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Abstract Layered fracture and outburst are two typical
types of failures in a stratum that occur in many cases, such
as liquefaction of sand, mining of coal, and dissociation of
gas hydrate. The formation of both the failures is analyzed
using the mathematical model based on the three-phase
media. It is found that both failures occur once the pore
pressure is high enough to cause the crashing and breakage
of the skeleton. In other words, the formation conditions
are related to the tensile strength of the stratum and the
overburden. The fracture expands and shrinks along with
the penetration and drainage of pore water and gas; out-
burst stops gradually as the energy dissipates in the
stratum.
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Introduction

Layered fracture [also called water film (Fig. la)] and
outburst in soil stratum occur in many cases, such as in the
liquefaction of sand [also called soil boiling in liquefaction
sand (Fig. 1b)] (Huang and Jiang 2010; Huang and Yu
2013; Lu and Cui 2004) in the mining of coal, and during
the dissociation of gas hydrate. Layered fracture is a gap of
water or gas in stratum and often spreads over a large area.
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Outburst is strong eruption of soil-water/gas mixture from
a hole or a vertical fracture in the stratum like volcanic
explosion (Lu et al. 2006; Brennan and Madabhushi 2005).

Water film is first observed in liquefied sand containing
an impermeable seam accompanying slope failures in
earthquakes (Seed 1987), and its formation in stratified
sand has been revealed by shake table tests (Kokusho
1999) and centrifuge tests (Fiegel and Kutter 1994).
Moreover, it is found that the film develops just beneath the
fine sand layer and generally forms the sliding surface of
slope. Zheng et al. (2001) presented a model considering
the erosion and re-deposition of fine grains in skeleton.
They thought water films could be formed by the magni-
fication of inhomogeneity through the transport of the fine
grains (Zheng et al. 2001; Lu and Cui 2010). Malvick et al.
(2008) discussed the development of water film using the
concept of shear localization. But in many cases, the stra-
tum bears no shearing.

Sand boiling results from liquefaction, which is an
eruption of sand—water mixture out onto the ground sur-
face, often occurring during/after earthquake. For example,
sand boiling has been found in many sites during the 2008
Wenchuan earthquake and 1976 Tangshan earthquake in
China. Huang and Yu (2013) classified the sand boiling
formation into two categories: flat-cone sand volcanoes and
liquefied sands erupting on the surface through existing
cracks (Huang and Jiang 2010; Huang and Yu 2013). When
the sand boils, it really liquefies and the hydraulic gradient
is equal or larger than the over burden pressure (Wang
1997).

In the case of coal mining with complex geology and
low strength of coal, the mines prone to fracture or burst
depend on the tectonic and gas pressure. Experiments
showed that the coal mine can be broken and gasified into
outburst when the gas pressure is much higher than its
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Fig. 1 Photos of layered fracture and outburst. a Water film in a
liquefied sand layer and b outburst in a stratum after the dissociation
of gas hydrate

tensile strength. The wave shape of pressure drop does not
change with position. The product of width of coal frag-
ment and the speed of damage front are linear with the
difference of the pore pressure and the tensile strength.
Only layered fracture occurs when the gas pressure is equal
or a little higher than its tensile strength (Ding et al. 1989;
Cheng and Ding 1987; Zheng et al. 1993). Numerical
simulations investigated the effects of main factors such as
sorption and coal strength on the formation of outburst
(Sobczyk 2011; Xue et al. 2014). Yu et al. (1997) con-
sidered that the gas outburst during coal mining was dis-
continuous wave and presented a criterion. This criterion
cannot be used in the formation of water film and outburst
due to gas hydrate dissociation.

