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Abstract: This contribution presents a new theory with lattice Boltzmann & finite element &
hypersingular integral equation (LB-FE-HIE) to explore the three-dimensional pore-network cracks
transient hydrofacturing-liquefaction in tight sandstone (3D PC-TH-TS) under seismic waves &
electro-magneto-thermo-elastic fields through intricate theoretical analysis and numerical
simulations. First, the 3D PN-TH-TS problem is reduced to solving a set of coupled LB-FE-HIEs
by using the Green functions and distribution functions, in which the unknown functions are the
extended pore-network cracks displacement discontinuities. Then, the behavior of the extended
displacement discontinuities at the pore-network cracks surface terminating at the solid-liquid film
interface are analyzed through extended dynamic hypersingular integral main-part analysis method
of LB-FE-HIEs. Closed formed solutions for the extended singular dynamic stress, the extended
dynamic stress intensity factor and the extended dynamic energy release rate near the dislocations
interface are provided. Last, the tight sandstone sample from the Ordos Basin Triassic formation is
selected, the fluid-solid coupled digital rock physical modeling is established, and the simulations
of 3D PC-TH-TS process is presented on the parallel CPU-GPU platform. The
hydrofacturing-liquefaction varying with the amplitude, frequency and constituting time of
earthquake wave is obtained. The relationship between the tight sandstone pore-network cracks
transient propagation-evolution and the maximum tight sandstone fracturing-liquefaction stress
criteria is explored.

Keywords Hydrofracturing-liquefaction, tight sandstone, lattice Boltzmann method, finite element
method, hypersingular integral equation, seismic wave & electro-magneto-thermo-elastic fields,
parallel CPU-GPU technology.

1. Introduction

Hydrofracturing-liquefaction mechanism is the basic theory for understanding the in-situ stress
measurement, the petroleum-gas (nature gas and shale gas)-geothermic develop, and the earthquake
evaluation and mechanism exploration. With the complex and challenge of this issue, the
mechanism of dynamic Hydrofracturing-liquefaction is still not clear even a lot of fundamental and
landmark achievements have been obtained in this field since the last century 60’s. The oscillation
singularity of dynamic stress wave as well as stress oscillation singularity index of pore-network
cracks transient Hydrofracturing-liquefaction (PC-TH) fluid pore-solid sketch interface under
seismic wave & electro-magneto-thermo-elastic fields (SW&EMTE) makes it much more difficult
than the unsaturated cased of the ordinary cracks, for in this process, including fluid transient
undrained process, fluid transient compression and expansion process, physical properties of tight

-1-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

stone varying with PC-TH propagation process and tight stone transient failure with the liquefaction
process (the liquefaction process time is around 10E-5s).

The mode I stress intensity factor for a constant velocity semi-infinite crack moving in a
fluid-saturated porous medium with finite height is calculate[1]. The linear elastic solid with
cavities containing nonviscous compressible fluid is explored[2], and the abnormally high fluid
pressure in the cavities affects is analyzed. The mode I crack in an elastic fluid-saturated porous
solids is studied[3], and relatively closed-form asymptotic solution near the crack tip is obtained.
Extended horizontal cracks in a vertical column of saturated sand is explored [4], and the theory is
good qualitative agreement with the experimental findings. The interaction of a normally incident
time-harmonic longitudinal plane wave with a circular crack imbedded in a porous medium is
considered [5], and the problem is formulated in dual integral equations for the Hankel transform of
the wave field. The formation mechanism of “water film” (or crack) in saturated sand is analyzed
theoretically and numerically[6]. The cracks in fluid-saturated two-phase medium is explored [7] by
finite element method. A circular crack imbedded in a porous medium under a normally incident
time-harmonic longitudinal plane wave is studied by second kind single Fredholm integral
equation[8]. A finite element algorithm is presented for the numerical modeling of cohesive fracture
in a partially saturated porous media[9]. The saturated cracks in 4% porosity Fontainebleau
sandstone fro an effective mean pressure ranging from 2 to 95MPa under high ultrasonic
frequencies, Vp/Vs, ratio is explored [10]. The narrow distribution of cavities permeability model is
devised combining the hydraulic radium and percolation concepts [11]. But this problem is far from
solved for complex relationship between fluid states, physical properties of tight sandstone and ultra
high temperature-pressure (UHTP). There are four differences between classical porous medium
and tight sandstone. First, the pore/void size is located at atom-molecular-pico-nano scale level, the
fluid viscous (as function of UHTP), the effects of boundary layer, and the unsteady fluid flow
(eddy flow and turbulent flow) can not be neglected; Second, when the P-T conditions are high
enough, the water role in the rock/mineral includes free-supercritical-constitutional state, the fluid
flow particles are composed of four components [H20, H+, (OH)-, (H30)+]. Third, the micro pore
is composed of four types [multi-grain gap, polycrystalline space, crystal space and crystal internal
space] and the deformation of the micro-structure had to be considered; Last, the fluid flow
permeability and diffusion include intermolecular collisions and diffusion (Fick’s laws of diffusion),
molecular collisions with interface (Knudsen diffusion), molecular and interfacial adhesive and
viscous flow (Darcy and Forchheimer flow). With the scale decrease, the surface stress component
became domain, the effect of the body stress component reducing, and the classical N-S equation is
no longer applies.

