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Effective porosity for Gassmann fluid substitution
Fuyong Yan*, De-hua Han and Qiuliang Yao, Rock Physics Lab, University of Houston

Summary this principle we can inverted the fraction of effective
porosity from lab measured data. Comparing the inverted
In this study, we have analyzed the complexity of pore result with the pore geometry information derived from
structure and its interaction with pore fluid. The specific petrographic images, MICP and NMR T, can help us
surface area is an important parameter related to water understand the importance of the pore geometry and have
retention in reservoir rocks. The surface tension between better understanding of the velocity dispersion mechanism.
mineral surface and pore fluids might be so strong that
some portion of pore fluids does not respond as fluid under Pore geometry and pore fluid mobility
small pressure disturbance. Integrated study of ultrasonic
lab measurement data, petrographic data, mercury injection The pore geometry we discuss here primarily refers to pore
capillary pressure (MICP) data and NMR T, data shows the size (and its distribution) and specific surface area. Specific
rationality of using an effective porosity as input for surface area (S;) is defined as the interstitial surface area of
Gassmann equation. The effective porosity for Gassmann the pores and pore channels per unit of bulk volume. It can
equation should be frequency-dependent. Knowing the pore be measured by physical absorption of gas using BET
geometry, if an empirical correlation between frequency theory (Brunauer et. al., 1938). The specific surface area is
and threshold pore throat size or NMR T, is set up, primarily controlled by pore size. Pore shape and flatness
Gassmann equation can be applicable to data of any of pore wall can also have significant effect on specific
frequency measurement. Without information of pore surface area. The parameter of specific surface area has
geometry, the irreducible water saturation can be used to close relation with two of the most important parameters
estimate effective porosity; the “modified” Gassmann for reservoir engineers: irreducible water saturation (Sy;)
equation should give more reliable prediction of saturation and permeability. From Figures 1 and 2, specific surface
effect. area (Sy) is critical in controlling irreducible water

saturation and permeability.
Introduction

The Gassmann equations are widely used for fluid
substitution in the industry. Although there is no pore
geometry assumption in Gassmann’s theory on elasticity of " . . I .
porous media, one of the most important assumptions is . o
that the pore fluids reach pressure equilibrium in a

representative volume(Gurevich et. Al., 2009). Pores have . .- )

different sizes and shapes, and the pore walls are made of i es e '::=: 2

different minerals, thus the pore fluids may respond quite o .

differently to a minor pressure disturbance. The typical e e (R —
strain in nondestructive ultrasonic measurement is in order M e T scens e

of 10° (Rose, 1999), which means the pressure disturbance Figure 1: Comparing crossplots between Sy vs. total porosity
is in order of tens of Pascal for common reservoir rock. The and Swir vs. specific surface area (Data from Bagrintseva, 1977

pressure disturbance is in order of several hundreds of and Chilingarian et. Al. 1930)

Pascal for seismic wave propagating in reservoir rocks if
the strain is assumed to be less than 10®. Depending on the .
distance to the mineral surface and type of minerals P /
consisting of the pore wall, the surface tension on pore o
fluids might be so strong that some portion of pore fluids
does not move like free pore fluid for the passing pressure
waves. The pore throats for some pores (mostly :
micropores) might be too narrow for their effective o "

communication with the macropore system. Thus to apply oo meomnommmmm e
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Gassmann equation, the porosity should be apparent or Figure 2: Comparing of crossplots between permeability vs.
effective porosity, which is the volume fraction of pore total porosity and permeability vs. ¢/Ss (Same data source as
fluids that is connected and relaxed, and the other fraction Fig. 1)

of pore fluids should be included in the rock matrix. Under
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Several mechanism of water adsorption on mineral surfaces
have been proposed by Low (1961), they include hydrogen
bonding, hydration of exchange cat ions, attraction by
osmosis, charged surface-dipole attraction, attraction by
London dispersion forces and capillary condensation.
Depending on the distance of water to mineral surface, the
attraction between mineral surface and water can be
significant compared to the pressure disturbance caused by
seismic waves in seismic exploration, which means part of
the fluid will behave more like rock frame than pore fluid.

