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Abstract: This study develops a new approach which can simultaneously calculate the hydraulic permeability, electrical
resistivity and elastic wave velocity from the digital image of natural rock fracture. The digital fracture simulation is
applied to natural single fracture which was cored from geothermal area and validate that performance by comparing
experimental results. The fluid-flow experiment is conducted in a pressure vessel which simulates the pressure condition
of the geothermal area. As a result, resistivity and velocity show thresholds at the same pressure condition (~5 MPa in
our study) while decreasing rates of them with aperture opening were different at 0.8 mm or higher aperture condition
(decreasing rate of resistivity is ~60 Qm while that of velocity is ~80 m/s per 0.1 mm aperture change). These behaviors
may be controlled by connection or disconnection of the fluid pathway and will be used for subsurface monitoring by

using velocity and/or resistivity.

Keywords: Digital rock physics; Lattice Boltzmann Method; Fracture permeability; Electrical resistivity; Elastic wave

velocity.

1. INTRODUCTION

The hydraulic property of crustal fluid is essential to
understand the mechanisms of earthquake and fluid
reservoir formation (e.g., petroleum and geothermal
reservoir). As one of the time-dependent models of
earthquake recurrence, fault-valve model has been well
known [1]. The fault-valve model describes that the
mineral precipitation within faults controls the pore
pressure change which can trigger the earthquake
recurrence. For estimating this valve-like behavior of
faults, fracture permeability plays a key role because the
mineral precipitation may preferentially occur at slower
fluid-velocity zone. In terms of fluid reservoir
development, the permeability estimation is crucial for
predicting the fluid production. In addition to
permeability, local behavior of fluid-flow (e.g., fluid
pathway) within fractures controls preferential-flow and
total thermal response in geothermal area [2, 3]. Since
permeability decreases with aperture closure [4, 5],
fracture aperture condition (opening or closing) should
be monitored.

Taira et al. recently observed seismic wave velocity
changes in Salton sea geothermal area and interpreted
that velocity changes were caused by crack aperture
changes [6]. Some magnetotelluric surveys also revealed
subsurface aperture opening or closure (e.g., [7]).
However, it is unknown that how much aperture changes
can demonstrate these changes of geophysical properties.
Although there is an enormous amount of studies about
electric and elastic properties of rocks (e.g., [8-14]),
these geophysical properties of rock fractures have not
been well investigated. Recently, Kirkby et al.
investigated permeability-resistivity relationship of the
rock fracture [15]. Pyrak-Nolte and Nolte proposed
universal relationship between elastic and hydraulic
properties [16]. However, to the best of our knowledge,
relationships between fracture permeability, electrical

resistivity and elastic wave velocity have not been
revealed yet. Since fracture is anisotropic, these three
geophysical parameters should be investigated
simultaneously.

In this study, a new approach of Digital Rock Physics is
developed that can simultaneously calculate hydraulic
permeability, electrical resistivity and elastic wave
velocity from the digital image of natural rock fracture by
coupling approach of Lattice Boltzmann Method and
Finite Element Method. Although there is a great interest
of such numerical approach using digitalized rock (so-
called Digital Rock Physics), these works mostly uses
porous rocks (e.g., sandstone). Present study proposes
that Digital Rock Physics can also be applicable to
natural rock fracture and confirmed good agreements
with experimental results. From the estimated hydraulic
permeability, electrical resistivity and elastic wave
velocity, the relationships between them as well as mean
aperture in the fracture are further discussed.

2. METHOD

2.1 Sample preparation

The numerical simulation and fluid-flow test were
carried out using a cylindrical fractured sample (35 mm
in diameter and 70 mm long). The sample was obtained
from geothermal area and has a natural sheared fracture
[17]. For the numerical simulation, a fracture of the
sample was digitalized. This digitalized fracture model
was created from the surface roughness data of
hangingwall and footwall which were obtained by One-
shot 3D Measuring Macroscope.

2.2 Numerical simulation

From the digitally created fracture model, three-
dimensional fluid flow was calculated by Lattice
Boltzmann Method (LBM; e.g., [18-20]). Model sizes of
simulations is 224 x 32 x 576 grids. Each grid of x, y and
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z directions are 0.1 mm. Fluid-flow direction driven by
the pressure gradient is along z-direction with periodic
boundary. The initial aperture model is determined by
assuming that footwall and hangingwall contact at only
one point. Consequently, different digital fracture models
were prepared by made them closer. After simulating
fluid distribution in the fractures by LBM fluid-flow
simulation, then elastic wave velocity and electrical
resistivity in fluid-saturated fractures were calculated by
Finite Element Method (FEM, [21]). Elastic wave
velocity (P-wave velocity, V, ) was calculated by

following equations;

K+ %3 u
I

where d denotes density, K and u is bulk modulus and
shear modulus which were estimated from stress-strain
relationship with engineering triaxial stress by FEM.
Electrical resistivity simulation applies 30 mV of
electrical field in z-direction (same as fluid-flow
direction) and calculates electric current. From this
applied voltage (V) and calculated electric current (1),
resistivity (p) can be calculated as;

_ VmD?
P=T 4L

where D and L is diameter and length of the sample,
respectively. Detailed simulation input parameters are
summarized in Tablel.

