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Motivation
(Field Observation)

Group of 26 Wells to the Northeast
that responded both to the earthquake
events of Sept-Oct 1999 and to ISS
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Diatomite: Northwest Group of 26 Wells

Group of 5 Wells to the Southeast
that did not respond either to the
earthquake events or to ISS o
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Diatomite: Souteast Group of 5 Wells
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Field Observation

Fluctuations

caused by trains ?
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Fluctuations of water level in a 52-m deep
well induced by seismic waves excited by
passing trains and an earthquake.
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Field Experiments

SEISMIC STIMULATION FOR ENHANCED
PRODUCTION OF OIL RESERVOIRS

Downhole or surface seismic sources generate low-frequency
(1-500 Hz) waves that interact with the reservoir formation and
fluids to increase the oil production rate and/or recovery.

LosAlamos
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Laboratory Experiment
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Laboratory Observation

75 Hz

- stimulation
on at 35 pm

® stimulation off

saturation limit
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«— flow rate = 5 mL/min — 3} ¢——————— flow rate = 10 mL/min »

0 1 2 3 - 5 -3 T 8 g9 10
Time During Water Flow (h)

Stimulation time: 360s Pore pressure gradient: 3 kPa/m
Free-phase TCE observed Per meability: 1.1x1019m? (111 d)
Roberts et al., Environ. Engin. Sci. 18(2):67-79 (2001)
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Problems to be Addressed

Although the potential benefits of seismic
wave stimulation have been demonstrated in
laboratory and field experiments, they lack a
sound theoretical basis.

Seismic wave stimulation will be not fully
developed into a predictable and reliable field
technology until more fundamental research is
performed to understand better the basic
science controlling enhancement phenomena.
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Statement of Problem

Porous medium containing fwo
immiscible fluids (oil and water or air
and water)

Solid: porous, isotropic, homogeneous,
and elastic

Fluids: compressible and viscous
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Methodology

Two-phase fluid flow in porous

media
|continuum mechanics of mixtures|

Coupled

Elastic wave propagation

|linear stress-strain relations]
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Classical Hydrological Model

- representing the
intricate interaction between interstitial
fluid flow and solid matrix deformation
simply using a single lumped parameter,

known as storage coefficient.
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Classical Hydrological Model

Transient groundwater flow in confined aquifer
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Terzaghi theory
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Physically-based Model
(Poroelasticity)

* The solid and fluid constituents should
be treated on an equal footing, and their
displacement vectors were systemically
formulated in the coupled equations of

motion.
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Mass Balance Equations

Jd(p,0,)
ot

| V (100( Va)ZO

Storage Outflow
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Momentum Balance
Equations

ur u L
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|nterphase

' Gravit
|nertia Stress y Exchange

teamed by NCKU, UC Berkeley, and LBNL

'
0




Constraints on Constitutive
Relationships

* Objectivity
* Symmetry
* Entropy inequality

* Linearity
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Mass Balance Equations with
Constitutive Relationships

d(p,0,) .
ot
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no change!
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Momentum Balance Equations
with Constitutive Relationships

Fluid
r
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Linear Stress-Strain Relations in
Unsaturated Porous Media

u 1 u 1 W 1
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5 U T r wr —
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t, = 2Ge+[(a,, -

r
where u, = displacement of the o phase

a; = elastic coefficients
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Porous Medium with 7wo
Fluids (Acoustic Motions)
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Porous Medium with One
Fluid (Acoustic Motions)

2

0
?(P11€+,0128)+b§(€—8) = V*(Pe+Qe¢)

82 (1012e+p228) b (e ) =V?*(Qe+Re)

uwr ur
where e=V.u, = dilatation of solid, ¢=V-u, = dilatation of fluid

¢
us, and u, arethe displacement vectors of solid and fluid

(P- 3 G)K T+0K'=1-¢ and QK '+RK;'=¢ areelasticity parameters

b isthe Biot viscous coupling parameter (inversely proportional to permeability)
P Py @Nd p,, (p,< 0) arethe Biot inertial coupling parameters
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Dispersion Relations

2

11( )+D22(_2) +D33( )+D =0

This equation is acubic polynomial in 2)—22 and, therefore,
it will in general have three complex roots.
When the wave excitation frequency is stipulated, the corresponding
phase speed and attenuation coefficient can be deduced.
The amplitude of the bulk waves always diminishes with distance,
and this condition requires k£, >0, which, in turn, impliesthat only
three of the six solutions for the attenuation coefficient are physically possible.