Dual porosity Gassmann equation

One of the most important assumptions of Gassmann
theory (Gassmann, 1951) is that the pore fluids reach
pressure equilibrium in a representative volume. As we
analyzed above, due to complicated geometry and water-
mineral surface interaction, part of the water will be
adhered to the pore wall and not respond as fluid under
small pressure disturbance. There are also pores that are
“isolated” to the connected pore system or connected by
pore throat that is too narrow and long for pressure
relaxation during passing of pressure waves. These parts of
pore fluids obviously do not satisfy the assumption of
Gassmann’s theory, and should not be counted in the pore
system in the Gassmann equation. When Gassmann
brought up the theory, he also gave a numerical example. In
the numerical example, the sandstone has a total porosity of
17.1%, when the dry rock is saturated in water, part of the
pores are inaccessible to the water, and the apparent
porosity is 13.3%. To apply his theory he suggested that the
apparent porosity should be used and “inaccessible” pores
should be “accounted for within the solid material”
(Gassmann, 1951, translated by Berryman, et. Al., 2007).
So that when Gassmann brought up his theory, he had
realized the pores should not necessarily be treated equally
and as a whole entity.

For generality, we define all the pores that can reach
pressure equilibrium in a representative volume are
effective pores for Gassman’s theory, and the others pores
are ineffective and are accounted in the solid rock matrix.

The “modified” Gassmann equation is in form of
Ksat — Kdry Kf
KM 7Ksal KM 7Kdry ¢e(KM ’Kf)

@)

Where K,, is the effective bulk modulus of the rock
matrix including pore fluids in ineffective pores, and Ky,

is the pseudo dry bulk modulus for partially saturated rock
with only ineffective pores are filled with pore fluids. The
word “modified” is quoted because we believe this is more
a modification than proper interpretation of Gassmann’s
theory.
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Figure 3: Comparing of saturation effect prediction using
traditional Gassmann equation and “modified” Gassmann
equation (The core samples are loose sandstone from Gulf of
Mexico).

The pseudo dry bulk modulus is difficult to estimate since
we don’t know the effective porosity. Irreducible water
saturation quantifies the pore fluids that cannot be driven
out by hydraulic force, it might be proper to approximate
the effective porosity from it.

¢e ~ ¢t(l_ Swir) (2)

The effective bulk modulus at this saturation state is thus
approximated as pseudo dry bulk modulus. Fig. 3 shows
the ultrasonic measurement of partial saturation effect of
two loose sandstone samples in drainage circle. The lowest
water saturation point is where injection gas cannot further
reduce the water saturation, and it is approximated as
irreducible water saturation. Here we only consider three
saturation states: dry, irreducible water saturation and
100% water saturation. We use original Gassmann equation
and equations (1) respectively to predict the effective bulk
modulus of 100% brine saturated rock and compare it with
the measured value. For both samples, the predicted
effective bulk modulus using the “modified” Gassmann
equation and effective porosity is much closer to the
measured value than using Gassmann equation in
traditional way.

For practical application of fluid substitution on log data,
we don’t need to estimate the pseudo dry bulk modulus and
can use equation below for fluid substitution:

‘ Ksau _ KH [ Ksa\Z _ KIZ
KM ’Ksau ¢E(KM ’Ku) KM ’Ksatz ¢E(KM ’Ktz) (3)

Inversion of effective porosity from lab measurement

We want to invert the effective porosity from lab measured
data and then compare it with the pore geometry
information to have better understanding of the effect of
pore geometry on the saturation effect. In laboratory
ultrasonic measurement, core samples are commonly
measured on both room dry and fully saturated conditions.
The Biot dispersion is usually negligible for consolidated
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rocks, thus we can assume Gassmann equation work and
use equation (1) to invert the effective porosity. The
pseudo Kgry is not measured, but we can estimate using the
Hill (1963) average of K;; (the effective bulk modulus of
the rock matrix including pore fluids in ineffective pores)
and real K. Conceptually we move all the pore fluids in
ineffective pores to one side, the volume fraction of this
100% saturated section is (4-¢&)/ ¢, and its effective bulk
modulus is K;,. Thus using egn (1), the only unknown
parameter ¢ can be calculated.

