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1. Introduction

Permeability (k), effective porosity (Φ), and specific storages
(Ss) are the parameters which are often concerned when evalu-
ating the transport properties of porous rocks. Ideally, the intrinsic
transport properties of the rocks do not depend on the type of
pore fluid; therefore both gas and liquid can be used as the pore
fluid for the laboratory measurements, although the Klinkenberg
effect on gas permeability needs to be corrected. Due to the high
chemical stability and high performance convenience,1,2 gas has
been favored by most rock-physicists.3,4 In addition, the com-
pressibility and viscosity of gas are less sensitive to temperature
variations than those of water, so the measurement error due to
these factors is less likely to be introduced. When gas is the pore
fluid, permeability can be measured by the steady-state or a
transient method such as a pulse-decay and pore pressure oscil-
lation technique,5,6 and porosity by the gas expansion method,
based on the Boyle–Mariotte equation for an isothermal gas.7,8 By
properly arranging the procedure of the measurement, perme-
ability and porosity of a dry sample can be measured concurrently
in a single experiment.9

Under most natural conditions at the upper crustal depth, rocks
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are expected to be water-saturated, so the gas properties are un-
likely to be directly relevant except in some circumstances such as
in the gas fields. Previous studies have shown that permeability of
a sample to gas is higher (up to 1.8 orders of magnitude) than the
permeability of the same sample to water, even after correction for
the Klinkenberg effect.9–13 For some rock types like shale, strong
physicochemical interactions may occur between the skeletal
grains and the aqueous pore fluid,2,11 which influences the flow
characteristics of these rocks.14 Against this background, it is im-
portant to determine the transport properties of porous rocks
under water conditions. However, in laboratories liquid was sel-
dom used as the pore medium for the concurrent measurement of
these parameters.15–18 The most significant difficulty lies in the
measurement of porosity. The current standard techniques for
porosity measurement (mercury intrusion porosimetry, 2-D image
analysis, CT, NMR imaging, and dry vs. wet weighing) cannot be
readily applied under high confining pressure. The use of a high-
precision volumetric pump allows for the quantification of the
pore volume change in response to the change in confining
pressure,15,19 but it cannot tell the absolute, effective porosity of
the sample.16 To solve this problem, some measured the initial
water porosity at atmospheric pressure by means of a standard
method stated above.16,20–23 Alternatively, some measured the gas
porosity of a dry sample at an initial pressure and then transferred
to water condition at the same pressure.8 However, these strate-
gies encounter problems if incohesive rocks such as fault rocks are
involved, or the sample measured contains swelling mineral(s) or
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generally contains abundant phyllosilicates. Adsorption of water
can cause clay clusters to expand in size, even in the absence of
swelling clays, and reduce the pore space.24,25 Delamination and
migration of particles, which then block the small pore throats, is
also possible in the presence of abundant phyllosilicates,12,26 be-
cause the clay minerals usually have lower frictional strength
when wet than dry,27 thus facilitating reorientation of particles
during compaction. Taken together, it is important to develop a
method for determination of the absolute porosity under in-situ
hydrological conditions.

Recently, a fluid-flow apparatus was developed at the Institute
of Geology, China Earthquake Administration. By employing sev-
eral techniques, this system allows for the integrated measure-
ments of permeability, effective porosity, and specific storage,
under elevated confining pressures.
2. Experimental method and procedure

As a conventional fluid-flow apparatus, the system consists of a
pressure vessel, along with the standard units for controlling
confining and pore pressures, as shown in Fig. 1.8 With an in-
tensifier, the confining pressure can reach a maximum of 200 MPa,
with fluctuations varying within 0.3 MPa. A maximum fluid pres-
sure of 40 MPa can be used for the steady-state flowmethod, and a
maximum mean value of �36 MPa for the oscillatory fluid pres-
sures when using the transient method. To maintain constant
temperature in and around the sample, the pressure vessel, along
with the connecting tubing, valves and fittings that are crucial for
the measurement, are enclosed in a polystyrene-foam chamber in
size of �1 m3 (see the box in Fig. 1). The temperature probe used
(Fluke 1523) has a resolution of 1 mK. Using a digital temperature
controller, lamp heater and fan (Fig. 1), the temperature within the
chamber can be controlled at a desired value (25–30 °C), with
fluctuations less than 0.1 K throughout an experiment. In the
measurement, by choosing different “fluid reservoirs”, either gas
Fig. 1. Diagram showing the fluid-flow system for
or liquid can be used as the pore fluid (Fig. 1). Independent
pipelines are used when the gas and liquid work as pore fluids. In
the present study, only liquids were employed.

