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Abstract In order to study the mechanism of confined water inrush from coal seam floor, the main influences on
permeability in the process of triaxial seepage experiments were analyzed with methods such as laboratory experiments,
theoretical analysis and mechanical model calculation. The crack extension rule and the ultimate destruction form of the
rock specimens were obtained. The mechanism of water inrush was explained reasonably from mechanical point of view.
The practical criterion of water inrush was put forward. The results show that the rock permeability “mutation” phe-
nomenon reflects the differences of stress state and cracks extension rate when the rock internal crack begins to extend in
large-scale. The rock ultimate destruction form is related to the rock lithology and the angle between crack and principal
stress. The necessary condition of floor water inrush is that the mining pressure leads to the extension and transfixion of the
crack. The sufficient condition of floor water inrush is that the confined water’s expansionary stress in normal direction and
shear stress in tangential direction must be larger than the internal stress in the crack. With the two conditions satisfied at
the same time, the floor water inrush accident will occur.

Keywords Triaxial permeability experiment - Floor water inrush model - Floor water inrush mechanism -
Necessary and sufficient conditions of water inrush

1 Introduction theory (Wang et al. 1994), board model theory (Zhang and
Wang 2006), key strata theory (Qian et al. 1996), mutation

Water inrush from coal seam floor is one of the main and nonlinear model (Yang et al. 2001, 2005), water inrush

problems for coal industry sustainable development in
North China coalfields, which is more and more serious
with the increase of mining depth. In the study of water
inrush mechanism, scholars have carried out a lot of
research work and proposed water inrush theory and cri-
teria such as water inrush coefficient method (Peng et al.
2003), water inrush critical index method, “lower three
zone” theory (Li 1999), in situ tensile and zero failure
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advantage theory, water inrush power information theory,
strong seepage theory (Ye and Liu 2005), similar theory,
rock-water stress theory and so on, and formed water
inrush prevention and control methods such as waterproof
coal pillar mining (Jiang et al. 2008), double down (Miao
et al. 2008, 2009), bottom grouting etc. Some scholars
studied the change of rock permeability in the process of
rock deformation and failure through rock stress and per-
meability coupling experiment (Oda et al. 2002; Noiriel
et al. 2010; Watanabe et al. 2011). At present, these
research results play a positive role in guiding the control
of water inrush from coal seam floor. But there are some
obvious weaknesses such as studying the rock and water
separately or directly considering the confined water
pressure to be hydrostatic pressure to floor, ignoring the
interaction between seepage field and stress field. The
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essence of floor water inrush is the result of the interaction
between seepage field and stress field and will lead to the
extension and transfixion of the crack, which has been
ignored. Scholars both at home and abroad have been doing
extensive and in-depth research for the evolution rules of
stress, strain and permeability in the process of rock
seepage experiment. Some articles have presented the rock
coupling seepage rule through experiments (Zheng et al.
1999; Zhu and Liu 2002) and summed up the empirical
formula between rock permeability characteristics and
effective stress. But there are few literatures overall con-
sidering the main permeability influence factors, the crack
extension rule and the ultimate destruction form.

Considering the above weaknesses, the paper estab-
lished a floor water inrush mechanical model based on
triaxial seepage experiments, analyzed the main influence
factors and the ultimate destruction forms of the rock
specimens, studied the stress condition when the floor
water inrush occur, and put forward the practical criterion
on floor water inrush.

2 Triaxial seepage experiment

The triaxial seepage experiment, which obtained the stress—
strain and strain-permeability curves, was carried out with
the MTS815.02 electro-hydraulic servo system. The rock
samples were shaped in cylinder specimens with diameter
of 50 mm and height of 80-100 mm. The rock specimens
were dealt with water saturation. The basic physical
properties of three type rock specimens are shown in
Table 1.

Confining pressure and pore pressure were set to 4.0 and
3.8 MPa separately (pore pressure is always lower than the
confining pressure). The hydraulic pressure difference
between two ends of the test specimen is 1.5 MPa. In order
to fully consider the influence of heterogeneity of rock
material on the test result, six rock specimens were tested.

Table 1 Basic physical parameters of rock specimens

Rock type Diameter Height Hardness Lithologic
(mm) (mm) characteristics

Siltstone 48.64 97.84 5.0 Dark grey
argillaceous
cementation;
bedding; including
ball, flake pyrite

N-limestone 49 95.4 8.0 Grey; impurity; non-
stable thickness

Limestone 48.44 96.4 8.0 Grey; impurity;

fracture; calcite
filling

The part of rock permeability curve during the experiment
is shown as Fig. 1.