Fig. 4 shows the inverted fraction of effective porosity
relative to total porosity using Han’s data (Han, 1986) and
core samples from a tight gas reservoir we recently
measured. The core samples with clay content higher than
10% are not included because there might be significant
non-mechanical effect during drying/saturating of the shaly
sandstone(Yan and Han, 2011). From the inversion result,
the fraction of effective porosity generally increases with
total porosity. This is expected since the effective pores are
usually macropores whose volume can be drastically
reduced by diagenesis.

Although there is a general trend of decreasing fraction of
effective porosity with decreasing total porosity as shown
in Fig. 4, the data points are fairly scattered. Two pairs of
core samples with similarly porosity are marked. The
Beaver sandstone has similar (slightly higher) porosity as
the Fontainebleau D sandstone, but the former has about
75% of pore spaces that are effective, while there are
almost no effective pores in the Fontainebleau D sandstone.
This can be explained by comparing their thin section
images (right in Fig. 4). The original intergranular pores in
Fontainebleau D sandstone are almost completely filled by
overgrowth of quartz, there are no macropores found under
optical microscope, while the intergranular macropores of

:‘:;"Qﬁ“‘ = b -3 ‘-'

Figure 4: Left: inverted fraction of effective porosity relative to
total porosity. The Fountianebleau sandstones are also from
Han’s data(1986). All the core samples have clay content less
than 10%. Right: thin sections under plane polarized light.
Except of Fontainebleau D representing an area of 0.9x1.3 mm?,
the other three thin sections represent actual area of 2.2x3.2 mm?
(Yale, 1984; Velasco, 1986 ). Pores are identified by dark areas
with low relief.

sandstone are well kept for the Beaver sandstone. Similar is
true for Coconino sandstone and Delaware brown
sandstone. The Coconino sandstone is from a thick cross-
bedded eolian deposit acting as an important regional
aquifer (Weisman, 1984), its intergranuar macropores are
kept much better than Delaware brown sandstone. Thus this
inversion test confirm the rationality of using “modified”
Gassmann to predict saturation effect.

Pore geometry from MICP

Mercury is a non-wetting fluid to common minerals in
reservoir rocks. Driven by step-increasing pressure,
mercury will preferably enter pores connected by wider
pore throat. At each time the volume of mercury entered is
recorded. The pore throat size under certain pressure
(capillary pressure) being broken through by mercury is
calculated by:
= 20 cosé (4
PC

Where o is the interfacial tension between mercury and
minerals, value of 0.480N/m is often used and the contact
angle 0 for mercury on minerals is often taken as 140°(Tiab
and Donaldson, 2004).

The left panel of Fig. 5 shows the example of deriving pore
throat size distribution from mercury injection data on one
core sample. The right panel in Fig. 5 shows the pore throat
radius distribution for 54 core samples from a tight
sandstone gas reservoir. We also made ultrasonic velocity
measurement on 16 core samples from this reservoir, under
both dry and saturated conditions. Using the methodology
we introduced earlier we can invert effective porosity from
the laboratory measurement(Fig. 6). Since we also have
information of pore size distribution of the core samples in
this area, we can simply assume that there is a threshold
pore throat radius, and that all pore spaces connected with
pore throat wider than this threshold are effective and the
other pores are ineffective. By trying different threshold
pore throat radius and matching the trends of fraction of
effective porosity with that inverted from ultrasonic
measurement, we can estimate threshold pore throat radius
under ultrasonic measurement conditions. From Fig. 6, if
we assume that only pores connected by pore throat with
radius wider than 36 nm are effective, obviously it is an
overestimation of effective porosity; if we assume only
pores connected by pore throat with radius wider than 590
nm are effective, obviously it is an underestimation of
effective porosity. Best match is achieved when threshold
pore throat radius of 150 nm is selected, thus the threshold
pore throat size to determine effectiveness of pores under
ultrasonic measurement is estimated as 150 nm.