2.1. Method for individual parameters

2.1.1. Permeability (k)
The versatile measurements of permeability were enabled by

employing two syringe pumps (“Pf self-controlled unit”), as illu-
strated in Fig. 1, which can provide a constant flow (5–40,000 μL/
min) and a sinusoidal oscillating pressure (20 soperiodo2400 s).
In regards to the steady-state flow method, the flow rate was
determined by a balance or a high-precision flowmeter (Fig. 1).
The pore pressure oscillation (PPO) method has been well de-
scribed in previous publications.28,29 Therefore, only a brief de-
scription is given here. A pressure signal of the sinusoidal oscil-
lation was imposed at the upstream end of the sample, and the
response at the downstream end was recorded (Fig. 2a). A Fourier
analysis was performed on the two signals to obtain the amplitude
ratio (0oαo1) and phase delay (θo0). From these two mea-
sured parameters, two dimensionless parameters were calculated
using a numerical analysis based on the equations given by Fischer
and Paterson,6 from which the permeability (k) and specific sto-
rage (Ss) of the sample were calculated. The relative uncertainties
for k and Ss were further determined following the method given
by Bernabé et al.29

The storage of the downstream reservoir (Bd) is the most im-
portant parameter for the PPO method, and in previous studies
was either calibrated by subtracting the upstream storage from the
storage of the entire system,6 or calculated through multiplying
the system volume by fluid compressibility.5 Our verification tests
indicated that these methods could introduce relatively large er-
rors in Bd, and thus in the measurement results, particularly for Ss.
In our system, Bd was directly measured using a specifically de-
signated microvolumeter, which basically consisted of a valve and
a LVDT (Fig. 1). The variable Bd could be achieved (if needed) by
integrated transport property measurements.
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Fig. 2. Diagram showing the methods for measuring: (a) permeability, specific
storage; (b) absolute porosity; and (c) relative porosity change.
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changing the “additional volume” (Fig. 1).

2.1.2. Effective porosity (Φ)
The effective porosity of a sample is obtained by measuring the

absolute porosity at an initial (reference) pressure, and the por-
osity changes in response to different pressure steps. The absolute
porosity is determined using a microvolumeter. As shown in
Fig. 2b, in this measurement, valves #1 and #2 were closed in
order to isolate a closed fluid system, which consisted of the
testing sample plus the upstream and downstream pipes. By
slightly withdrawing the microvolumeter, the downstream pres-
sure immediately decreased. Following the equilibrium, the up-
stream and downstream pressures merged together. The storage of
the enclosed system was calculated as B*¼ΔV/Δp, where ΔV is the
volume change imposed by the microvolumeter, and Δp is the
resultant pressure change. The pore volume of the sample (Vp)
could then be interpolated from a database of B* versus Vp, and
calibrated in advance as detailed below.

The calibration was performed using a series of hard-alloy cy-
linders, containing holes of various diameters. For each cylinder,
the system storage was determined (B*) at a range of pressures
(Fig. 3a). From this dataset, the B*-value for any pore volume (Vp)
at any pressure within the range investigated could be inter-
polated. As shown in Fig. 3b, the system storage against pore vo-
lume is presented at selected pressures. The results exhibit clear
linear relations for all the pore volumes used in the calibration,
and show slightly decreasing slopes with the increase of pressure.
These slopes (4.57�10�10–4.01�10�10 Pa�1) were exactly con-
sistent with the compressibility of pure water in the experimental
conditions of our measurements (4.55�10�10–4.06�10�10 Pa�1

at room temperature and 15–35 MPa, http://webbook.nist.gov/
chemistry/fluid/), which testified to the high confidence of the
calibration. On this basis, it was believed that the storage of the
enclosed system (B*) essentially consisted of two components.
These were the storage of the sample (B), which is proportional to
the pore volume (Vp) with fluid compressibility (βf) as the pro-
portionality factor, and also the storage of the pipes (Bpipe) which,
as indicated by the intercepts, varied with the fluid pressure
(Fig. 3b inset). At a given fluid pressure, this relation can be ex-
pressed as follows:

B B B V 1pipe f p* = + ( )

This relation is the basis for the absolute porosity measure-
ment. In accordance with the calibration data and provided a ty-
pical core sample with a diameter of 20 mm and a length of
10 mm (φ20�10 mm2), our method for measuring absolute por-
osity was found to be theoretically valid for porosities in the range
of 0.5–32% (Fig. 3b).