Table 1. Input parameters of numerical simulation by
FEM

Parameters Rock Fluid
Conductivity [S/m] 0.001 1.75
Bulk modulus [GPa] 34 2.2
Shear modulus [GPa] 35 0
Density [kg/m?] 2900 997

2.3 Experimental validation

Fluid-flow tests were performed under confining
pressure ranging between 6 and 20 MPa. Pore pressures
of upstream and downstream were fixed as 5 and 4 MPa,
respectively. During the test, flow rate (Q) was monitored
by a digital logger and thereby permeability (k) is
calculated by following equation (Darcy’s law),

Q kadp

A pdx
while A, 1 and dp/dx is cross sectional area, viscosity and
pressure gradient, respectively. Consequently, from this

calculated permeability, we estimated fracture
permeability (kf) as follows [22];

where hydraulic aperture (e) is written by

_ 12pQ dx
D dp

3

while D is the width of fracture.

During this fluid-flow experiment, electrical resistivity
and elastic wave velocity were simultaneously measured
by using four electrodes-method and pulse transmission
method, respectively [23]. These measured permeability,
resistivity and velocity were compared with calculated
results for the validation of simulation results.

3. RESULTS AND DISCUSSION

Fig. 1 shows hydraulic permeability, electrical resistivity
and elastic wave velocity of both of experimental and
simulated results as a function of effective confining
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Fig. 1. Changes of hydraulic permeability, electrical
resistivity and elastic wave velocity against the effective
confining pressure. Note that pressure condition of



Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES) 5 (2019) 75

numerical simulation was estimated by using aperture-
pressure relationship based on permeability matching
approach.

pressure.  Although simulated results originally
calculated these parameters as a function of mean
aperture, effective confining pressure was estimated in
each aperture condition from aperture-pressure
relationship based on the permeability matching
approach [4, 5]. Despite the fact that only permeability
was used for the matching, calculated resistivity and
velocity also show good agreements with experimental
results. Furthermore, the threshold of resistivity and
velocity changes appeared at ~5 MPa of effective
confining pressure.

For further investigation of resistivity and velocity
changes with aperture closure, these properties are
plotted against the mean aperture of fracture (Fig. 2).
Mean aperture values during the experiment were
estimated from aperture-pressure relationship at each
pressure condition. Whereas both resistivity and velocity
decrease with increasing mean aperture, the decreasing
rate of them becomes different after ~0.8 mm of mean
aperture. This ~0.8 mm of aperture condition is
consistent with ~5 MPa of effective confining pressure
where resistivity and velocity show thresholds. In
addition to these thresholds, fluid pathway is
disconnected after this pressure condition. In other words,
connective fluid pathway may be formed at ~0.8 mm of
aperture condition. Once connective fluid pathway is
formed, resistivity may not change while velocity shows
continuous changes against the aperture opening. This
suggests that velocity has higher sensitivity against the
aperture opening whereas resistivity can be useful for
detecting connection or disconnection of fluid pathways
with aperture changes.
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Fig. 2. Elastic wave velocity and electrical resistivity
changes as a function of mean aperture. Note that mean
aperture during the experiment was estimated by using
aperture-pressure relationship based on permeability
matching approach.

4. CONCLUSSION

The present study developed experimentally-validated
numerical approach that can simultaneously investigate
hydraulic permeability, electrical resistivity and elastic
wave velocity from the digital image of natural rock
fracture. From the permeability matching approach, we
estimated mean aperture during the experiment and also

pressure condition in each numerical simulation which
could not be determined by only the experiment or
simulation. As a result, resistivity and velocity shows
threshold at the same pressure condition (~5 MPa in our
study) while decreasing rates of them with aperture
opening would be different after 0.8 mm of aperture
condition (decreasing rate of resistivity is ~60 Qm while
that of velocity is ~80 m/s per 0.1 mm aperture change).
These behaviors may be controlled by connection or
disconnection of the fluid pathway which was observed
by Lattice Boltzmann fluid-flow simulation. Our new
approach can reveal the resistivity and velocity changes
with aperture closure or opening and our results suggest
that resistivity monitoring can be useful for detecting
connection or disconnection of the fluid pathway while
aperture opening can be monitored by velocity
measurement.
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