3 Crack extension rule and ultimate destruction form

From the result of the experiment, the permeability of the
three rock specimens happened mutation, which can be
viewed as water inrush from coal seam floor. The perme-
ability mutation location of siltstone is in strain softening
stage. But the permeability mutation location of N-lime-
stone and limestone are near the peak stress. The differ-
ences of permeability mutation locations reflect the
differences of stress state and crack extension rate when the
rock internal crack begins to extend in large scale, which
will lead to different ultimate destruction forms.
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Fig. 1 Stress—strain and strain-permeability curves of rock specimens
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Based on the triaxial seepage experiment, we studied the
crack extension rule and the ultimate destruction forms due
to the combined action of stress and seepage. Splitting
force is applied to rock specimen by water flow during the
seepage experiment, which can be shown by the distribu-
tion water pressure P. The distribution water pressure is
applied to micro crack surface of rock specimen. Accord-
ing to the theory of rock mechanics and fracture mechan-
ics, the crack extension mechanical model (as shown in
Fig. 2) was established to analyze the crack extension rule
and the ultimate destruction forms.

Assuming the crack length in the above model is 2L, the
angle between the long axis direction of crack and the
maximum principal stress g is f5, the pore water pressure
in the crack is P, then the normal stress and shear stress in
the crack can be expressed as:

¢ = gy sin® B+ a3 cos’ f — Pl

(61 — 03)sin2f (1)
—

Further consolidation of Eq. (1) can get

_o1+03 (03— 01)cos2f
=— 5 _

2
_(0'1—0'3)Sin2ﬁ ( )
N 2

Based on the previous research results, the main force
leading to crack extension is the normal stress o. In the
experiment, the confining pressure g3 is a constant, and
03 < g1. When the maximum principal stress o, is a fixed
value, we can gain conclusion as follows:

(1) For cracks with an angle 0° < <45°. Owing to
1 —cos 2 >0, g3-g; <0, the larger of f3, the
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Fig. 2 Crack extension mechanical model

@ Springer

greater of o, cracks are more easily to close with
compressive stress; the smaller of f3, cracks are more
easily to open with tensile stress.

(2) For cracks with an angle 45° < § < 90°. Owing to
-1 <cos 2 <0, o3-0; <0, the larger of f, the
greater of (63 — 1) cos 2/2, and then the greater of
o, cracks are closed more tightly with increased
compressive stress.

Above analysis shows that the axial crack is easier to
extend than lateral crack, and the smaller of the angle f, the
easier for the cracks to extend. Before the stress reach the
peak stress, the value of ¢ is also increasing along with the
increase of ¢, and the crack is harder to extend, which
explains the reason that the rock specimens’ permeability is
decreased or vibrated. Due to the axial crack easier to
extend than lateral crack, the rock specimens show splitting
failure in axial direction after the peak stress. Even if it
occurs shear failure, the value of f is always less than 45°,
as shown in Fig. 3 (The siltstone specimen occurs shear
failure, and the value of f§ is 24°. The N-limestone speci-
men and limestone specimen occur splitting failure).

4 Single crack extension mechanical model of floor
water inrush

In the stress—strain and strain-permeability curves of rock
specimens, the permeability occurs “mutation” phenome-
non. The mutation position of siltstone is located in the
stress-relaxed area. The mutation positions of limestone
and N-limestone are both located near the peak stress area.
The differences of rock permeability mutation position
reflect the differences of stress state and crack extension
rate which can lead to floor water inrush. Based on the
coupling mechanism of stress field and seepage field (Chai
et al. 2003), the confined water mainly produces two kinds
of mechanical effects on the crack surface:

(1) The confined water makes the crack surface occur
the pull-tensile effect, namely the seepage pressure
of water flow in crack generates the normal expan-
sion effect for crack surface (Chang et al. 2004; Si
et al. 2005).

(2) The structural plane and backfill of the crack occur
deformation and displacement in the direction of
water flow with the effect of hydrodynamic pressure.
The structural plane of crack occurs shear extension
(Sun et al. 2007). Therefore, single crack extension
mechanical model of floor water inrush can be
established according to laboratory triaxial seepage
experiment, as shown in Fig. 4. We can regard the
“mutation” phenomenon in the triaxial seepage
experiment as occurring floor water inrush.
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(b) N-limestone specimen

(¢) Limestone specimen

Fig. 3 Rock specimens failure forms

In Fig. 4, 01, 05, 03 are the three principal stresses along
three axes, ow, Tw are the normal expansion stress and
shear stress of water flow along the crack plane. The above
model can be separated along the crack plane. We can
regard the mechanical action of water flow as the boundary
condition of the tetrahedral model, as shown in Fig. 5.

Fig. 5 Stress state of tetrahedron

According to the Cauchy’s Law,

ey

2

Without considering the seepage effect of confined
water, the stresses of the separate unit applied on the
crack plane are.

o, = 0112 + 02m2 + a3n2

1, = Pm? (o) — 02)* + m*n® (0 — 03)* + n*P(03 — 01)”

(3)

Considering the seepage effect of confined water, the
normal expansion stress is gy, the shear stress is Ty,

the stresses of the separate unit applied on the crack
plane are.

ow + 0, > al* + aym* + a3n®

tw + 1, > Pm? (01 — 02)* + mPn? (0 — 03)°

+ 1P (03 — 01)’
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The following equation can be obtained from the rela-
tionship between rock and water.

ow = yw(h - Z)
S VdJ (5)
L)

where [, m, n are the direction cosine of the inclined plane
and the three coordinates respectively. o/, 7/, are the stress
which applied on the inclined plane by the separate unit.