In this work, based on the previous work on saturated dislocation transient propagation-evolution in
olivine structure under ultra-high temperature and pressure (UHTP)[12], and general solutions of
extended displacement (elastic displacement, electrical potential, magnetic potential and thermal
potential) given in the previous work[13, 14], the three-dimensional pore-network crack transient
Hydrofracturing-liquefaction in tight sandstone (3D PC-TH-TS) under seismic waves &
electro-magneto-thermo-elastic fields is studied by using lattice Boltzmann & finite element &
hypersingular integral equation (LB-FE-HIE) on parallel GPU-CPU environment.

First, the 3D PN-TH-TS problem is reduced to solving a set of LB-FE-HIEs coupled with extended
boundary integral equations by using the Green functions and distribution functions, in which the
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unknown functions are the extended pore-network cracks displacement discontinuities. Then, the
behavior of the extended displacement discontinuities around the pore-network cracks surface
terminating at the solid-liquid film interface are analyzed by the extended hypersingular integral
main-part analysis method of LB-FE-HIEs. Analytical solutions for the extended singular dynamic
stresses, the extended dynamic stress intensity factors and the extended dynamic energy release rate
near the dislocations front are provided. Thrid, the tight sandstone sample from the Ordos Basin
Triassic formation is selected and different tomography resolution data is obtained by X-ray CT
digital technology, the fluid-solid coupled porous medium physical modeling is established, and the
relatively Hydrofracturing-liquefaction numerical modelling of tight sandstone is obtained for the
first time. Last, The simulations of 3D PC-TH-TS process 1is presented, the
hydrofacturing-liquefaction varying with the amplitude, frequency and time of earthquake wave is
obtained. The relationship between the tight sandstone pore-network cracks transient
propagation-evolution and the maximum tight sandstone fracturing-liquefaction stress criteria is
explored.

2. Basic equations

Here summation from 1 to 3(1 to 6) over repeated lowercase (uppercase) subscripts is assumed, and
a subscript comma denotes the partial differentiation with respect to the coordinates. The ultralow
permeability tight sandstone (UPTS) consists of six constituents, i.e. the particles of solid skeleton
(the 1st component), bound liquid film (the 2nd component), static pore-liquid (the 3rd component,
free state water), dynamic pore-liquid I (the four component, free state water), dynamic pore-liquid
IT (the five component, supercritical state water) and dynamic pore-liquid III (the 6th component,
constitutional state water [H+, (OH)-, (H30)+]. The governing equations and constitutive relations
of UPTS under EMTE field can be expressed as [15, 16],

