfield covered by large-thick Cenozoic unconsolidated layers
[1]. There is an aquifer in the bottom of unconsolidated layers consists of high permeability of unconsolidated
sand and gravel where water yield property is good [2] [3]. The aquifer is directly hosted in the top of coal
measures sandstone, commonly named as Fourth Aquifer or Bottom Aquifer. If the thickness of unconsolidated
layers is great, the water pressure of the aquifer is normally high [1] [4] [5].

In recent years, there are dozens of water inrush accidents happened during coal mining practice under high
confined unconsolidated aquifer in China [6] [7], which is a serious threat to coal mine safety production. There
is always abnormally-increased roof pressure and even support break-off accidents happened accompanied with
this kind of water inrush accident [8]. The roof pressure increased periodically with the advance of working face
which shows that this kind of accident is not only associated with hydrogeology characteristics of high confined
unconsolidated aquifer but also associated with structure types and the breakage characters of overburden strata
[9]-[11]. The study of surrounding rock strata displacement and deformation is necessary technical foundation
for studying coal mine water inrush mechanism and designing water control measures [8] [12].

Qidong coal mine, affiliated to the Anhui Hengyuan Coal and Electricity Co., Ltd, is located in the north of
Huainan-Huaibei Coal Mine field [6] [7]. There were many water inrush accidents occurred during mining
process under high confined unconsolidated aquifer. For instance, there was a support break-off and water in-
rush accident in 3222-Working Face, the first coal mining face of Qidong Coal Mine after construction. The
water inrush accident led to coal mine being submerged and 36.48 million RMB in direct economic loss and the
indirect economic loss was almost 100 million RMB. After recovery production, similar water inrush accidents
occurred in 3221, 7114, 6130 and 7130 working faces which had a severe impact on safe and high-efficient ex-
ploitation of coal mine.

Similar-material simulation experiment is a way to study the laws of nature by utilizing the similar features
between object or phenomena which is based on the Similarity Theory [13] [14]. It is not only suitable in such
research fields that hard to obtain research results by theory approach, but also an effective means to analyze and
compare research results [15]. The model was made according to a certain proportion of the actual rock strata by
similar material based on Similarity Theory. We excavated the model on the basis of the actual mining method,
then observed the displacement, deformation and failure of upper rock strata and obtained relevant parameters.
Thus, we can analyze and infer the displacement and deformation laws of surrounding rock as the working face
advances [13]. According to three laws of similarity, the major requirement is geometric similarity, motion si-
milarity and dynamic similarity when two systems are similar. Coal mining condition under high confined thick
unconsolidated aquifer was modeled based on similar material simulation experiment. We also obtained stress
distribution law and roof displacement characteristics of surrounding rock strata, which provided technical sup-
port to further study of support break-off water inrush mechanism during mining under high confined thick un-
consolidated aquifer.

2. Design of Simulation Experiment
2.1. Experiment Objective

The experiment objective is to study load-transfer mechanism of confined unconsolidated aquifer and laws of
key strata compound breakage; compare and analyze the influence of confined unconsolidated aquifer on se-
quence of key strata breakage and explore the reason that support break-off water inrush often occurs during
mining under confined aquifer.

2.2. Model Prototype

Research area topography is flat and surface elevation is +21 m which located in the middle part of Huaibei
Plain in Anhui Province. Hui river is a seasonal river and is the tributary of Huaihe river which flows through
south part of coalfield. Sequence stratigraphy from top to bottom in the research area is Quaternary (Q), Neo-
gene (N), Palaeogene (E), Cretaceous (K), Jurassic (J), Triassic (T), Permain (P), Carboniferous (Cy.,) and Or-
dovician (Oy.,). Carboniferous-permian is the main coal-bearing strata of Qidong coal mine. Coal-bearing strata
are covered with Cenozoic unconsolidated layers which belong to concealed coalfield. Geological structure is
comparatively simple in Qidong coal mine. There are three faults and monoclinal structure in research area.
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Occurrence of coal seam and rock stratum are different from West to East. The inclination of rock stratum turns
from NNW trending to NNE trending. Fracture water of main coal seams’ roof and floor sandstone is the direct
source of water during mining. Main recharge of sandstone fracture water is infiltrate of unconsolidated aquifer
in the bottom of Cenozoic. Thickness of Cenozoic unconsolidated layers is 350 - 375 m varying with ancient
landform. Under the influence of neotectonic fault control and basin landform, thickness of Cenozoic unconso-
lidated layers become bigger and bigger from NE trending to SW trending. Lithology of research area consists
of clay, sandy clay, clayey sand, silt, fine sand, medium sand and gravel, etc. The hydrogeological structure
consists of multilayer of aquifers and water-resisting layers. The lithology and mechanical parameters of rock
strata are shown in Table 1 [16]. According to the objective of experiment, the model prototype was designed,
shown as Figure 1.