Porosity changes in response to a change in Pc, and is evaluated
from the pore pressure change.8 In the measurement, valves #1
and #2 were again closed to obtain a closed system (Fig. 2c). The
confining pressure was then stepped upward or downward, re-
sulting in a shrinkage or swelling of the sample and thus fluid
pressurization or depressurization from Pi to Pf (Fig. 2c). Due to the
different pipe volumes, the pressure changes at the two ends of
the sample were different. However, they were believed to merge
together with time. The pore volume change (ΔVp) could be
calculated by integrating B* over the pressure change, i.e.,

V B dpp P

P

i

f∫Δ = * . Having obtained the pore volume change, the pore

volume (Vp) and effective porosity (Φ) of the sample at each Pc
step could be evaluated as “Vp0þ∑ΔVp” and “Vp/(VpþVm)”, re-
spectively, where Vp0 is the initial (reference) pore volume de-
termined using the method described above, and Vm is the grain
volume, which was measured initially with a gas pycnometer, and
then corrected to high pressures using grain compressibility of the
sample30 (Table 1).

2.1.3. Specific storage (SS)
Specific storage is defined as the volume change of the pore fluid

contained in a unit-volume sample due to a unit fluid pressure
change. In this study’s measurement, there were two ways for de-
termining the specific storage. First of all, the specific storage could
be gained simultaneously with the permeability by using the PPO
method (termed as Ss-I). It has been addressed in previous research
results that the Ss-I data might suffer uncertainties,29 and the prin-
cipal reason lies on the fact that the measuring systems usually have
a much larger downstream storage than the rock samples them-
selves. By assuming a core sample in size of φ20�10 mm2 that has a
typical Ss-value of 1�10�10 Pa�1,31 then the storage of this sample is
3.14�10�16 m3 Pa�1, which accounts for 6.6% of the Bd used in our
measurements (4.75�10�15 m3 Pa�1, corresponding to zero “addi-
tional volume”). Therefore, such a problem is not severe in our sys-
tem. In addition, the uncertainty analyses following the method gi-
ven by Ref. 29 also testify to a high confidence level of the perme-
ability and Ss-I data that was obtained using the PPO method.

Secondly, following the poroelastic theory introduced by Brace
et al.,5 the specific storage could be calculated as a function of the
porosity, bulk, fluid, and mineral compressibility (βb, βf and βm) as
follows:

S 1 2s b f mβ Φβ Φ β= + − ( + ) ( )

Following Zimmerman,32 bulk compressibility can be determined
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Fig. 3. Calibration data of absolute porosity measurement using water as pore fluid. (a) Measured storage as a function of the pore pressure for hard-alloy samples with
varied “pore space”; (b) Measured storage as a function of the pore volume at representative fluid pressures.

Table 1
Testing samples and related information.

Sample Lithology Length Diameter Mineral composition Grain density Grain comp Run
Unit mm mm g/cm3 Pa�1

S-01 Steel with hole 10.00 20.00 – – – Run001
Ps-01 Porous steel 10.00 20.02 – – – Run073
Ps-02 Porous steel 10.00 20.04 – – – Run074
A-01 Porous ceramic 17.25 19.43 Q-34%, An-60%, Glass-6% 2.62 1.38�10�11 Run075, Run137
S005-2 Quartz sandstone 9.78 20.49 Q-91%, Fel-6%, Clay-3% 2.53 1.75�10�11 Run076
Zj05 Fault gouge 15.89 19.66 Q-29%, Do-27%, Ca-7%, Fel-2%, Clay-35% 2.47 1.75�10�11 Run004