AT +B +Z, +f, =0 (1)
where
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Ux,1),,U(x,t),,U(x,t)
drained porous solid frame, the components of displacements of drained bound liquid film, denote
the components of displacements of the static pore-liquid, the components of displacements of the
dynamic pore-liquid I, the components of displacements of the dynamic pore-liquid II, and the
components of  displacements of the dynamic  pore-liquid III  respectively;
p,»Vy » XX, and 6, denote density, viscosity, intrinsic permeability, relative permeability and

o > U(x,0),,U(x, ) and U(x,t) denote the components of displacements of

volume fractions of Lth component of ultra-low permeability porous rock respectively;x,a
0,9, .9, 0. and ¢ represent macro porosity of ultra-low permeability rock, fraction occupied by
bound liquid film, the connected porosity of bound liquid film, the connected porosity of static
pore-liquid part, the connected porosity of dynamic pore-liquid I, II and III respectively. In addition,
the extended stress displacement matrix tensor and the extended body load vector,, and f,, are

defined respectively as
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The combined constitutive equation is written as
2 v =El 3

where the EMTE constant matrix tensor and the extended strain field matrix tensor, £, ,,and Z,,,
take the form
c,. -, 0 |
B = gKl OLI 1, Zy=LUg Y, I (4)

The extended elastic stiffness tensor, the extended thermal stress constants tensor and the extend
elastic displacement vector, C,,,,I1 and U,, are defined as
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The drained porous solid frame and the drained bound liquid film have the same displacement and
pressure; The static pore-liquid, the dynamic pore-liquid I have the same displacement; The
pressure of saturated porous solid frame is the sum of static pore-liquid, dynamic pore-liquid I,
dynamic pore-liquid II and dynamic pore-liquid III components pressure. The seismic wave
displacement in ultra-low permeability porous rock can be written as

Ux,t), = D' (x,0),,+ Sl.jkd)z (x,,2)

where

Lk

L7173
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v, v ,v. v, vy andv denote the P-wave velocity in drained porous solid frame, drained bound
liquid film, static pore-liquid, dynamic pore-liquid I, dynamic pore-liquid II and dynamic
pore-liquid III respectively; vi,vi,v},vi,v;andv{denote the P-wave velocity in drained porous
solid frame, drained bound liquid film, static pore-liquid, dynamic pore-liquid I, dynamic
pore-liquid II and dynamic pore-liquid III respectively; Z(x,,x,), , £(x;,x), » £(x,x,),
and Z(x,,x,), denote the P-wave incidence angle betweenx,and x, axes, the P-wave incidence
angle betweenx, and x, axes, the S-wave incidence angle betweenx, and x, axes and the S-wave

incidence angle between x, and x, axes in the L th component of ultra-low permeability porous rock
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respectively. If we defined that solid skeleton component and liquid components are parallel and
subjected to the same strain, the time-dependent rigidity modulus components G, of ultra-low

permeability porous rocks can be defined as
G, =(1- /)G, +af(v'e?),

f, a, & and G, represent macro-porosity of ultra-low permeability porous rocks, fraction

occupied by bound liquid film, non-dimensional parameter (linked fluid viscosity, bulk modulus,
density and permeability) of Lth component of ultra-low permeability porous rock, and rigidity
modulus of solid grains.

3.LB-FE-HIE for 3D PC-TH-TS under seismic wave &
electro-magneto-thermo-elastic fields

3.1 Lattice Boltzmann & finite element (LB-FE) coupled modeling

It is shown in the Fig 1, The LB-FE coupled modeling for tight sand porous media is established.
The finite element method is using to analyze solid sketch part of the porous tight sand (the
strain/strain rate-stress/stress rate-temporal spatial solid sketch structure-macro strength) (FiglD,
1E); D3Q27 lattice Boltzmann method is using to analyze fluid pore part of the porous tight sand
(fluid stress-viscous-density-time-bulk strain) (Fig 1F); LB-FE coupled modeling can deal with
interface stress-strain between solid sketch and fluid pore (surface of pore-network cracks) (Fig 1C).
In our work, the three-dimensional 20 node arbitrary hexahedral element (3D-20 Hexahedral
element) is defined for the solid sketch part of the porous tight sand, and the three-dimensional 27
particle arbitrary hexahedral node (D3Q27) is defined for the fluid pore part of the porous tight sand;
if the element is located at the surface of the pore-network cracks, then we defined that each D3Q27
node has the same physical meaning as one arbitrary node of 3D-20 Hexahedra element (Fig 1G,1H
and 11), the distribution function of lattice Boltzmann and the shape function in finite element can
be linked through intricate theoretical formulation, and the LB-FE coupled fluid pore-solid sketch
porous modeling can be established, the theoretical derivation can be written as follows,The
equation of shape function for 3D-20 Hexahedra isoparametric element is defined as

