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Abstract A fundamental question in rock physics is how the coupling of confining stress and pore
pressure influences geophysical properties, which is manifested by the effective stress behavior of the
porous rock. We investigated the effective stress behavior of four water-saturated limestones with porosities
ranging from 13% to 30%. Unlike previous experimental studies limited to the permeability, we also
characterized the effective stress coefficients for pore volume change and bulk strain. The pore spaces of
three of the limestones (two allochemical oolitic and one micritic) have significant fractions of macropores
and micropores. In these three limestones with dual porosity the effective stress coefficients for permeability
and pore volume change were observed to be consistently greater than 1, even though that for axial strain
was less than 1. In a microscopically homogeneous assemblage, the effective stress coefficients for
permeability, bulk volumetric strain, and pore volume change are predicted to be equal to or less than unity.
Our data therefore show that these limestones cannot be modeled as microscopically homogeneous.
Berryman (1992a, https://doi.org/10.1029/92JB01593) and Berryman (1992b, https://doi.org/10.1103/
PhysRevA.46.3307) analyzed theoretically a rock made up of two porous constituents, and our experimental
data are in agreement with inequalities he derived for effective stress coefficients of such an assemblage. For
comparison, we studied the Leitha limestone that is made up predominately of macropores. Our data
showed that all three effective stress coefficients in this case were less than unity, as predicted for a
microscopically homogeneous assemblage.

1. Introduction

Under crustal condition the void space of a rock is likely interconnected and contains a fluid, which can exert
significant mechanical and chemical effects on virtually all processes. A fundamental understanding of the
former hinges on a systematic investigation of the mechanical role of pore pressure and its interplay with
the overburden and tectonic stresses. It is generally observed that mechanical strength increases with
increasing confinement or decreasing pore pressure. In contrast, permeability decreases with increasing
confinement or decreasing pore pressure. Fluid-rock interaction and deviatoric stresses may induce the pore
space to dilate or compact, leading to corresponding changes in mechanical and transport properties
(Bredehoeft & Norton, 1990; Ingebritsen et al., 2006; Paterson & Wong, 2005).

A fundamental question in rock physics is how the interplay of confining stress and pore pressure influences
geophysical properties, which was posed succinctly by Berryman (1992a): When deformation can derive from
two or more physical fields (e.g., an externally applied stress and pressure in the pore space), which of the
fields has greatest effect on a given physical property (such as elastic modulus, strength, and permeability)?
If the property is found to be a linear function of each applied field, then the question can be posed alterna-
tively as What linear combination of the fields (if any) will produce nomeasureable change in a physical prop-
erty even though the strength of the fields themselves is changing? If indeed such a linear combination can
be identified, then it naturally leads to the concept of effective stress, first formulated by Terzaghi (1936).

Experimental observations on porous rocks indicate that, at least for isotropic behavior, the effective stress
(with the convention that compression is positive) can often be written in the form of σij � ξpδij, where σij
is the stress tensor, p is the pore pressure, δij is the Kronecker delta, and ξ is the effective stress coefficient.
In his systematic investigation of the shear strength of soils, Terzaghi (1936) concluded that confining and
pore pressures have identical and counteracting effects on the mechanical strength, corresponding to a
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value of ξ = 1. Since then, extensive laboratory studies have documented similar behavior in porous rocks
(Jaeger et al., 2007; Paterson & Wong, 2005). Furthermore, Terzaghi’s conclusion seems to apply to not only
the brittle faulting regime but also the cataclastic flow regime associated with shear-enhanced compaction
(Baud et al., 2015). Accordingly, we will refer to the difference σij � pδij as the Terzaghi effective stress.