2.3. Calculation of Similar Condition

Geometrical scale: «, =0.01,

Poisson’s ratio scale: C, = ,um//lp =1,
Volume weight scale: a = /7, =06,
Stiffness scale: C. =E /E _O 6,

Stress scale: o =« /a =0.6, and
Model time scale: «, =0.1.
where,

7, —Volume weight of actual rock strata, y, —Volume weight of rock strata in the model;
v, —Poisson’s ratio of actual rock strata, ., —Poisson’s ratio of rock strata in the model;
E, —Stiffness of actual rock strata, E, —Stiffness of rock strata in the model;

o, —Stress of actual rock strata, «,, —Stress of rock strata in the model.

2.4. Experimental Equipment

The experimental equipment consists of test bench, confined unconsolidated aquifer (bags, filled with water and
sand) and water pressure control device, as shown in Figure 2.

Table 1. The lithology and mechanical parameters of rock strata in the model prototype.

Internal Strength of

. Volume Rock strata Elasticity Poisson’s  Cohesion/ o 3
Liinel ey weight/N-m™  thickness/m  modulus/GPa ratio MPa fr|ct|or3 SR RETETS
angle/(°) MPa
Key strata 2 25,000 8 60 0.4 40 40 7.0
Soft rock 2 25,000 8 10 0.3 30 30 1.0
Key strata 1 25,000 8 60 0.4 40 40 7.0 Thickness of
stratification
Soft rock 1 25,000 8 10 0.3 30 30 1.0 is2m
Coal seam 14,000 3 10 0.2 10 15 1.0
Floor 25,000 5 60 0.3 30 40 7.0

q
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Figure 1. Similar simulation prototype graph.
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Simulation platform, 2-Bag be filled with water and sand (confined aquifer), 3-Pressure Sen-sor, 4-Valve,
5-Pressure gauge, 6-Pressure Sensors, 7-Injection Hose; 8-Overflow Hose; 9-Pipes up, 10-Upper tank, 11-
Pipes down, 12-Pumps, 13-Tank lifting frame

Figure 2. Test device of unconsolidated confined aquifer load transfer function (Unit: mm).

Requirements of model equipment:

1) The major measuring instrument is pressure transducer and the sensitivity of pressure transducer and relia-
bility of data gathering must be guaranteed. The sensitivity of pressure sensor must meet requirement of 1% and
maximum value of 0.1 MPa.

2) The equipment need to be a high maneuverability. Water supply of pump has to reach 100 L/min.

3) Pressure transducers are put in the top and bottom surface of confined unconsolidated aquifer. The space
between two pressure transducers is 150 mm.

4) Injection hose, overflow hose and upper hose must be soft and total length should surpass the maximum
height of tank lifting frame.

Program control static resistance strain gauge is used to transform pressure obtained by pressure transducers
[17], computer is used to collect and save data, digital camera is used to shoot mining process of model and typ-
ical failure characteristics of model.

2.5. Experimental Material

Gypsum and lime were taken as cementing material in the experiment and gypsum is major. Sand, calcium car-
bonate, pulverized coal and water are the main material of coal seam and strata simulation. Ordinary river sand
(particle size less than 1.5 mm) is aggregate material and mica powder is layered material. Determining the
amount of experimental material is based on type and volume of model material. Material ratio and amount of
each rock strata are shown in Table 2.

2.6. Experimental Schemes

Determine the following three simulation project based on experiment objective.