[T 0+ xe)(X) xex —2) k=1~8
s G
N, = o[]_ a+x) k=9~12 )
2(1—xzz)(1+x[kxl)(l+x3kx3) k=13~16
2(1— x2)(1 + x,.x)(A + x;,x,) k=16 ~20
The relatively stiffness matrix for 3D-20 Hexahedra isoparametric element is defined as
1 opl el T
[K1=[ ] J'[8] [PI[BIL Jaxaxas, ™
where
N,
0 0 , .
9, 1 A A 0 00
o M A 1T A 0 0 0 o o v 1-2v
9, W an an A=150 AT
(]- E(1-v) A A 1 0 0 0 X, dx, o, -V (1-v)
0 0 %Aék d+v(I-20] 0 0 0 4 0 0 [/]= gi gi gi
9, og I 0 0 0 0 O Az_ dx, dx, Ox,
o M N,
9 0g,
Wy W,
9, Eld

The extended equivalent stress and tension for 3D-20 Hexahedra isoparametric element is defined
as
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{R}volume = J:ll J:ll J:II[N]T {p}ljldxldxzdxs (3)
R =, INTPY ©)

Take the distribution function of D3Q27 LB node[17] into the shape function of 3D-20 Hexahedra
element, the LB-FE modeling can be established to analyze the fluid-solid coupled porous structure
problem.

Fig 1A. Cross-section of rock CT scan digital data, Fig 1B. Cross-section of digital rock, Fig 1C. LBM & FEM fluid-solid coupled modelling
Fig 1D, Sketch of 20 nodes FEM cell, Fig 1E. Sketch of 20 nodes isoparametric FEM cell, Fig 1F Sketch of D3Q27 LBM grid point
Fig 1G. Micro structure of tight rock (Scale I), Fig 1H. Micro structure of tight rock (Scale II), Fig 11 Micro structure of tight rock (Scale III)

3. 2 LB-FE-HIE for 3D PC-TH-TS under seismic wave & electro-magneto-thermo-elastic
fields

Using Micro XCT-400 CT system, the high resolution data are obtained, the 3D virtual digital rock
are reestablished, and the LB-FE-HIE physical model are constructed; The threshold is arrange
from 78~100, the interior geometry structure at low level scales translate from the pix RGB color
into the cell-mesh-grid model, the initial/boundary conditions, the physical/chemical parameters of
rock and water, and the low level scales geometry pore-solid structure can be defined.

Fig 2. The tight sandstone transient hydrofracturing-liquefaction lattice Boltzmann & finite element fluid-solid coupled modelling
Fig 2A. Sample of tight sandstone, Fig 2B. Virtual digital rock sample of tight sandstone
Fig 2C, A circle drilling in the tight sandstone, Fig 1D. Sketch of transient hydrofracturing-liquefaction in the tight sandstone

Fig 2. shows the PC-TD-TS LB-FE-HHIE coupled modeling, the diameter and the length of the
core samples are equal to Scm and 10cm respectively; the resolution of cross-section and the
interval between cross-sections are equal to 10um. The general model was formulated by utilizing
an automatic local amplification grid technique, and the initial LB-FE-HIE physical model is equal
to 1024x1024x1024 pixels, which does not include the extended variables. Applying function in
references [18, 19] to the initial virtual digital rock modeling, we can obtained the random
LB-FE-HIE modeling (decreasing the computational scale in parallel CPU-GPU environment). The
pore/void size is located at atom-molecular-pico-nano scale level, the fluid viscous (as function of

-6-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

pressure-temperature), the effects of boundary layer, and the unsteady fluid flow (eddy flow and
turbulent flow) had to be considered. The water role in the rock includes free state, supercritical
state and constitutional state; the fluid flow particles are composed of four components [H20, H+,
(OH)-, (H30)+]. The micro pore is composed of four kinds [multi-grain gap, polycrystalline
clearance, crystal space and crystal internal clearance] and the deformation of the microstructure
had to be considered. The fluid flow permeability and diffusion include intermolecular collisions
and diffusion (Fick’s laws of diffusion); molecular collisions with interface (Knudsen diffusion),
molecular and interfacial adhesive and viscous flow (Darcy flow and Forchheimer flow). With the
scale decrease, the surface stress component became domain, the effect of the body stress
component reducing, and the classical N-S equation is no longer applies. The more detailed
introduction can be found elsewhere in the literature[20-23].