Notwithstanding, the observation that Terzaghi’s rule with ξ = 1 is generally valid for mechanical failure of
porous rock, different effective stress relations have been observed for other mechanical and transport prop-
erties, manifested by effective stress coefficients with values quite different from unity. Here we follow
Berryman’s (1992a) definition and notation for the effective stress coefficients specific to different hydrome-
chanical properties. For the bulk volumetric strain as a function of confining stress and pore pressure, one can
predict from poroelasticity theory (Biot & Willis, 1957; Nur & Byerlee, 1971) that the effective stress coefficient
α has a value less than unity. Indeed, laboratory data have shown that this “Biot coefficient” α for common
rocks ranges from 0.12 to 0.91 (Paterson & Wong, 2005; Wang, 2000). Likewise for hydraulic transport, it is
predicted that the confining pressure is always at least as effective as the pore pressure at changing the
permeability (Walsh, 1981), corresponding to an effective stress coefficient for permeability of κ ≤ 1, in agree-
ment with extensive observations in crystalline rocks (Bernabe, 1987; Coyner, 1984). As elaborated by
Berryman (1992a), the derivation of these inequalities hinges on the key assumption that the poroelastic
material is made up of a solid frame that is microscopically homogeneous.

However, there have been laboratory data of permeability as function of confining and pore pressures that
follow an opposite trend with effective stress coefficient κ > 1. This implies that a change of pore pressure
can exert a disproportionate control over the evolution of permeability, with significant consequence on
the transport of fluid in a reservoir or fault zone. As summarized by Al-Wardy and Zimmerman (2004), labora-
tory data for five sandstones with relatively high clay contents show κ values ranging from 1.2 to 7.1 (Coyner,
1984; Zoback, 1975; Zoback & Byerlee, 1975). Therefore, the implication is that these clay-rich sandstones
cannot be idealized as microscopically homogeneous (Berryman, 1992a).

In comparison to sandstone, relatively little research has been conducted to investigate the related phenom-
enon in porous carbonate rocks. To our knowledge, the only study was by Ghabezloo et al. (2009), who inves-
tigated the permeability of an oolitic limestone with 17% porosity from Nimes, France as a function of the
confining and pore pressures; they reported effective stress coefficients κ > 1 ranging up to 2.4, similar to
the behavior in a clay-rich sandstone. If indeed this observation is typical of porous carbonate rocks, it would
have important consequence on how one analyzes fluid transport in carbonate reservoirs that contain about
60% of the world’s oil reserves, the characterization of which remains challenging because of their heteroge-
neity and complex microstructure (Sayers & Latimer, 2008). A deeper understanding of effective stress
behavior will also be relevant to fluid transport in seismogenic systems associated with a carbonate lithology
(e.g., Bullock et al. (2014)).

Ghabezloo et al. (2009) limited their investigation to a single limestone, and the question naturally arises as to
whether it is an anomaly, and if not, to what extent the effective stress behavior of Nimes limestone can be
generalized to other porous limestones. Accordingly, the first objective of this study is to address this ques-
tion by studying the effective stress behavior of permeability in four other limestones, with porosities ranging
from 15.1% to 29.2%. One of them is Indiana limestone that is also oolitic. To interpret their data, Ghabezloo
et al. (2009) developed a model specific to an oolitic limestone, which would presumably apply to Indiana
limestone, but not to the other three limestones studied by us that are not oolitic. Furthermore, two of these
limestones have modal compositions quite different from those of Nimes and Indiana limestones (which are
basically made up of calcite): the Thala (Heap et al., 2013) and Purbeck (Brantut et al., 2014) limestones have
significant fractions of quartz and dolomite. Notwithstanding these differences, the Nimes, Indiana, Thala,
and Purbeck limestones have one common attribute, in that the pore space of each has significant propor-
tions of both macroporosity and microporosity. For comparison, we also studied the Leitha limestone, which
has almost negligible microporosity (Baud et al., 2017).