2.6.1. The First Simulation Project

The first simulation project is used to study laws of key strata compound breakage under the uniform load (.
We load by iron block and wooden tablet to assure the uniform load act on model. The mass of each iron block

is 3.23 kg and the contact area with model is 0.02 m* Thus the uniform load ¢ is 1.27 x 10" Pa. The model
simulation equipment based on similar simulation ratio is shown in Figure 3.
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Table 2. Material ratio and amount of each rock strata in simulation.

sti?a?II(D Lithology Thickness/cm Sand/kg  Gypsum/kg caszlr:g:;?kg Water/kg Pulverized coal/kg
1 Coal seam floor 5 35.0 2.2 2.8 5.0
2 Coal seam 3 22.0 0.4 1.6 3.0
3 Soft rock 1 10 66.7 4.0 9.3 10.0 15
4 Key strata 1 10 64.0 48 11.2 10.0
5 Soft rock 2 10 66.7 4.0 9.3 10.0 15
6 Key strata 2 20 128.0 9.6 22.4 20.0

q
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i
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aéthﬂ
bottom? |boundary protection pillar 50
2500 !

Figure 3. Schematic diagram of the test apparatus in Scenario 1 (Unit: mm).

Technical points:

1) Set a 500 mm protection pillar at mining boundary to eliminate boundary effect;

2) Put a stress observation line on the top surface of key strata 1 to observe load distribution and changing rule
of stress. The particular arrangement of the pressure sensor above the observation line is shown in Figure 3.

2.6.2. The Second Simulation Project
The second simulation project is used to study load-transfer mechanism of confined unconsolidated aquifer.
Thickness of surface soil is determined by uniform load in first simulation project, confined unconsolidated
aquifer is put in the middle of surface soil and key strata 2. Transform the uniform load into surface soil with
equivalent thickness on the basis of first simulation project. The volume weight of surface soil is 16 kN-m3;
equivalent thickness is 80 m based on geometrical scale. Surface soil consists of sand, gypsum, calcium carbo-
nate and water which were divided into 50 layers successively. Aggregate material of confined unconsolidated
aquifer is composed of stones with comparatively bigger size particles. Constant water pressure of confined
aquifer can be controlled by the height of water surface. Schematic diagram and photograph of model simulation
equipment are shown in Figure 4 and Figure 5 respectively.

Technical points:

1) Keep water pressure of confined aquifer steady and the pressure head of confined should match to the
thickness of surface soil.

2) Confined unconsolidated aquifer consists of aggregate material and water in the simulation, aggregate ma-
terial is stones which particles with comparatively big size.

3) Put three stress observation lines in the area between key strata and confined unconsolidated aquifer to ob-
serve the relationship between stress distribution of top and bottom surface of aquifer by changing mining width.

2.6.3. The Third Simulation Project

The third simulation project is used to study breakage sequence of two key strata without influence of confined
unconsolidated aquifer. To ignore the effect of load transfer, we put the surface soil on the key strata 2 directly.
Thus, breakage sequence of each key stratum on that situation can be obtained. Schematic diagram of simulation

equipment are shown in Figure 6.
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Figure 4. Schematic diagram of the test apparatus in Scenario 2 (Unit: mm).

confined aquifer

Figure 5. Scheme 2 similar model objective graph.
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Figure 6. Schematic diagram of the test apparatus in Scenario 3 (Unit: mm).
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3. Process and Result of Experiment
3.1. Process and Result of the First Simulation Project

Key strata 1 and 2 fractured at the same time when the mining width reached 85 cm in the model. Fracture sur-
face can be seen obviously (Figure 7). Data collection situation is different from each other with different min-
ing widths (Table 3). Figure 8 describes the relationship between stress and data collection time at observation
point, 70 cm away from the mining boundary.

Stress changes at measure point can be divided into the following four stages depending on mining width
(Figure 8).

Figure 7. Key layer synchronization breaking in similar simulation.

60
40 - "-T
sl—
0 ] !
[ k‘ Observation frequency
0 o [} L . |
FE—
0 50 100 160 1] 250 300 350 400
220 S0cm
Mining width is TOcm 5 \_‘\h-}
40 R0cm |~+
*
&0 \ FEP—Y
Mining width is 83¢cm
-80 t\u i
-100

Figure 8. Stress changes at observation point, 70 cm away from the mining boundary.

Table 3. Distribute of data collection number with different mining width.

Mining width/m 10 20 25 30 35 40 45
Data collection number 0-5 6-10 11-12 13-34 35-47 48 - 59 60 - 68
Mining width/m 50 55 60 70 80 85
Data collection number 69 - 76 77 - 106 107 - 128 129 - 154 155-331 332 - 400
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The first stage: as mining width is between 0 cm and 50 cm, stress at measure point remains the same, be-
longs to primary rock stress [18].

The second stage: as mining width is between 50 cm and 70 cm, stress at measure point along with the mining
width increases gradually, belongs to stress increase region.