Dissociation of methane gas hydrate from a stratum
usually produces gas and water. Generally, 1 m®> methane
gas hydrate results in 164 m*/m* methane gas and 0.27 m?
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water at 1 atm, and so causes a pore pressure as high as
about 50 MPa in the stratum if the gas cannot drain (Briaud
and Chaouch 1997). The high pore pressure can cause the
occurrence of layered fracture or outburst (Fig. 1c) (Zhang
et al. 2011). The layered facture can trigger landslide of
ocean floor and outburst can cause damage to anything in its
path. They can also cause the escape of methane gas or
hydrate from stratum. Released methane hydrate and/or
bubbles from seabed may dissolve in water or rise to the
ocean surface, and even drive a limnic-type eruption. This
depends on the mixing of stratum. When the stratum is
insignificant in mixture, methane hydrate may rise buoy-
antly through the water column either individually or col-
lectively with other hydrate (Zhang 2003). There are gas,
water and hydrate in pores after dissociation of gas hydrate;
so the formation of layered fracture and outburst in this case
is more complicated than in the cases of water film and sand
boiling, and coal mining. Few theoretical analysis on the
formation mechanism and process has been done up to now.

On the points of above, although these two types of
failures have been found and studied for many years, most
are in situ observation, in-room tests, and numerical sim-
ulations. Few theoretical analyses are conducted and the
pore fluid is either water or gas, so the results cannot be
used in conditions of pore fluids with two or more media. It
is necessary to obtain theoretical explanations and criterion
for the formation of layered fracture and outburst in
extensive conditions.

This paper reports the theoretical study on the mecha-
nism, and formation of layered fracture and outburst in a
stratum. The formation of layered fracture and outburst is
discussed in the second section and the third section,
respectively. Experimental certification is processed in the
fourth section. For the analysis conveniently, the discus-
sions in this paper are based on one-dimensional model.

Layered fracture

Layered fracture happens when pore pressure reaches and
exceeds the tensile strength of stratum and the over burden.
The expansion of high-pressure pore fluid causes the over-
cap to form a gap; and the gap expansion in turn decreases
the pore pressure down to below the pressure of the
underneath zone and results in another gap when the
pressure difference is large enough. A series of fractures
may develop when such a process continues (Scotter 1986).

For the formation of layered fracture, the velocities of
grains and pore fluids are neglectable, and the pore water
and grains can be taken as incompressible. A one-dimen-
sional model is presented as follows (Tan and Yu 1997;
Zheng et al. 1993). The stratum is thought to be a three-
phase media consisting of gas, water, and grains so that the
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model can be used in more extensive conditions than the
previous models. Thus, the mathematic model includes
mass equilibrium equations and momentum equilibrium
equations of these three phases, respectively.

The mass equilibrium equations of gas, water, and
grains are as follows
Ogip;  Oeip;u;

ot Ox
in which ¢&;, p;, u; indicate the concentrations, densities, and
velocities of gas, water, and grains corresponding to i =
1,2,3 respectively, x is the coordinate, and ¢ is time.

The momentum equilibrium equations of gas and water
are adopted as:
dp; _
o
in which j = 1,2 indicate gas and water, respectively, p is
the pore pressure, H; (j = 1, 2) are the resistances between
water and skeleton and between gas and skeleton, respec-

3
8/

tively, H; = i (uj
7

=0, (1)

du;
&ip; aj + ¢ —H; — ¢p;g, (2)

— us), k; are the physical permeabilities

of gas and water, respectively, corresponding to j = 1, 2.
The momentum equilibrium equation of the grains is as
follows:

dus deso deg dey,
Bhva Tar TPrge TP
!
= w+Hg+Z_gspsga (3)

in which p, is the density of the skeleton, ug the velocity of
the skeleton, & the concentration of the skeleton, &, the
concentration of the pore gas, &, the concentration of the
pore water, o the total stress, p, the pore gas pressure, py,
the pore water pressure, H,, the resistance between pore
water and skeleton, H, the resistance between pore gas and
skeleton, t//A the side friction in unit length, A the cross
section area, and [ the side length.