Notation for the minerals: Q represents quartz; Fel, feldspar; Ca, calcite; Do, dolomite; An, andalusite. The mean grain compressibility is weighted from the compressibility of
the constituent minerals. Compressibility of quartz and glass is 1.8�10�11 Pa�1; calcite and dolomite, 2.3�10�11 Pa�1; feldspar, 1.4�10�11 Pa�1; andalusite,
1.1�10�11 Pa�1; clay (mica), 1.2�10�11 Pa�1(data from Ref. 30).
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Fig. 4. Effective porosity of a porous ceramic sample under a Pe cycle, using water
as pore fluid. Gas porosities of the sample obtained by the gas expansion method
were added for comparison.
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To determine specific storage from Eq. (3), the first term on the
right side can be calculated by finding the pore volume change
(ΔVp) per unit of the effective pressure (Pe) change, and dividing it
by the sample volume at the start of each step. Published water
compressibility (βf) data, measured porosity (Φ), and grain com-
pressibility (βm) calculated from compressibility of the constituent
minerals and their content (Table 1) are used. The specific storage
calculated from Eq. (3) is an “averaged” value over the Pe range of
the step,33 and is hereafter termed as Ss-II. Note that for rock types
that have large compressibility, such as the fault gouge, βm is
negligible in comparison to that of the bulk sample, Eq. (3) can be
simplified as Ss V

V
P p f

1
0

b

b

c
Φβ= − | +∂

∂ = , which is consistent with those

given in previous studies.8,31

2.2. Experimental procedure

All samples used were cored to a cylindrical shape. All speci-
mens were 5–40 mm long and approximately 20 mm in diameter.
In a typical measurement, a rubber-tube jacked sample is inserted
inside the pressure vessel, then connected to the upstream and
downstream reservoirs, and loaded to a low confining pressure
condition (2 MPa for example). This is followed by evacuating the
fluid flow system, and charging it with distilled H2O. Supposing an
initial Terzaghi effective pressure33,34 (Pe¼Pc�Pf) of 10 MPa and
an average fluid pressure of 15 MPa, the procedure adopted is as
follows:

1) Synchronously increase the confining pressure (Pc) to 25 MPa
and fluid pressure (Pf) to 15 MPa, with Pe being kept less than
10 MPa at all times.

2) After reaching temperature equilibrium (with fluctuations less
than 0.1 K), measure the initial (reference) porosity using the
microvolumeter, and repeat the measurement for at least three
times.

3) Measure the permeability and specific storage (Ss-I) using the
PPO method, or the permeability using the steady-state flow
method.

4) Change the Pc and determine the resultant porosity change.
5) Repeat steps 3 and 4 at each step change of Pc.
In this way, a set of data, including the permeability, effective
porosity, and specific storage (Ss-I and Ss-II), could be obtained for
a complete Pc cycle for each sample. Empirically, small Pc steps in
size of 5–10 MPa were used for lower pressures (Peo50 MPa), and
large steps of 15–30 MPa for higher pressures (Pe450 MPa). It
should be noted that at any Pc step, the absolute porosity could be
checked using the microvolumeter.
3. Results of representative samples

Both natural and analogous rock samples were used for the
verification of this study's technique for absolute porosity mea-
surement (Table 1). A stainless-steel cylinder with a hole was first
used. As indicated by the stars in Fig. 3a, by adjusting the micro-
volumeter to varied displacements, we obtained a serious of
storages at fluid pressure of around 15 MPa, from which the sto-
rage at 15 MPa can be interpolated. According to the 15 MPa ca-
libration curve (Fig. 3b), a pore volume of 408.4 mm3 can be thus
obtained, consistent with the “hole” volume of the sample
(408.2 mm3).

Two commercial porous steel cylinders with standard poros-
ities were also used (Table 1), which, as determined by the gas
expansion method (see details in Ref. 8), were 19.770.2% and
18.270.2% at Pe of 35 MPa, respectively. Using water as the pore
fluid, the average porosities measured at the same Pe were
20.671.2% and 17.871.4%. All of these quantities were consistent
with those provided by the company (20.1% and 18.0%).

Then, a porous ceramic sample (Table 1) was further used to
examine the sensitivity of the absolute porosity measured to the
change in Pe. As shown in Fig. 4, the curve of the porosity obtained
showed a rapid reduction as the Pe increased to 60 MPa, followed
by a slight decrease afterwards. Meanwhile, along the depressur-
ization path, gentle curves were displayed. These trends were
consistent with previous results measured on rock samples using
gas as the pore fluid.2 Moreover, the absolute porosities measured
also agreed with that obtained by the gas expansion method
(Fig. 4).