In an elegant analysis, Berryman (1992a, 1992b) derived a number of exact effective stress relations for a
linear poroelastic material that is not microscopically homogeneous. In particular, he considered an assem-
blage made up of two porous constituents without restrictive assumptions on the pore geometry and
proposed scenarios under which the effective stress coefficients κ, β, and χ for permeability, pore volume,
and porosity, respectively, may attain values greater than unity. Subsequently, Glubokovskikh and
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Gurevich (2015) considered a material with two different solid constituents, and for the specific geometric
arrangement of a double spherical shell they also predicted that the effective stress coefficients χ can be
greater or equal to 1 for different values of the bulk modulus ratio. In many respects, a limestone with signif-
icant fractions of bothmacroporosity andmicroporosity mimics Berryman’s (1992a) prescription of an assem-
blage of two porous constituents. This motivated us to test the hypothesis that the coefficient κ would be
greater than 1 in such a limestone with dual porosity, a general result that applies to not only the oolitic
Indiana and Nimes limestones but also the Thala and Purbeck limestones, with the corollary that the
Leitha limestone dominated by macroporosity can be approximated as microscopically homogeneous and
accordingly has a value of κ ≤ 1.

Berryman (1992a, 1992b) derived exact effective stress relations for not only transport but also the bulk strain
and pore volume change. For an assemblage made up of two porous constituents, he demonstrated that
there are scenarios under which the effective stress coefficient β for pore volume change may also attain
values greater than unity. There is a paucity of experimental investigation of the effective stress behavior
for pore deformation. Therefore, the second and third objectives of this study are to measure the effective
stress coefficient for pore volume change in the four porous limestones and to test the hypothesis that
indeed the partitioning between macroporosity andmicroporosity would exert critical control over the effec-
tive stress behaviors.

As for the bulk strain, the effective stress behavior is described by the Biot coefficient α, which has been mea-
sured for a variety of rocks. According to Berryman’s (1992a, 1992b) analysis, the Biot coefficient is generally
less than 1, even for an assemblage that cannot be considered microscopically homogeneous. Indeed, the
compilation of Paterson and Wong (2005) showed that published data including those for a number of
clay-rich sandstones and porous carbonate rocks (Coyner, 1984; Fabre & Gustkiewicz, 1997; Hart & Wang,
1995; Teufel & Warpinski, 1990) consistently agree with this prediction. In this study we also measured the
Biot coefficient; but given the relatively robust observation from earlier work, this aspect is of secondary inter-
est and our attention was focused on the effective stress coefficients κ for permeability and β for pore volume
change. This is probably the first integrated investigation in the laboratory of the effective stress behaviors for
both permeability and deformation in porous limestones with a diversity of microstructural attributes.
Together with systematic characterization of the pore space, the experimental data provide useful insights
into the micromechanical basis of the observed effective stress behaviors.

2. The Limestones and Experimental Procedure
2.1. Sample Material and Characterization

Table 1 lists the porosity andmineral composition of the four limestones investigated here. We calculated the
total porosity from the density of a vacuum dried sample, assuming a solid grain density of 2,710 kg/m3.
Independently, the porosities were also measured by water imbibition and triple weight technique, as well
as by helium pycnometer. For each limestone we prepared three samples: two for mercury porosimetry
and nuclear magnetic resonance (NMR) measurements, and one for hydromechanical measurement of the
effective behavior of deformation and permeability. The Indiana, Leitha, and Purbeck limestone samples
were cored perpendicular to bedding. Since orientation of the Thala block was not specified, we do not know
how our sample is oriented relative to bedding.

Our Leitha limestone samples were from one of the blocks studied by Baud et al. (2017). A grainstone of mid-
dle Miocene age from the Vienna Basin, Austria, the Leitha limestone is made up of predominantly bioclasts
and interparticular macropores, some of which have been coated with sparite calcite cement. Because of the
variable cementation, the porosity varies over a broad range (18–31%). Although there are some micropores
embedded in the bioclasts, they contribute relatively little to the total porosity. Our sample was from one of
the most porous end-members, with mean macropore size of 162 μm (Baud et al., 2017).