Pore geometry from NMR log
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Figure 5: Mercury injection data from a tight gas sandstone
reservoir. Left: Derivation of pore geometry from mercury
injection data; Right: Pore throat distribution of 54 core sampels
from a tight gas reservoir
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Figure 6: Estimation of threshold pore throat radius by matching
effective porosity from MICP data (Fig. 5) and those inverted
from ulatrasonic measurement using “modified” Gassmann

equation.

NMR log measurement is based on strong response of
hydrogen nucleus to external magnetic field(Coats, et. al.,
1999). The pore size distribution can be estimated using
either T, (longitudinal relaxation time) distribution and T,
(transverse relaxation time) distribution. Overlaying the
NMR T, distribution curve with pore throat size
distribution curve derived from MICP, correlation between
NMR T, and pore throat size can be set up (left in Fig. 7).
In previous section we have estimated the threshold pore
throat radius is 0.15 um(0.30pm=300nm in diameter), from
the correlation we found that the corresponding threshold
NMR T, is about 10 ms, which is very close to the
commonly used value of 12 ms for Tt Tocuwoff IS @
threshold value for estimation of bulk volume of irreducible
water (BVI) or irreducible water saturation (right in Fig. 7).
Thus the irreducible water saturation can be used to
approximate the effective porosity in modified Gassmann
equation for fluid substitution. This explains why the
modified Gassmann equation works for the two loose
sandstone core samples from Gulf of Mexico(Fig. 3).

The threshold pore throat size or T, is based on inversion of
ultrasonic velocity measurement, for log data and seismic
data acquired at lower frequency, it is logically that
effective porosity in the “modified” Gassmann equation
will increase and the threshold pore throat size or T, will
decrease. If we have both reliable low frequency
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Figure 7: Left: Correlation between MICP pore throat diameter
(dashed curve) and NMR T2 distribution(solid curve) by
overlaying two types of curves together (after Edwards, 1999), ).
The bold red arrow marks the position of the inverted threshold
pore throat diameter by matching ultrasonic data and MCIP data
(see Fig. 6); Right: Comparing of threshold NMR T, inverted
from tight gas sandstone lab measurement with Tt used for
estiamtion of irreducible water saturation(Modified from Coates
et. Al., 1999).

measurement (Batzle, et. al. 2006) and information about
the pore throat size distribution or T, distribution of the
sample, we can determine effective porosity for different
frequency and set up an empirical correlation between
frequency and threshold pore throat size or NMR T,. For
practical application of fluid substitution on log, if we have
NMR log data, we can using the correlation between
frequency and threshold T, to construct a log curve of
effective porosity for more reliable prediction of saturation
effect.

Conclusions

We suggest that effective instead of total porosity
should be used in the Gassmann equation. Integrated
study of ultrasonic lab measurement data, petrographic
data, MICP data and NMR T, data shows the rationality
of the “modified” Gassmann equation. The effective
porosity of a reservoir rock for the “modified”
Gassmann equation should vary with the frequency.
Knowing the pore geometry, if we set up a correlation
between frequency and threshold pore throat size or
NMR T,, Gassmann equation can be applicable to any
frequency measurement. Without information of pore
geometry, the irreducible water saturation can be used to
approximate the effective porosity; the “modified”
Gassmann equation should give more reliable prediction
of saturation effect in the same frequency range.
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