Inversion of fracture aperture distribution from permeability-velocity relations
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Summary
The distribution of fracture apertures is resulted from the
relative roughness between fracture surfaces. While the
connectivity and size of apertures controls the fracture flow
capability, both the open apertures and closed contacts
contribute to fracture elasticity. For their implicit linkage,
the relation between flow and elastic properties of fractures
reflects the distribution of spaces in the medium. We present
a workflow to obtain a description of the aperture
distribution from its permeability-velocity relation,
incorporating experimental measurements and simulations
on synthetic fractures. From an artificial-induced granite
fracture, we have measured its steady-state flow rate under
various confining pressures. P-wave velocities are estimated
based on the fracture surface topographies obtained through
laser altimetry scanning. Subsequently, forward simulations
are conducted on numerical synthesized apertures with
various heterogeneity. A description of the aperture
distribution is inverted through comparing for the most
consistent permeability-velocity profiles. The result of
inverted roughness parameters are in reasonable agreement
with those obtained from statistical analysis of fracture
topography profiles. Hence it is shown that fracture aperture
characterization from permeability-velocity relations could
be feasible and applicable.

The idea of inverting for single fracture aperture distribution
from their flow-elastic properties relies on the understanding
of the aperture distribution and stress dependency of these
properties. From the knowledge of the stress-dependent flow
and elastic properties of fractures with various types of
aperture heterogeneity, profiles between flow-elastic
properties could be established. The flow-elastic profiles
would be distinctive for various roughness parameters. Thus,
a description of the aperture size heterogeneity could be
obtained through cross-referencing their flow-elastic
relations.
In this study, a statistical description of fracture apertures,
defined with respect to the first contact state of fracture, is
adopted to depict the aperture heterogeneity in rock
fractures. The spatial variability fractures aperture heights
are captured by two parameters, namely
•
the root-mean-squared relative surface roughness (𝜎);
•
the spatial autocorrelation lengths (𝝀).
The reliability of such parametrization on capturing the
permeability decline trend in stress fractures has been
illustrated [Qiu et al., 2018]. As the most commonly adopted
attributes, we account for flow and elastic properties of
fractures with the effective permeability and P-wave
velocities, respectively.

Introduction

Experimental Measurement and Analysis

Characterization of fractured medium plays a critical role in
design and risk assessment of many subsurface engineering
activities, including hydrocarbon production, geothermal
energy extraction, CO2 sequestration and nuclear waste
disposal. Physical properties of fracture are resulted from the
distribution of open apertures and closed contacts The
connected fracture apertures provide the percolation passage
through which fluid flows, responses of which are dictated
by the size and spatial variability of apertures [Pyrak-Nolte
et al., 2016; Ma et al., 2019]. On the other hand, asperities
in contact determine the stiffness of the fracture, and further
influence the static compressibility and the dynamic velocity
of the fractured rock [Swan, 1983; Choi et al., 2014]. Thus,
stress-dependent fracture geometry alteration bridges the
linkages between the flow and elastic properties [PyrakNolte & Morris, 2000]. Such linkages could, alternatively,
provide an opportunity for integrating the flow and the
seismic data for the purpose of field scale fracture
characterization [Kang et al., 2016].

A single fracture is created across a granite core of diameter
35 mm and length 76 mm using the Brazilian splitting
technique. A digital profile of fracture surfaces of spatial
resolution of 0.2 mm is acquired through laser altimetry
scanning. Figure 1a shows the digital profiles of the artificial
fracture. When the two profiles are put together, the firstcontact apertures have a mean height of 0.7 mm and standard
deviation (𝝈) of 0.2 mm. Spectral analysis suggests that the
roughness parameters for first-contact apertures, derived
from the digital granite fracture profiles, are 𝝀𝒙 = 3.8 mm,
𝝀𝒚 = 2.9 mm respectively. Figure 2a and b shows the power
spectral density of first contact apertures in x and y direction
respectively. The respective autocorrelation lengths are
defined as the turning point of spectrum trends.
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Figure 1 The digital profile of granite fracture surfaces (offset
vertically for 5 mm).