The total momentum equilibrium equation of the stra-
tum can be obtained by summing up Egs. (2) and (3):

do op op
Bax T gy Pl T mPn8 T Bupug  febeg
Hm +é tw +é aug + pa+ i (4)
= &m wPy T T EgPy A’
Pm 5 Pugr TlePey TP Y

where the inertial terms, Ouy,/0t, Ouy,/Ot, and Ou, / Ot, can
be ignored when the skeleton is stiff and the seepage is
small. Then the layered fracture forms under the following
condition as integrating Eq. (4) in vertical direction:

P = &gPg + ewPw > Ot + empPn8L + ewpy 8L + egp 8L

1l
Lt pa, (5)

in which o, is the tensile strength of the stratum, p, the
atmospheric pressure, p = (ewpw + &P ) the pore pressure,

Zone b Zone a

Pa

1
v

Fig. 2 Sketch of layered fracture

and L the length of the moving part (Zone a in Fig. 2). The
gravity terms occur only when the failure happens in the
vertical direction. Actually, the earth gravity of the stratum
can be neglected since it is much smaller than the pore
pressure in most cases. Then the critical condition reduces
to

l
PZPa+XL+m. (6)

For zone a in Fig. 2, the following equations are
adopted:

Tl ..
P=pa—~oL=p(1—&)L-A (7)
ic,t=0, A=Ay, A=0, (8)

in which ¢ is the initial porosity, A is the width of the
fracture, and A is the initial width of the fracture which is
assumed as a smallness. The left-hand side of Eq. (7) is the
driving force that pore pressure overcomes the resistances
and the right is the movement.

With the movement of the skeleton, the fracture
expands and the pore pressure inside of it decreases to
be lower than that outside of it; then the pore fluids
penetrate into it from outside to cause the pore pressure
inside of it to increase.

The seepage of pore gas is assumed to satisfy the
Darcy law and the gas is perfect. The seepage equation
and mass equilibrium equation of pore gas satisfy the
following:

_Opig _ B0kt |
ox kg Hig
a,Dig apiguig -0 (9)
ot Ox 2_
Dig = Pigd

Similarly, the seepage equation and mass equilibrium
equation of pore water satisfy the following:

o apiw _ oty U

o ky
apw apwuiw o 0, (10)
ot ox

in which i indicates the Zone a and Zone b in Fig. 2 cor-
responding to i = 1,2, respectively, u is the viscosity of
pore fluid, k is the permeability, subscripts g, w indicate gas
and water, respectively, and a is the sonic speed.
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Assume the initial pore gas (or water) pressure is pog (Or
Pow) throughout the stratum. In Zone a, the right end is
opened to the atmosphere, so the pressure is 1 atm both for
pore gas and water. At the left end, the pressures of pore
gas and water are equal to that inside the fracture,
respectively. Thus, the initial and boundary conditions for
pore gas and water are as follows:

i.C., Uag =0, Pag = Pog, (11)
b.c, x ==L, pag = Ppg; X =0, Pag = Pa; (12)
i.c., Upy =0, Paw = Pow, (13)
b.c, x=—L, paw = pw; X =0, paw = Pa- (14)

Similarly, the initial and boundary conditions for Zone b
are

ic., upg =0, Pbg = Pog, (15)
b.c, x = —00, pog = pog; X = —L, pvog = Py, (16)
i.c., up; =0, pow = Pow, (17)
b.c, x = —00, Pow = Pow; X = —L, Pow = Dw- (18)

The pore gas pressure and the water pressure are con-
nected by the capillary force p.:

(19)

The flow rates Q, and Q, from Zone a and Zone b into
the fracture are as follows:

Q. = &A (pawuaw + paguag)v

Pg — Pw = Dec-

(20)
@)

The mass of the pore fluid in the fracture consisted of
that flowing from Zones a and b and the initial mass.
The width of the fracture is mainly determined by the
volume occupied by the gas because the density of
water is very larger than that of the gas in the case of
gas hydrate dissociation or mining of coal. It is deter-
mined by pore water in the case of liquefaction. So the
pore fluid mass and the fracture width can be expressed
as follows:

Ob = €0A (P ltow + Poglivg)-

t t
m=mgtmy = moy o+ [ Qs [ Owr (2
0 0

A=A+ A, = (23)

A-p,’
in which mq,, and mq, are the initial masses of pore water
and pore gas in the fracture A, respectively. The increase
of pore pressure and the expansion of the fracture width are
induced mainly by the gas during/after gas hydrate
dissociation.