Consider the tight sandstone containing a random three-dimensional transient
hydrofacturing-liquefaction crack as shown in Fig.2D. A fixed global rectangular Cartesian system

x,(i=1,2,3) is chosen. Assume that the pore-network crack S (S*US™) is subjected to remote the
seismic wave mechanical loads p (P,0.7), the seismic wave electrical loads ¢(P,0,1), the seismic
magnetic loads (P,Q,¢) and the thermal loads p(P,Q,1), respectively. The local rectangular Cartesian
system ¢ are chosen, the stochastic flaws are assumed to be in the & & plane and normal to the
&, axis. Using the EMTE form of the Somigliana identity, the extended displacement vector, U,(p),
at interior point p(x,,x,,x,) is expressed as

U(p)=[ U, (p.9)T, (@)= T,(p.9)U,(9)ds(q) - [ (T,(p.9)U,(9)+U,,(p.9)T, (9)ds(@)+ | U,,(p.4)f,(g)ds(q) (10)

where Qis the domain occupied by the EMTE-CMCs, I is the external boundary, 7,(g) is the extended
elastic tractions on boundaries, U, (p,q) and T, (p,q)are the fundamental solutions. Using constitutive

Equation (10), the corresponding extended stresses tensor, X, , is expressed as

2,(P) == S (P DT (@)ds(@)+ [ (D, (. 0)T(9) = Sy, (P @)U (@)dls(@) + | Dy (1,0 [ (a)dls(q) (1)

The kernels functions, S . and D

. ., » are as follows:

S (P 9)==E,. T . (D9 D, (p.9)=-E, U, (p.q) (12)
The hypersingular integral equations can be obtained as
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where p’l , pj(qf ), p; (b')and p;(pi) can obtained from the solution for the loads of the solids.

4. Dynamic stress, dynamic stress intensity factors and energy release rate near
the dislocations front

In order to investigate the singularity of the dislocations front, consider a local coordinate system defined
asx, x, x,. The x -axis is the tangent line of the dislocation front at pointg, , x,-axis is the internal normal
line in the dislocation plane, and x,-axis is the normal of the dislocation. Then, the extended displacement

discontinuities of the dislocation surface near a dislocation front point ¢, can be assumed as
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[ @@ @ ¢@ Y I1=g(q)5" 0<Re(2,)<1 (16)
where g,(g,) and A represent non-zero constants and singular index, respectively. The dynamic stress
intensity factors are defined as

K= lirrolx/2r0'§3(r,9)‘ K= lin(}\/2r0'§2(r,0)‘ K =lim \/2rojl(r,9)‘ (17)
! 6=0 = =0 = 6=0
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r—! 0=0 ! 6=0 7 6=0

where r is the distance from point p to the dislocation front point?0, the dynamic stress around the
dislocation front can be expressed as follows
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The extended singular stresses, dgnz[ 0'; Dg Bg] , can be rewritten as
; 0,
o, = Kcos—/ 2rry (23)
6=l o, o, Dl B 0 1=K, +KifyytKif,+ KL+ KU ) IN2rn=2-6 (24)

where the coefficient functions f,, are listed in [14]. Other extended singular stresses near

point % can also be obtained by use of above method. K is coupled with k!andk!, k! is coupled

withK!, K!andK!.The energy release rate can be obtained and expressed as followings,

AW _, fors— @+afn+~a§,,+ain+a§,,+aén (13)
av ZJ_ i E
W=U,+U,+U, (14)

5. Numerical simulation and discussion

A tight sandstone core samples from the Ordos Basin Triassic formation of China which include
multi pore-network cracks is selected, the rock depth, the diameter, the length, the density, the
confining pressure, the pore stress and the temperature are defined as 862.76~864.36m, 25.4mm,
25~30mm, 2.359~2.426g/cm3, 0~200MPa, 0~10MPa, 35~45 °C respectively, the more detail
parameters of the tight sandstone core sample are shown in Tab.1.