Lastly, typical integrated measurement results, i.e. perme-
ability, effective porosity, and specific storages (Ss-I and Ss-II) of a
quartz sandstone and a fault gouge under a complete pressure
cycle, are presented to show the capabilities of this study’s mea-
suring system (Fig. 5). The sandstone represents relatively high-
permeability cohesive rock, and the gouge sample represents im-
permeable incohesive rock. The dimension, composition, grain
density and compressibility of these two samples are given in
Table 1. All of the permeabilities were measured using the PPO
method (Fig. 5a and b). For the effective porosity, we followed the
standard procedure, measuring the initial absolute porosity (the
red squares with error bars, Fig. 5c and d), and then the porosity
change in each Pc step (circles, Fig. 5c and d). For comparison, an
absolute porosity measurement was performed on the sandstone
at a high pressure (Pe¼85 MPa) (Fig. 5c).

As shown in Fig. 5, the solid and open symbols connected with
solid and dashed lines denote the data from the pressurization and
depressurization paths, respectively. The permeability and the ef-
fective porosity curves show a rapid decrease with increasing
Terzaghi effective pressure. However, along the depressurization
path, they show much gentler trends (Fig. 5a–d). As indicated by
the shaded areas (with light and dark shaded areas representing
the pressurization and depressurization paths, respectively), the
uncertainties to the permeability were small for the range mea-
sured (1�10�21 m2oko1�10�17 m2) (Fig. 5a and b). It should
be noted that as permeability grew higher (41�10�17 m2) or
lower (o1�10�21 m2), the phase shift (θ) or amplitude ratio (α)
became smaller. The increasing errors in these two parameters
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Fig. 5. Integrated measurements of the permeability, effective porosity, and specific storage of a quartz sandstone and a fault gouge, under a cycle of effective pressure up to
approximately 160 MPa.
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caused a larger uncertainty in the measured permeability. The
effective porosity data obtained using the standard procedure
exhibits smooth changes along the pressurization and depressur-
ization paths (Fig. 5c and d). For the sandstone, the effective por-
osity measured at Pe of 85 MPa using the standard procedure
agrees with that obtained from the absolute measurement
(Fig. 5c). The Ss-II data showed separated curves for the pressur-
ization and depressurization paths, the former having larger va-
lues (Fig. 5e and f), presumably due to the fact that the bulk
compressibility (βb) of the sample was smaller along the de-
pressurization path.33 For the sandstone, the Ss-I and Ss-II were
approximately at the same level (Fig. 5e), while for the fault gouge
sample, the Ss-I were lower than Ss-II by a factor of one magnitude
(Fig. 5f). This discrepancy was inferred from the high bulk com-
pressibility of the gouge sample. When the confining pressure was
stepped upward (typically by 10–20 MPa), then a strong compac-
tion should have occurred to gouge sample, accounting for high
bulk compressibility, which, however, cannot be measured in the
PPO tests, where the fluid pressure was oscillated in a small am-
plitude (o1 MPa) so that only the elastic strain occurred.8 On the
contrary, for the sandstone, the bulk compressibility was relatively
small.

4. Discussion

One of the advantages of the method reported in this study is
that the measurement of the absolute porosity utilizing water as
pore fluid. When compared with previous measurement results
where gas was used as pore fluid, the water porosity is able to
reflect the fluid capacity of porous rocks under in-situ hydrological
conditions. A second advantage of our method is the concurrent
measurement of various transport properties. Despite the im-
proved measuring efficiency, this is essentially important when
the sample measured is precious. An integrated measurement is
also helpful for deriving the inter-relationships of different para-
meters, for example: k–Φ,17 because the influences from the rock's
inhomogeneity can be significantly eliminated. Another advantage
is that the fluid-flow system enables versatile ways to determine
the transport parameters. In the case of permeability for instance,
in addition to the steady-state flow and PPO methods addressed
above, the pulse-decay method can also be applied. As shown in
Fig. 2b, in response to a pressure “pulse” imposed by the micro-
volumeter, the upstream and downstream pressures exhibit
transient changes towards equilibrium, from which the perme-
ability can be calculated. Finally, the experimental procedure
proposed in this study is relatively fast. For example, it typically
requires one hour to complete a three-parameter measurement at
one Pc step for samples with a permeability of �10�21 m2.