The pore gas pressure in the fracture can be obtained
using the isothermal relation:

@ Springer
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Fig. 3 The development of pore pressure in the fracture
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Pg=pg-C (24)
in which a is the local sonic speed.

Finite difference method is used for analysis of Egs. (9)—
(24), adopting the parameters: ps; = 1,600 kg/m3,
pw = 1,000 kg/m>, &y = 0.4, tL/A = 1.9 MPa/m, o, = 0,
pa=0.1MPa, pu=15x10"Pas, and k=10 x
107'2 m? (Zhang et al. 2011).

The pore pressure in the fracture deceases very fast in
the first 5 s and then continues to decrease slowly (Fig. 3),
in agreement with the experimental results shown in Fig. 9
in some extend. The fracture width increases fast at first
and then approaches a constant (Fig. 4). The pore pressure
decreases very fast and cannot drive the moving of Zone a
with the expansion of the fracture; so the fracture width is
limited.

Outburst

When the pore pressure is much higher than the tensile
strength of the skeleton and the over burden, and the
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A P (30)
lll:two ph3se flow E
: :gas flow V:air flow dug duw
I:crushing . . Sgpg (W —+ Mg) d_é —+ Swpw (W + uw) d—é
I:seepage dus d[(l — 8)0’] dpgsg deSW
1 —
__d
X > N A ’
' (31)

Fig. 5 Sketch of the problem

stratum is weak in a local zone like a vertical fracture or an
abandoned well, outburst occurs often. According to
experiments, at first, the free gas and water (released from
gas hydrate or coal or liquefied soils) are obstructed in
certain regions to accumulate (Zhang et al. 2011; Zhang
2010; Lu et al. 2004). At this stage, seepage and the
deformation of the skeleton are very small. Gradually, the
pore pressure increases and so the seepage velocity
increases and some of the skeleton begin to be crushed.
Thus, the movement of the skeleton becomes obvious.
With more and more of the skeleton being crushed, the fast
flow of the mixture containing grains, gas, and water forms,
i.e., outburst. Following this fast mixture flow, the gas and
water penetrate the rest zone slowly. So the stratum during
outburst can be divided into five zones from its depth to the
surface (Fig. 5):

Zone I: deep in the stratum, seepage is dominated and
movement of skeleton is neglectable.

Zone II: crushing initiates from Line A and two-phase
flow begins to form, ending at Line B when the
velocities of the skeleton and the pore fluid are equal.
Zone III: two-phase flow forms completely (outburst).
Zone IV: there are pure gas and water flow.

Zone V: there is only constant flow of gas or water
following the outburst.

Outburst processes steadily in experiments, i.e., with a
constant velocity w (Cheng and Ding 1987). With coordi-
nate transformation ¢ = x + wt, the Egs. (1)—(5) become

= E0gPogW; (25)
SwPw (W + MW) = &owPowW, (26)
(1 =e)p(w+us) = (1 —e0)pw, (27)

SgPg (W + ”g)

dug dp

sgpe (W + g) = aé Ft s dég —Hy, (28)
du dpW

SWPW(W + MW)d—i + Sw é = 7HW7 (29)

in which & = sg + sy, and & = 540 + swo. For simplicity,
the following assumptions are adopted: the pore fluid is a
mixture with density p = sgp, + swp,,, the pore pressure is
D = SgPg + Swpw, and sg, s are the proportions of gas and
water vapor, respectively.