Tab.1. Mineral composition, porosity and matrix density of the tight sandstone samples

Mineral composition(volume percent)
Sample Number Direction Porosity (%) Density (g/cm®)

Quarzt Feldspar Rock debris Mica Heavy placer mineral
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X1 24.34 63.05 8.17 3.73 0.71 8.216 2.368
S1 Y1 23.05 63.16 9.98 3.63 0.18 6.744 2.359
Z1 28.66 61.36 7.95 0.16 1.87 6.992 2379
X2 33.33 57.43 9.24 - - 6.252 2.426
S2 Y2 27.93 61.39 10.68 - - 6.822 2.384
72 23.42 56.32 12.08 8.18 - 7.649 2379
X3 34.05 57.93 7.83 - 0.19 7.017 2374
S3 Y3 29.14 58.48 11.43 - 0.95 7.333 2379
Z3 26.36 58.53 13.56 - 1.55 6.918 2.382

5.1 Hydrofacturing-liquefaction process varying with the frequency of earthquake wave

The pore-network cracks transient hydrofacturing-liquefaction as function of the frequency of the
earthquake wave is shown in Fig. 3. At the fixed amplitude and constituting time, the dynamic fluid
stress act on the tight sandstone as electromagnetic wave and stress wave, at the range of 10Hz~
100Hz, the surface of pore-network cracks do not appear liquefaction phenomena, even the surface
of pore-net-work cracks began propagation and hydrofacturing phenomena appears; with the
frequency increasing, when it reach to 200Hz~300Hz, the hydrofacturing phenomena is domain
and some pore-network cracks zone of the tight sandstone appear hydrofacturing-liquefaction
phenomena, and the constituting time and amplitude decreasing with the frequency increased, the
constituting time is around 10E-5s and no draining phenomena appears during
hydrofacturing-liquefaction process..

When the frequency is lower than 10Hz, the dynamic fluid stress act on the tight sandstone as
quasi-static pore hydrostatic stress, and accompanying draining phenomena in the hydrofacturing
failure progress; the maximum tight sandstone fracturing-liquefaction stress is the criteria which
leading the hydrofacturing failure.

In general, the low frequency part of the earthquake wave act on the tight sandstone as
static/quasi-static style, when the maximum principle stress is reach to the tight sandstone strength
criteria, the pore-network cracks begin propagation and accompanying with draining process, no
liquefaction appearing for do not reach the maximum micro tight sandstone structure strength limit;
the dynamic stress released sharply with the distance between the surface of cracks, we defined it as
crack surface frequency earthquake wave or near-field (around the crack surface) frequency
earthquake wave.

The high frequency part of the earthquake wave act on the tight sandstone as transient
electromagnetic wave and stress wave, the constituting time is very short and no draining
accompanied in the whole process; the high frequency energy reach the maximum micro tight
sandstone structure strength limit and destroy the tight micro pore-network structure in 10E-5s
(Non-connected pore throat destruction); when the frequency is exceed to 400Hz, the
electromagnetic wave can leading pore stress oscillation sharply and make the transient liquefaction
appear in the whole tight sandstone zone, without draining and hydrofacturing process.
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Fig 3. The transient hydrofracturing-liquefaction process as function of frequency of earthquake wave
Fig3A. Frequency is 10Hz, Fig3B. Frequency is 50Hz, Fig3C. Frequency is 100Hz
Fig3D. Frequency is 200Hz, Fig3E.Frequency is 250Hz, Fig3F. Frequency is 300Hz

Fig3G. Frequency is 400Hz, Fig3H. Frequency is 450Hz, Fig31. Frequency is S00Hz

AL I

Figure 4. Dynamic stress in x direction as function of frequency at undrained state under earthquake wave
Fig4A. Frequency is 10Hz, Fig4B. Frequency is 5S0Hz, FigdC. Frequency is 100Hz
Fig4D. Frequency is 200Hz, Fig4E. Frequency is 250Hz, FigdF. Frequency is 300Hz
FigdG. Frequency is 400Hz, FigdH. Frequency is 450Hz, Figdl. Frequency is S00Hz