Confining the fractured rock bodies together, room
temperature water under hydraulic pressure difference of 2
MPa is injected across the x-direction boundaries. 30minutes averages volumetric flow rate is measured to
calculate the effective permeability of medium. Flow
experiments are conducted under increasing confining
pressure from 5 to 25 MPa. Figure 2a shows the
experimental permeability plotted against effective pressure.
With the digital topography of fracture surfaces, we perform
finite differencing simulation radially across the core. The
granite rock is assumed to have P- and S-wave velocities of
5630 m/s and 3250 m/s respectively. Injected water is
assumed to have P-wave velocity of 1500 m/s. Density of
granite and water are assumed at 2650 kg/m3 and 1000 kg/m3
respectively. The estimated P-wave velocity of fractured
granite against effective pressure is shown in Figure 3b.

(a)
(a)

(b)

Figure 2 The spectra density of first-contact apertures of granite
fracture in (a) x-direction and (b) y-direction respectively.

(b)

Figure 3 The (a) measured effective permeability and (b)
estimated P-wave velocity of the experimented fractured rock under
various effective pressure.
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Simulations on Synthetic Fracture Apertures
For a single two-dimensional fracture, spatial
autocorrelation lengths 𝜆# , 𝜆$ are considered. Longer
autocorrelation lengths indicate less spatial variability in
aperture sizes. Larger relative fracture surface roughness
yields higher aperture heights overall.
2D first-contact aperture height fields, with given
autocorrelation lengths and relative surface roughness, are
numerically synthesized with the Fourier increment method
[Ruan & McLaughin, 1998]. Using the same length
dimension, digital resolution and mean first-contact aperture
of the experimented granite fracture, we consider synthetic
log-normal distributed apertures of 𝜆# from 3.4 mm to 4.4
mm, 𝜆$ from 2.4 mm to 3.4 mm, and 𝜎 between 0.175 mm
to 0.225 mm. Figure 4 shows an example of synthesized
apertures with same roughness parameters as the granite
fracture digital profile.

boundaries while other boundaries are assumed
impermeable. Viscosity of water is assumed to be 10-3 Pa.s.
By viewing the fractured rock as a cracked medium, we
account for the effective moduli with the Hudson-Cheng’s
model [Hudson, 1980,1981; Cheng, 1993]. Aspect ratio of
the equivalent ellipsoidal crack is approximated using a pore
volume equivalency from the first-contact apertures.
Changes in equivalent crack geometry are assumed
negligible under fracture compression. The P-wave velocity
travelling across the synthetically-fractured rock (𝑉' %$& ) is
evaluated with the modelled effective moduli C33*. 50
randomness realizations are considered and simulated for
each combination of roughness parameters. Their averages
are taken for each simulated fracture properties.
Inversion Terminology
The simulated permeability-velocity profiles for various
synthesized fracture profiles serve as the forward problem
on which our inversion is based on. By matching for the most
consistent permeability-velocity trend, we invert for a
statistical description for apertures of the experimented
fracture. Normalization on permeability and velocity is first
carried out with respect to the lowest experimental pressure
(𝑃( , which is 3 MPa in this particular case), i.e.
𝜅̂ )#'* (𝑃+ ) = 𝜅)#'* (𝑃+ )/𝜅)#'* (𝑃( )
𝑉"! "#!$ (𝑃% ) = 𝑉! "#!$ (𝑃% )/𝑉! "#!$ (𝑃& )

Figure 4 An example of synthetic aperture with roughness
parameters inferred from experimented granite fracture.

The pressure-dependent permeability-velocity profiles of
synthetic fractures are obtained through numerical
simulations. Steady-state fluid flow, static and dynamic
elasticity in compressed fractures are being simulated with
the consideration of first-order physics involved. Assuming
the asperities of rock bodies do not interact, the aperture
height is an arithmetic reduction of first-contact aperture
heights by a uniform compression displacement. Effective
pressure (𝑃) on fracture are evaluated from spatial-averaging
of the nodal forces exerted on the compressed asperities
[Unger & Mase, 1993]. The fracture host rocks are assumed
to have a Young’s modulus of 70 GPa and Poisson’s ratio of
0.25.
Simulated with the Darcy’s law, the effective permeability
of synthetically-fractured rock (𝜅%$& ) are evaluated with the
cubic law from the outgoing flow flux driven under constant
fluid boundary pressure difference [Witherspoon, 1981].
Local permeability is assumed to related to local aperture
height with a squared relation [Gangi, 1978]. A hydraulic
pressure difference of 2 MPa is applied on a lateral pair of