The third stage: as mining width is between 70 cm and 80 cm, stress at measure point decreases gradually,
belongs to stress decrease region.

The fourth stage: mining width is 85 cm, stress at measure point has a leap-growth based on the third stage.

Two key strata synchronous fracture happened because of roofing breaking interval in the fourth stage, the
stress leap-growth at measure point is also the result of key strata breakage. From the aspect of macro behavior
and variation of stresses at the moment of key strata breakage, mechanism of key strata compound breakage is

top key strata break first, the reason of synchronous fracture is the load of bottom key strata increased suddenly
as the breakage of top key strata.

3.2. Process and Result of the Second Simulation Project

Key strata 1 and 2 fractured at the same time when the mining width reached 90 cm in the model (Figure 9).
Number of data collection is different with different mining width (as shown in Table 4). As Figure 10 shown
that the relationship between stress and number of data collection at measure point of 95 cm to the mining
boundary.

Figure 11 and Figure 12 showed the relationship between stress and number of data collection respectively at
two measure points 70 cm to the mining boundary, at the top and bottom of confined unconsolidated aquifer.

confined aquifer

Figure 9. Key layer synchronization breaking in similar simulation.
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Figure 10. Stress changes at observation point, 95 cm away from the mining boundary.




Y. Liu et al.

Table 4. Distribution of data collection number with different mining width.

Mining width/m 10 20 25 30 35 40 45
Data collection number 1-18 19-21 22-26 27-31 32-36 37-40 41-48
Mining width/m 55 60 70 75 80 90
Data collection number 49 -53 54 - 62 63 - 67 68-73 74 - 87 88 -98
> T * 00 a0s it Gostd . Observation frequeney
{_' ot . » -
-5 = - = -~ — = = a8 = = = =
s 10 IS 20 25 30 35 W 15 Sledieedle 65, JU, 75 8O 85 90 95400
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=15 +
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Figure 11. Stress changes at observation point, 70 cm away from the mining boundary.
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Figure 12. Stress change of observation points 70 cm away from mining boundary in unconsolidated confined aquifer.

Stress at the measure point 95 cm to the mining boundary can be divided into the following two stages de-
pending on mining width.

The first stage: mining width is between 0 cm and 70 cm, belonging to primary rock stress.

The second stage: as mining width is between 70 cm and 90 cm, stress at measure point increases gradually
and has a leap-growth at 90 cm.

Breakage of key strata 2 resulted in load increases of key strata 1. According to primary roofing breaking in-
terval of two key strata and relationship between stress and mining width at measure point on key strata 1, brea-
kage of key strata belongs to compound breakage as well in Scenario 2.

With the influence of confined unconsolidated aquifer, surface soil and key strata stress are substantially free
from the impact of mining width. There is no significant stress reduction or increase. Stress is a constant value.

The second simulation showed that with the existence of confined unconsolidated aquifer between surface
soil and key strata, laws of key strata breakage are the same with the influence of uniform load. The type of
breakage is still compound breakage and there is no obvious stress increase or decrease. Thus, we can conclude
that with the existence of confined unconsolidated aquifer, load-transfer mechanism of confined unconsolidated
aquifer is surface soil act as uniform load on bottom rock strata all the time.
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3.3. Process and Result of the Third Simulation Project

Key strata broke suddenly when the mining width reached 80 cm and surface soil and key strata 2 had no ob-
vious changes. Key strata 2 broken and there was caving arch in surface soil when the mining width was up to
110 cm. Distribution of data collection number with different mining widths is shown in Table 5.

Figure 13 shows the relationship between stress and mining width at measure point of 60 cm to the mining
boundary. Figure 14 shows the relationship between stress and mining width at measure point of 75 cm to the
open-off cut. Figure 15 shows the stress distribution of each measure points on the key strata 2 when mining
width is 80 cm, stress concentration and stress release emerged.

Figure 13 shows that relationship between stress and mining width can be divided into the following five
stages:

Table 5. Distribution of data collection number with different mining width.

Mining width/m 10 20 25 30 35 40 50
Data collection number 1-22 23-51 52-73 74 -113 114 - 148 149 - 170 171-229
Mining width/m 60 65 75 80 90 100 110

Data collection number 230 - 278 279 - 356 357 - 376 377 - 419 420 - 451 452 - 469 470 - 509

300
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Figure 13. Stress change of observation points 60 cm away from mining boundary.
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Figure 15. Stress distribution of observation points in key layer 2 when mining width is 80 cm.