The dynamic stress in x and y direction as function of frequency at undrained state are shown in the
Fig.4 and Fig.5, the low frequency dynamic stress destroy the structure closed to the surface of the
pore-network cracks, the high frequency dynamic stress destroy the structure far from the
pore-network cracks surface. The low frequency earthquake wave have little energy than frequency
part, with the distance (far from the front of the crack) increased, their effect to the structure of the
tight sandstone decreased sharply; while the high frequency carry major energy of the earthquake
wave, their effect distance to the tight sandstone can reach the whole zone. All these results are
consisted with the observation data in tight sandstone liquefaction process in nature
earthquake[25-28].

| i i
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Figure 5. Dynamic stress in y direction as function of frequency at undrained state under earthquake wave
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Fig5SA. Frequency is 10Hz, FigSB. Frequency is 50Hz, Fig5C. Frequency is 100Hz
Fig5D. Frequency is 200Hz, FigSE. Frequency is 250Hz, FigSF. Frequency is 300Hz
Fig5G. Frequency is 400Hz, FigSH. Frequency is 450Hz, Fig51. Frequency is 500Hz

The transient liquefaction process as function of frequency of the earthquake wave are plotted in
Fig.6, when the frequency of the earthquake is higher than 1250Hz, the electromagnetic wave
energy make the fluid volume in the three-dimensional pore-network cracks changed sharply, let the
dynamic stress in the three-dimensional pore-network cracks surface (solid sketch interface) exceed
the solid sketch part strength criteria in 10E-5s, the liquefaction in the micro tight sandstone zone
appears in 10E-5s and propagates to the whole domain zone of the tight sandstone in 10E-5s, only
seldom higher strength components in the tight sandstone can keep macro-structure (the white zone
in the Fig 6D).

Fig 6. The transient liquefaction process as function of frequency of the earthquake wave
Fig6A. Frequency is 500Hz, Fig6B Frequency is 750Hz, Fig6C. Frequency is 1000Hz, Fig6D Frequency is 1250Hz

5.2 Hydrofacturing-liquefaction process varying with the amplitude of earthquake wave

The pore-network cracks hydrofacturing-liquefaction process as function of the amplitude of the
earthquake wave is shown in the Fig. 7, at the fixed constituting time and frequency of the
earthquake condition, when the amplitude is arrange at 0.01GPa~0.03GPa, the surface of the
pore-network cracks begin propagate, the hydrofracturing around the big pore-network cracks fronts
appear, and the liquefaction phenomena do not happen; with the amplitude of the earthquake
increased, when it reach to 0.05GPa~0.07GPa, the coupled hydrofacturing-liquefaction begin at
most of the pore-network cracks fronts; when the amplitude of the earthquake is exceeded to
0.07GPa~0.1GPa, the pore-network cracks propagate sharply and the hydrofacturing-liquefaction
happen in the whole tight sandstone zone, only seldom components micro structure do not
failure(white zone in Fig7E, 7F).

A | B ! c

- E

Fig 7. The cracking propagating process variation as the AM of the earthquake wave
Fig7A. AM of earthquake wave is 0.01GPa, Fig7B AM of earthquake wave is 0.03GPa, Fig7C AM of earthquake wave is 0.05GPa
Fig7D. AM of earthquake wave is 0.07GPa, Fig7E AM of earthquake wave is 0.09GPa, Fig7F AM of earthquake wave is 0.1GPa

The distribution of dynamic stress in x and y direction as function of amplitude of the earthquake
are shown in the Fig.8 and Fig 9, respectively. When the amplitude arrange at 0.01GPa~0.03GPa,
the electromagnetic wave and stress wave propagation far in the tight sandstone, for the whole tight
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sandstone structure remains intact, low earthquake energy consumed in the spreading process;
When the amplitude of the earthquake reach to 0.05GPa~0.07GPa, with the pore-network cracks
propagation, the non-connected pore throats in the tight sandstone are destroyed quickly, most of
the earthquake energy are used to providing the surface energy of the pore-network cracks interface,
the electromagnetic wave and stress wave propagation distance decrease with the amplitude
increasing; When the amplitude of the earthquake is exceeded to 0.07GPa~0.1GPa, the vase
majority non-connected pore throats in the tight sandstones are destroyed and the whole tight
sandstone structure instability and failure, the propagation media of the electromagnetic wave and
stress wave translate from solid (tight porous structure) to fluid (liquefaction sandstone structure),
their spreading distance decreased sharply.