During the seepage stage (Zone I), the following
equations are satisfied: ¢ = ¢, us =0, p = czp, H= L‘Z)T”
and k is the physical permeability of the pore fluid.The
pore pressure at the end connected with Zone I and
Zone II equals to p;, and much inside Zone I equals to
the initial pore pressure. Thus, the boundary conditions
are as follows:

¢=0,p=p1,{=—00,p — po. (32)
Equations (25) and (26) yield

p 1

r _ ) 33

po 1+ (33)

Equations (29) and (30) together with w < <a and p =
po yield
de d 1l
+ 2=
dé Tde A
in which ¢ = (1 —¢)(c — p) is the effective stress. In
this case, 7 can be thought as a ultimate side friction stress

M. T=1tv at £ - 0and T =0 at £< <O0.
So

' ™l
o :—iéﬂ?l—p- (35)

(34)

The condition should be satisfied at the point T (Fig. 6):

/

/ do

6 = —ay, @ 0. (36)
So
1
pr = Tﬁ (37)
And
e —s—prp (38)

@ Springer



5598

Environ Earth Sci (2015) 73:5593-5600

Fig. 6 Sketch of the distribution of the effective stress

in which pr Zi—z, s :;—(‘), and 7 =AT§§L];-
1-p 1—p; s
1—pr 1 —pr +’1 )

Comparing the definition with Egs. (33) and (37), # can

be obtained as
ur

=, 40
n=- (40)

The crushing course is very complex from Line A to the
end of Line B. Only the total momentum Eq. (31) is con-
sidered here. Meanwhile, the shear stress is assumed to be
Zero.

Adding Egs. (30) and (31) together, and then integrating
by neglecting the smallness, p, can be expressed as

P2 =p1 — (1 — so)pswuz. (41)
From Eq. (27), &, can be determined
L + &0
=w - 42
€ = 1 (42)
w
From Egs. (25) and (26), p, can be obtained as
€0Po
= . 43
P2 T (43)
The equation of energy conservation is as follows
> } 1
0 Lo 7 (’2—&) +—(2—p1)
l—e?pv—l ,021 Ps
+§(W+M2)2—§W27 (44)
and
P2 = pa + pycun, (45)

in which p, is the atmosphere pressure and p, is the
density at 1 atm.

@ Springer

Generally, there exists a minimum gas pressure p., for
steady outburst. By Egs. (37), (38), (41) and (45), p.. can
be obtained as follows

‘L'Ml
Per = Pa + o0+ [(1 = 20) pywer + paclioer — = Erer
u
+ fTPT- (46)

cr
According to Eqgs. (40) and (46), the relations between
Per and ut and between gy can be determined, which are
shown in Figs. 7 and 8 by adopting the parameters in lit-
erature (Zhang et al., 2011). It can be seen that p,, increases
with ur fast at first and then slowly, but decreases with &
linearly. u, can be obtained as 0.12m/s. Here the follow-

ing parameters are adopted in the computation:
pa = 0.1 MPa, g, =0 MPa, 1y = 0.08 MPa, ¢, = 0.4,
ps = 1,600 kg/m?, Wwer = 0.2 m/s, u, = 0.01 m/s,
Pa =29 kg/m3, c=350m/s, ¢=00lm, and 1/
A = 0.05.

Figure 7 Relation between p. and ur Fig. 8 Relation
between p.; and &
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0.9 -

cr

0.6 -

0.3 -

0.0 0.2 0.4 0.6 0.8 1.0
u. (m/s)

Fig. 7 Relation between p., and ur
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Experimental certification

One-dimensional experiments were conducted to verify the
critical conditions for layered fracture and outburst. Pore
pressure was induced by GH dissociation. The dissociation
rate was controlled by the temperature of heat source. The
pore pressure and the side friction were controlled by the
drained conditions which were determined by the thickness
of over layer. In this way, experiment can be designed to
observe the formation of layered fracture and outburst.
Here two types of over-cap, 5 cm silty sand layer and 5 cm
hydrate deposit (HD), were set up, respectively, to inves-
tigate the effects of the drainage condition. Two experi-
ments were carried out with over-cap of 5 cm silty sand
layer (drained condition) and one experiment was adopted
over-cap of 5 cm HD (undrained condition).

Experiments were carried out in an organic glass cyl-
inder with inner size of diameter x height = 10 x 30 cm.
An immersion heater of 400 W with length x diame-
ter = 12 x 1 cm was vertically placed 10 cm below the
over-cap (Zhang et al. 2011) to control the temperature and
provide heat for GH dissociation.