Formed during the Mississippian period and quarried in the Bedford-Bloomington area, the Indiana lime-
stone is made up of allochems (fossils, ooids, and some peloids) that represent ~65% of the bulk rock volume.
Typically, the ooids contain fossils and fossil fragments that have been coated with concentric layers of
calcite. Observed under an optical microscope (Vajdova et al., 2012), the allochems are commonly coated
with micrite cement around their rims, and the interparticle porosity is made up of relatively large pores,
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some of which are partially filled with sparry cement. In addition to these macropores, numerous micropores
occur especially within allochems, and some are also concentrated along boundaries of allochems. From their
2-D analysis of thin section, Vajdova et al. (2012) estimated that macropores and micropores made up about
one third and two thirds of the total porosity, respectively. From X-ray computed tomography (CT) data Ji
et al. (2012) presented 3-D visualization of the pore space, which shows that the micropores are
embedded in a subset of the pore space that is interconnected, whereas the macropores are
relatively isolated.

The geophysical properties of Indiana limestone have been investigated in some details. The effective stress
behavior for volume change and Biot coefficient was investigated by Coyner (1984) and Hart and Wang
(1995). The brittle-ductile transition and compactive yield behavior were studied by Vajdova et al. (2004).
Permeability and its dependence on stress, temperature, and fluid chemistry were investigated by Lisabeth
and Zhu (2015).

Since Baud et al. (2017) and Vajdova et al. (2012) have already provided detailed microstructural observations
of Leitha and Indiana limestones, respectively, it is necessary for us to present here additional microstructural
observations only on Purbeck and Thala limestones. Our Purbeck limestone samples were from the same
block studied by Brantut et al. (2014). From the South Coast of England, this limestone comprises calcitic
peloids (of size in the range of ~100–500 μm) made up of micrites surrounded by sparry cement. Quartz
occurs as polycrystalline nodules distributed throughout the rock. In a sample slice imaged using X-ray CT
(Figure 1a), we observed macropores (darkest phase) and quartz nodules (intermediate gray level)
embedded in a calcite matrix. The pore space is partitioned (Figure 1b) betweenmicroporosity (mostly within
the peloids) andmacroporosity (mostly located between the cement and peloids). Numerous micropores can
be resolved under the scanning electron microscope (Figure 1c.)

Our Thala limestone samples were from the same block studied by Heap et al. (2013). From the Abiod lime-
stones of northwest Tunisia, it is a micritic limestone. Observed under the scanning electronmicroscope, pore
space in the microcrystalline matrix comprises macropores with dimension on the order of 10–100 μm
(Figure 1d) and numerous micropores with dimension on the order of 1 μm or smaller (Figure 1e).

2.2. Mercury Porosimetry: Capillary Pressure and Pore Throat Size Distribution

Mercury porosimetry measurements were conducted at University of Aberdeen, using a Micromeritics appa-
ratus (Autopore IV 9500). Mercury was injected at small increments of capillary pressure into a sample that
had been evacuated, and the injected volume was recorded at each pressure increment. The capillary pres-
sure can then be related to the pore throat diameter, using the Young-Laplace equation and assuming a
contact angle of 140° and interfacial tension of 480 mN/m for mercury. Percentage volume S of the pore
space intruded by mercury is plotted as a function of the capillary pressure P (and corresponding pore throat
diameter) in Figure 2. Whereas the mercury porosimetry curve of Leitha limestone shows a single inflection
point, the curve for each of the other three limestones has two inflection points, which would imply a bimo-
dal distribution of pore size partitioned between the macropores and micropores (Churcher et al., 1991;
Zinszner & Pellerin, 2007).

To highlight this partitioning, we adopted the approach of Lenormand (2003) to plot the nondimensional
parameter P dS/dP = dS/dlnP as a function of the capillary pressure (and corresponding pore diameter) in
Figure 3. The incremental area under this curve is proportional to the percentage volume of the pores asso-
ciated with that pore throat diameter. Because the intruded volume associated with the first pressure incre-
ment (corresponding to pore diameters >100 μm) may include surface artifacts, this data point was not
included when we calculated the derivatives.