The greatest challenge of this method also lies in the mea-
surement of porosity. For the absolute measurement, the un-
certainties mainly originate from the fluctuations in environ-
mental temperatures,21,22,35 which cause errors in determining the
pressure change (Δp) generated by the microvolumeter. Our set-
up has almost no additional void space and even small changes in
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ambient temperature induced pressure responses. Therefore, our
measurements were performed only if the amplitude of tem-
perature changes was less than 0.1 K during individual measure-
ments. When evaluated as ΔTΛ, where ΔT is the temperature
fluctuation, and Λ is the thermal pressurization coefficient of the
system (0.21 MPa K�1), a temperature fluctuation of 0.1 K will
cause an uncertainty in Δp of approximately 1% (assuming a ty-
pical Δp of 2 MPa). Performing conventional error propagation
analysis, this will cause a standard error in Vp of 78 mm3, and in
porosity of 2.5% for a typical core sample in size of φ20�10 mm2.
The temperature variation recorded was then used to determine
the uncertainty of the absolute porosity measured. As seen in
Figs. 4 and 5, this error is not severe for the samples measured in
the present study. However, for low porosity samples (o5%), a
temperature fluctuation of 0.1 K can produce a relative error as
large as 40%. In cases such as this, the measurements need to be
done in an environment with better temperature control in the
future. Another means suggested in this study for reducing the
uncertainty of absolute porosity is repetitive measurements (see
the S-01 sample in Fig. 3a).

The factors influencing the accuracy of porosity change mea-
surements include: (1) the precision of the pressure transducers
(EP); (2) the fluctuations of the environmental temperature (ET);
and (3) the error in calculating grain deformation (EG). The EP is
expressed as EP¼δPB*, where B* is around 4�10�15 m3 Pa�1 for
typical samples measured (Fig. 3) and δP is the relative tolerance
of the pressure transducer used (0.02 MPa). ET can be written as
ET¼ΔTΛB*. Substituting the values gives an EP of 0.08 mm3, and an
ET of 0.082 mm3 (assuming a temperature fluctuation of 0.1 K).
Supposing an error in grain compressibility to be 1.0�10�11 Pa�1,
and a typical Pc change of 20 MPa, then the uncertainty in volu-
metric strain caused by mineral deformation is 2.0�10�4. For a
typical sample in size of φ20�10 mm2, this corresponds to an
error in volume change of 0.63 mm3 (EG). All of these un-
certainties, for example, EP, ET, and EG, are relatively small com-
pared with the typical pore volume change measured
(10–35 mm3) for samples of such size. However, it should be kept
in mind that the pore volume at each Pc was calculated iteratively
from the last step, and the uncertainties were also accumulated. In
addition to these effects, previous studies revealed that the jackets
can influence the porosity measurement as it can deform into the
pores at the surface of the sample when confining pressure is
increased.21 However, we believe the jacket effect was negligible
in this study because the verification tests indicated that the
jackets used can deform into the void space at Pc as low as 1.5 MPa.

Moreover, our measurements showed a hysteresis effect in all
of the three parameters measured (Figs. 4 and 5). In general, the
pressurization path leads to higher values than the depressuriza-
tion path. These pressure cycling tests thus demonstrate that the
reported transport properties of the samples, such as those in
Fig. 5, depend on the stress history. An important question to
address is how the laboratory measurements of transport prop-
erties are related to in situ geological conditions. Take fault zone
porosity for instance. If fault-zone pore pressure is elevated by a
process such as frictional heating, the porosity measured along the
pressurization path is representative of the initial porosity at
depth, while the porosity evolution of the sample that is recovered
from the in-situ depth to lower effective pressures is responsible
for the pore fluid pressurization process. Therefore, the application
of the measured properties to natural conditions strongly depends
on the geological scenario that is involved, and needs to be treated
with caution.

5. Concluding remarks

In this study, by using a newly developed microvolumeter,
absolute porosity of porous rocks can be measured under an intra-
vessel condition with water as pore fluid. Using the PPO method,
the permeability and specific storage could be simultaneously
determined. Specific storage can also be calculated by utilizing the
poroelastic theory proposed by Brace et al.5. By sequentially ar-
ranging these methods, a measuring procedure allowing for the
integrated measurements of permeability, effective porosity, and
specific storage of core samples in a complete pressure cycle was
developed.
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