During preparing samples, silty sand with a density of
1,600 kg/m? was first compacted to make skeleton and then
saturated by Tetrahydrofuran (THF) liquor with a mass
fraction of 19 %.

According to experimental observations, the pore pres-
sure near the heater rose to about 0.22 MPa in the first
2 min once the immersion heater was switched on. This
value keeps as almost a constant with the expansion of
dissociation zone in about 10-20 min changing with the
power of heater. When the dissociation zone expands to the
critical scale and accordingly the pore pressure is accu-
mulated to be larger than the stratum’s strength and the side
friction, the fracture initiates and expands. Then the pore
pressure decreased very fast in the first 10 s and then
continues to decrease slowly (Fig. 9). In Fig. 9, only the
later part that the pore pressure decreases from the peak is

034

S ,

s ||

o 024 \

\

o \

a 014

o

o \
0.01 ‘ ‘ ‘ ‘ ‘ 1

0 10 20 30 40 50 60

time(s)

Fig. 9 Pressure-temperature evolution curve

shown for comparing with the theoretical results (shown in
Fig. 3) conveniently and clearly. By the state equation of
perfect gas P = NRT/V, (R = 8.31 Pam® mol™' K™!, Nis
the Mole number, T temperature, V volume, and P pres-
sure), NRT can be thought as an constant in the experiment,
the fracture develops to the same order as the pore space in
the dissociation zone in a short time. So pore pressure
decreases very fast once it initiates. The decrease rate is
related with the permeability in the dissociation zone. That
is why the pore pressure drops rapidly once the fracture
initiates. Layered fractures were observed in the first two
experiments using a partially drainage over layer and out-
burst is observed in the third experiment adopted an
impermeable over layer. The gas pressures in the first two
experiments were less than that in the other experiments
because the pore pressure can dissipate partially. The
maximum pore pressure prior to layered fracture failure is
0.22 MPa. The maximum gas pressure rose to 0.3 MPa
before the outburst. The side friction was measured as
tIL/A = 0.108 MPa, /[/A =10, and L=0.03m. After
hydrate dissociation, both the tensile strength and the side
stress gy of the hydrate-bearing stratum equal zero and the
Poisson’s ratio is about 0.15.

According to Egs. (10) and (46), the theoretical critical
pore pressure for layered fracture and outburst are 0.208
and 0.29 MPa, respectively, which are close to the exper-
imental data.

Discussion and conclusions

The formation of layered fracture and outburst in a stratum
is discussed based on a one-dimensional mathematical
model. The critical conditions and the evolution corre-
sponding to these two failure modes are obtained and
compared with experimental results.

It is shown that once the pore pressure is equal or larger
than the tensile strength, layered fracture or outburst may
happen in a liquefied or gasified stratum.

Water and gas trapped by the over layer with relatively
low permeability in a heterogeneous stratum may cause the
pore pressure to accumulate. Once the pore pressure rises
to exceed the overburden and the side friction, and the
tensile strength of the stratum, and meanwhile there is no
downward drainage through the over layer, the relative
movement between the upward pore fluid flow and the
settlement of grains at the interface must be equal to the
velocity of settlement at the upper liquefied or gasified soil
surface, the over layer will be pushed forward to form a
fracture or even crushed.

Formation of a fracture may lead to a sudden unloading
of the pore pressure. Accordingly, an unloading wave will
transmit into the stratum and leads to tensile stresses whose

@ Springer
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magnitude depends on the pressure difference between the
pressures inside and outside the fracture. If the pressure
difference is large enough, more fractures can occur. In the
limit case, the distance between every two neighbor frac-
tures becomes very short, then outburst occurs.

The critical condition of layered fracture is mainly
related to the tensile strength of the stratum and the side
friction. The critical condition of outburst is mainly related
to the velocity of the skeleton and the maximum pore
pressure except for the tensile strength of the stratum and
the side friction.
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