The reason of rock permeability mutation is that the
rock permeability increases suddenly. For a certain crack,
the confined water head in crack surface is a constant
value. When ¢/, # 0 and 7/, # 0, although cracks have been
connected, rock permeability will not increase. Rock per-
meability may decrease with the stress increase. The mu-
taion position may appear in the strain softening stage (see
Fig. 1). The above phenomenon shows that the extension
and transfixion of the crack is only the necessary condition
of rock permeability mutation. The confined water’s
expansionary stress in normal direction and shear stress in
tangential direction must be larger than the internal stress
in the crack, which is the sufficient condition of rock
permeability mutation. So, we can obtain the sufficient
condition of rock permeability mutation as:

ow > 01 + aym® + a3n®
{ tw > Pm?(0) — 02)° + mP*n*(ay — 03)> 4+ n?P(as — 01)

(6)

According to Griffith strength theory, crack extension is
mainly caused by normal tensile stress, the shear stress and
the physical and chemical effect of the crack water is very
limited, with Eq. (5) the sufficient condition can be sim-
plified as,

9, X (h—2) > 01> + 6ym® + a3n’. (7)

5 Mechanism and criteria of floor water inrush

Water inrush from coal seam floor is not only related to the
mine pressure, but also determined by the relationship
between stress state and confined water pressure. Water
inrush accident will not happen, unless the following
conditions are met at the same time.

(1) The cracks in coal seam floor are extended and
connected. Due to the interaction of mine pressure
and confined water pressure, cracks begin to extend
and connect, which is the necessary condition of
floor water inrush.

(2) The normal stress and shear stress of confined water
on the crack surface are larger than the internal mine

@ Springer

stress, which means ¢/, = Oand ), = 0. This is the
sufficient condition of floor water inrush.

According to the elastic—plastic mechanics and fracture
mechanics theory, and combining with the mine pressure
theory, the height of transmission fissure zone can be cal-
culated as follow:

LSTPHL

he = 4R? (8)

where, hc is the height of transmission fissure zone; H is
the mining depth; 7 is the density of the rock; L is the
length of working face; R, is the compressive strength of
floor rock mass, generally 0.15 times of the uniaxial
compressive strength of rock.

Based on the rock uniaxial compressive experiment, the
crack may extend if the angle between the crack axle and
the compressive stress direction is less than 60° (f < 60°),
otherwise the crack extension direction will not along the
original crack direction. For safety reasons, we take
p = 0°, and the angles between crack extension direction
and middle stress and between crack extension direction
and the minimum principal stress are all 45°, namely take
=0 m=+2/2, n=+2/2 in Eq. (7), which can be
simplified as

g7 + 03
nlh—2)> 220 o)
Criteria of water inrush from coal seam floor is
1.579?H°L
he =" —
it (10)
o o
y(h—2) > 202 7 903

2

where, o0y,, oyz are principal stresses of floor after
unloading. The & is the height between the coal seam and
the confined water.

Criteria of floor water inrush is as follows,

(1) If he < hg, no inrush;

2) If he=hp, and y,(h—2z)<(oy2+ 6y3)/2, no
inrush;

3) If he > hg, and v,,(h — z) > (6y2 + 6y3)/2, inrush
will occur.

6 Engineering practice

The average incline length of No. 1513 working face is
165 m. The average thickness of coal seam is 1.8 m. The
mining depth is from 482.9 to 555.2 m (average 520 m).
With the above water inrush criteria, the broken depth of
coal seam floor can be can calculated,
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1.57 x 24,000> x 5552 x 165

h
¢ 4 % (20.25 x 106)2

=257 (11)

As the distance from pulverin aquifer to the floor is
about 24 m, and the distance of Ordovician limestone karst
aquifer to the floor is about 64 m, the fissure zone height of
floor is larger than the distance to pulverin aquifer, but
smaller than the distance to Ordovician limestone karst
aquifer. So, coal mining may cause water inrush from
pulverin aquifer, but not Ordovician limestone karst aqui-
fer. In the process of practical mining, the water inflow is
small, which reflects the validity of necessary and sufficient
water inrush criteria.

7 Conclusions

(1) The rock permeability “mutation” phenomenon
reflects the differences of stress state and cracks
extension rate when the rock internal crack begins to
extend in large scale, which provides the theoretical
basis for water inrush without premonition.

(2) The crack extension and the ultimate destruction
form of the rock in the process of percolation
experiment are not only related to the rock lithology,
but also related to § and gp/a5.

(3) The water inrush mechanical mechanism is obtained
through analyzing the water inrush mechanical
model. The necessary condition of floor water inrush
is that the mining pressure leads to the extension and
transfixion of the crack. The sufficient condition of
floor water inrush is that the confined water’s
expansionary stress in normal direction and shear
stress in tangential direction must be larger than the
internal stress in the crack.

(4) The criteria of floor water inrush are obtained. The
floor water inrush accident will not occur, unless it
satisfies hc > hp and y,,(h—2) > (oys + oy3)/2 at
the same time.
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