O - A stage: mining width is 0 cm to 30 cm, belongs to primary rock stress,

A - B stage: mining width is 35 cm to 60 cm, stress increases,

B - C stage: mining width is 65 cm to 75 cm, stress decreases,

C - D stage: mining width is 80 cm to 105 cm, stress remains the same,

D - E stage: mining width is 110 cm, stress has a leap-growth and then decreases.

Unchanged remaining stress in C - D stage shows the abscission layer emerged between key strata 1 and key
strata 2. All the weight of top layer was supported by key strata 2. According to primary roof breaking interval
of key strata 2, key strata 2 breaking in D - E stage led to observed stress increase.

Compared with Figure 13, there was no C - D stage in Figure 8, which shows that stress distribution on key
strata 1 between layered successive breakage and compound breakage are different.

Figure 14 shows that relationship between stress and mining width can be divided into four stages. Because
that surface soil are unconsolidated, soil in caving arch keep synchronous movement with key strata 2 led to has
no stress leap-growth during mining. Figure 15 shows the stress concentration and stress release emerged ob-
viously on key strata 2 and load is following non-uniform distribution.

Comparing Figure 12 and Figure 14, stress decreased obviously without influence of confined unconsoli-
dated aquifer. Mainly because of arching phenomenon emerged with the direct action of surface soil led the load
act on key strata 2 far more less than the load induced by all weight of surface soil.

Key strata compound breakage was easy to emerge with the influence of confined unconsolidated aquifer.
Key strata breakage type transform from successive breakage to compound breakage without influence of con-
fined unconsolidated aquifer. Main reason is increasing mining width, arching phenomenon led the load act on
key strata equivalent to the weight of soil in arch which far more less than the all soil.

With the influence of confined unconsolidated aquifer, the load act on key strata 2 remain the same along with
mining step increasing. Relatively large load is the key factor led the synchronous compound breakage of key
strata 1 and key strata 2 (Figure 16). Be different with above situation, without the influence of confined un-
consolidated aquifer, the load act on key strata 2 decreased along with mining step increasing is the key factor
led the unsynchronized of key strata. All above shows that load-transfer mechanism of confined unconsolidated
aquifer is the direct reason of key strata breakage sequence transformation.

Key strata 2 and nearby rock strata are the load layer of key strata 1 when the key strata of surrounding rock
compound breakage. Load on voussoir [9] beam structure consisting of breaking block increased obviously.
Support break-off accident happened when retaining resistance of support less than the weight of unstabilized
rock pillar. Retaining resistance of current fully mechanized mining supporter is about 500 KN and can afford
about 30 m unstabilized rock pillar. Mining under confined unconsolidated aquifer, as far as key strata of sur-
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Figure 16. Test result of the unconsolidated confined aquifer influencing compound and fracture of key layer. (a) Key layer
synchronization fracture in the condition of the unconsolidated confined aquifer; (b) Key layer fracture step by step in the
condition of the non-unconsolidated confined aquifer.

rounding rock compound breakage, height of unstabilized rock pillar is far more than 30 m and support break-
off accident will happen inevitably.

4. Conclusions

Normally, the sequence of key strata break is the above key strata breaking off firstly, and load of the lower key
strata suddenly increases in an instant of the above breaking, which is the basic reason of synchronous breaking
with the above key strata.

As the unconsolidated confined aquifer exists between topsoil and the lower key strata, the load is generated
by the topsoil all on the lower key strata, which is due to the influence of the unconsolidated confined aquifer.
Topsoil acting on the lower key strata through the uniform load is the load transfer mechanism of loosely con-
fined aquifer.

When the complex breaking key strata is in non-unconsolidated confined aquifer under the unconsolidated
confined aquifer condition, the key strata turned layered successive breaking from original synchronous break-
ing and the load acting on the key strata is just the result of rock gravity within the height of caving arch, which
is much smaller than the load generated by the thickness of topsoil.

As the key strata of overburden rock occurs compound breakage, there will be the instability of masonry
beam structure and when the bracket support resistance is less than the weight of unstable rock pillars, it will
cause the support crushing accident. Mining was done under the unconsolidated confined aquifer. Once com-
pound breakage happened in the key strata and the bracket could not support the pressure of the instability of
rock, mining crushing accidents will happen.
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