k=k +k  where £k =wavenumber k. = attenuation
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Dispersion Relations for the
Free Vibration Problem

Input elasticity and hydraulic data

Viscous and inertial coupling parameters
Water retention curve
e= B expilkz— ax) Hydraulic conductivity function

& = B expi(kz — ax) "‘

e, = 3, expi(kz — ax) Select vibrational frequency

Threerootsfor wave number

v = k&(PhaseV elocity)

. =1m (k) (Attenuation Coefficient)
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Phase Velocity (P1 Wave)

bl O air-water
+ oil-water

Phase Speed (m/s)
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Attenuation Coefficient (P1 Wave)

air-water system oil-water system
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Physical Mechanism

First term is proportional to the square of the difference
in material densities of the two pore fluids, multiplied
by the product of their relative mobilities.

A second term in the model expression is inversely
proportional to the square of an average kinematic
shear viscosity weighted by relative permeability.

The first term should be large for an air-water mixture,
but small for an oil-water mixture, whereas the reverse

should be true for the second term.
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Physical Mechanism

air-water system oil-water system

O first term [ o first term
+ second term + second term

0.5 0.6 . . X . X X 0.4 0.5 0.6
Water Saturation Water Saturation
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Phase Speed (m/s)
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Phase Velocity (P2 Wave)

air-water system oil-water system
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Attenuation Coefficient (P2 Wave)

air-water system oil-water system
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Physical Mechanism

Effective dynamic shear viscosity
parameter for a two-fluid system defined
in terms of relative mobilities

1 _ T,
b+b, (nk,, +nk,,)

Ny =
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Physical Mechanism

air-water system oil-water system
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Attenuation Coefficient (P2 Wave)
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Phase Velocity (P3 Wave)

air-water system oil-water system
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Attenuation Coefficient (P3 Wave)

air-water system oil-water system
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Acoustic Wave Propagation
IN Unconsolidated Fine Sandy Loam
Attenuation Coefficient (P3 Wave)
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Insights from Numerical
Results

The P1 wave is a sound wave, whereas the P2 and P3
waves are related to dissipative behavior.

Waves of higher frequency have higher attenuation.

The P3 wave has the highest attenuation coefficient
and the lowest phase velocity.

The P1 and P2 waves in a two-fluid system are
analogous to the fast and slow compressional waves
in Biot theory.
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Motional Modes

[Lo et al., 2010; Advances in Water Resources]
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Motional Modes
(One-Fluid System)

Analysis based on Normal Coordinates !!

P1 Wave |£| — ﬂ —

P2 Wave ’il |:><:| ’il
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Motional Modes
(Two-Fluid System)

P1 Wave EI:; |£||:{> 'EI:;}

Sl=> e

P3 Wave EI
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Boundary Value Problem

[Lo et al., 2012, Journal of Applied Geophysics]
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Boundary Value Problem —
Unconsolidated Sand saturated by
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Laboratory Observation

3000

stimulation
on &t 35 im

# stimulation off
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Time During Water Flow (h)

Stimulation time: 360s Pore pressure gradient: 3 kPa/m
Free-phase TCE observed Permeability: 1.1x1019m? (111 d)
Roberts et a., Environ. Engin. Sci. 18(2):67-79 (2001)
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Connecting
Acoustic Waves Attributes
o
Subsurface Hydrological and

Geological Parameters

[Lo et al., 2008, 2010; Journal of Hydrology]
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Quantitative Connection between
Porosity and Phase Speed

water-saturated
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Quantitative Connection between
Permeability and Attenuation Coefficient
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Consolidation Theory In

Unsaturated Porous Media

[LOo et al., 2014; Vvadose Zone Journall
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Consolidation

Governing Equations [Lo et al., 2013]:
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Initial Condition

Saturated porous media

p(z,0)=p

p(z,0)=yp 7: loading efficiency
Unsatur ated porous media
pi(z,0) = 7/1]9* P,(z,0) = 7/2]7*
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Water saturation
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Future Works

* Dynamic Boundary conditions
" Layered Media

" Experimental verification:

- Laboratory
- Field
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