𝜅̂ %$& .𝜎, 𝜆# , 𝜆$ , 𝑃/ = 𝜅%$& .𝜎, 𝜆# , 𝜆$ , 𝑃//𝜅%$& .𝜎, 𝜆# , 𝜆$ , 𝑃, /
𝑉"! '() (𝜎, 𝜆# , 𝜆( , 𝑃, = 𝑉! '() (𝜎, 𝜆# , 𝜆( , 𝑃,/𝑉! '() (𝜎, 𝜆# , 𝜆( , 𝑃* ,

The differences between the normalized experimental
permeability-velocity relation at pressure 𝑃+ and the
simulated profile for synthetic apertures, are evaluated as
-

𝑑+ = {3𝜅̂ %$& .𝜎, 𝜆# , 𝜆$ , 𝑃/ − 𝜅̂ )#'* (𝑃+ )5 +
[𝑉8' .𝜎, 𝜆# , 𝜆$ , 𝑃/ − 𝑉8'
(𝑃 )]- } (/%$&
)#'* +
The objective function for this problem is to minimize the
discrepancy between experimented relation and simulated
profile, which is defined as the total differences for all
measurement pressure level. By pursuing for a profile which
has minimal discrepancy to the experimental permeabilityvelocity relation, we can invert for the statistical roughness
parameters .𝜎;, 𝜆<# , 𝜆<$ / for the fracture of interest.
.𝜎;, 𝜆<# , 𝜆<$ / = argmin C 𝑑+
+
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Results and Discussions
Our inversion result indicates that, amongst all the simulated
cases, synthetic apertures of 𝝀𝒙 = 3.8 mm, 𝝀𝒚 = 3.4 mm and
𝝈 = 0.185 mm provides the best fit of permeability-velocity
trend to the experimental data. The inverted results for
roughness parameters are in agreement with what spectral
analysis on the aperture profile suggested. It correctly
predicts the 𝝀𝒙 , which is the direction where experimental
flow is driven. The inverted 𝝈 is slightly smaller than the
reference result. The inverted 𝝀𝒚 is 0.5 mm (or 15%) shorter
than what spectral analysis suggested.

confidence that the relations between flow and elastic
properties in fractured medium could be used for the purpose
of pore space characterization.
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Figure 5a shows the comparison of normalized permeabilityvelocity curve of this set of inverted roughness parameters
and experimented granite fracture. The flow-elastic
correspondence from experiments are highly consistent with
the simulated profile from synthetic apertures, except for the
point at highest effective pressure (23 MPa). Consider the
magnitude of deviation observed at this pressure, it might
not be explainable with the negligence of higher-order
physics term on simulating the flow and elastic mechanisms.
Other possible explanations could be measurement error, or
permanent deformation of fracture has taken place.
Nevertheless, as shown in Figure 5b, there exists minor
systematic difference in trends between experimental
permeability-velocity relation and the simulated profile
based on its true roughness parameters. This is a clue that the
adoption of first-order effects for fluid flow behaviour and
elasticity responses on compressed fractures might not be
sufficient. Inclusion of higher-order physics in the forward
simulations would be plausible to improve the accuracy for
aperture inversions. It is also worthy noted that effective
permeability is just a macroscopic measure for overall flow
capability. There exist indicators for transient flow
characteristics are more sensitive to aperture heterogeneity
and thus they could be better candidates for flow-elastic
inversions [Ma et al., 2020].

(b)

Conclusions
In this study, we have proposed and examined a workflow
on inversion of single fracture aperture distribution from the
permeability-velocity profiles. A statistical description of
aperture distribution with roughness parameters,
autocorrelation lengths and relative roughness, is adopted.
Experiments are conducted on a rock fracture with known
topography and simulations on synthetic fractures with
various roughness. An inverse problem is formulated to
pursue for the most consistent permeability-velocity profiles
between experimentation result and simulations. Using this
approach, we have inverted a set of roughness parameters
that is agreeable with the result from spectral analysis of
fracture topographies. This investigation has provided

Figure 5 Comparison of normalized permeability-velocity
profiles between granite fracture experimentation and simulations
on synthetic apertures with (a) inverted roughness parameter; and
(b) parameters obtained through spectral analysis, respectively.
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