T HELERE

Figure 8. Dynamic stress in x direction variation as function of time at undrained state under earthquake
Fig8A. AM of earthquake wave is 0.01GPa, Fig8B AM of earthquake wave is 0.03GPa, Fig8C AM of earthquake wave is 0.05GPa
Fig8D. AM of earthquake wave is 0.07GPa, Fig8E AM of earthquake wave is 0.09GPa, Fig8F AM of earthquake wave is 0.1GPa

Figure 9. Dynamic stress in y direction variation as functlon of time at undralned state under earthquake wave
Fig9A. AM of earthquake wave is 0.01GPa, Fig9B AM of earthquake wave is 0.03GPa, FigdC AM of earthquake wave is 0.05GPa
Fig9D. AM of earthquake wave is 0.07GPa, FigE AM of earthquake wave is 0.09GPa, Fig9F AM of earthquake wave is 0.1GPa

In general, both high frequency and amplitude of the earthquake wave are the main factors which
lead to the pore-network cracks transient Hydrofracturing-liquefaction process; high frequency of
electromagnetic wave and stress wave make the porous and permeability of the tight sandstone
changed sharply in 10E-5s which lead the strength criteria of the tight sand stone decrease; high
amplitude of the electromagnetic wave and stress wave make the dynamic pore stress in the tight
sandstone changed sharply in 10E-5s which lead the maximum principle stress increased to the
macro tight sandstone strength criteria; all these leading to pore-network cracks propagation, local
area hydrofacturing-liquefaction, and the eventual entire region liquefaction occurred. All these
results are consisted with the nature earthquake liquefaction observation data [28, 29].

At practice drilling project, with the hydro-pressure increasing, the pore stress in the tight sandstone
is reach to the maximum principal stresses and the sandstone begin failure, this stage is a
static/quasi-static process which including the drained propagation; once the tight sandstone begin
rupture, this means that the micro pore-network cracks begin propagation, the pore stress will
spreading as stress wave way, the stage is transient process and the drained propagation do not
happen. The results well consisted with the practical observation data and can well explain why
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secondary hydrofacturing stage maximum principal stress reduced.

6. Conclusions

In this work, an novel intricate theoretical analysis and numerical simulations methods (LB-FE-HIE)
is proposed by the author to explore the three-dimensional pore-network cracks transient
hydrofacturing-liquefaction in tight sandstone under seismic wave &
electro-magneto-thermo-elastic field. The conclusion can be drawn as follows.

1. The problem is reduced to solving a set of coupled lattice Boltzmann & finite element &
hypersingular integral equations by using the Green functions and distribution functions.

2. The behavior of the extended displacement discontinuities around the pore-network cracks
surface terminating at the solid-liquid film interface is analyzed. Analytical solutions for the
extended singular dynamic stresses, the extended dynamic stress intensity factors and the extended
dynamic energy release rate near the dislocations front are provided.

3.The tight sandstone sample from the Ordos Basin Triassic formation is selected and the fluid-solid
coupled digital rock physical modeling is established. The simulations of 3D PC-TH-TS process is
presented, the hydrofacturing-liquefaction varying with the amplitude, frequency and time of
earthquake wave is obtained, the results are consisted with the nauture earthquake observation data
and practical drilling project observation data.

4. The relationship between the tight sandstone pore-network cracks transient propagation-evolution
and the maximum tight sandstone fracturing-liquefaction stress criteria is explored, which are useful
to guide the in-situ stress measurement in practical drilling project and are helpful to understand
the liquefaction mechanismu of earthquake.
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