Table 1
Petrophysical Description of the Rocks Investigated in This Study

Limestone name Origin Structure Porosity (%) Composition References

Purbeck UK Allochemical 13.6 80%: calcite, 20%: quartz Brantut et al. (2014)
Indiana USA Allochemical 18.1 100% calcite Vajdova et al. (2012)
Thala Morocco Micritic 15.7 78%: calcite, 22%: dolomite Heap et al. (2013)
Leitha Austria Allochemical 29.2 100% calcite Baud et al. (2017)
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Among the four, Leitha and Thala limestones have the largest and smallest pore throats, respectively. The size
distribution of Leitha limestone also stands out as unimodal, with a distinct peak at a throat diameter of
~40 μm (Figure 3a), which is smaller than the average pore diameter determined from CT imaging (Baud et al.,
2017) by a factor of 4. Indiana and Purbeck limestones show two distinct peaks separated by 1 order of mag-
nitude in throat diameter. The second peak in such a bimodal distribution is presumably associated with the
throats connected with the macropores. For Indiana limestone, this peak corresponds to a diameter of ~4 μm
(Figures 3b and 3c), which is smaller than the average pore diameter determined from CT imaging by an
order of magnitude (Ji et al., 2012). Thala limestone also shows two peaks separated by an order of magni-
tude (Figure 3d), but the first peak is rather subtle and we have identified it as a local maximum at the “elbow”
part of the curve at ~0.05 μm. For reference we note that there have beenmercury porosimetry data for lime-

stones with distinct peaks separated by as much as 2 orders of mag-
nitude, such as the Estaillades limestone (Dautriat et al., 2011),
Ketton limestone (Tanino & Blunt, 2012), and two (out of three
samples) of Indiana limestones investigated by Churcher et al. (1991).

2.3. NMR: Transverse Relaxation Time and Pore Size Distribution

In parallel NMR relaxation measurements were conducted using a
NIUMAG instrument (MesoMR23-60H-I) in Southwest Petroleum
University. NMR relaxometry has commonly been used to character-
ize the pore structure of rock (Kleinberg, 1999). When a magnetic field
is applied to a brine-saturated sample, it induces nuclear spins of the
fluid molecules to align along a preferential direction. If it is then
perturbed by a pulse of radio frequency, nuclear spin magnetization
would develop transverse to the magnetic field and decay exponen-
tially with a characteristic time T2. If the bulk relaxation time of the
saturating brine can be neglected, then the transverse relaxation time
T2 is proportional to the ratio between the pore volume V and surface
area S, such that T2 = (V/S)/ρ2, where ρ2 is the surface relaxivity. With
dimension of a length, V/S provides a proxy for the pore size, but it
should be kept in mind that the ratio is specific to the rock and depen-
dent on both the geometric shape and surface roughness. Based on a

Figure 1. (a) μCT data on intact Purbeck limestone with resolution 4 μm. Backscattered scanning electron microscope micrographs of undeformed samples of
Purbeck and Thala limestones: (b) The pore space of Purbeck limestone is partitioned between microporosity and macroporosity, (c) numerous micropores of size
<20 μm observed in Purbeck limestone, (d) macropores of ~40 μm diameter observed in Thala limestone, and (e) micropores with size ≤1 μm in Thala limestone.

Figure 2. Effective pore throat diameter and the corresponding mercury capillary
pressure as functions of cumulative pore space inferred from mercury injection
tests on undeformed samples of Indiana (blue), Thala (green), Leitha (black), and
Purbeck (red) limestones.
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comparison of NMR relaxation and mercury intrusion data for a variety of carbonate rocks, Fleury et al. (2007)
proposed a correspondence between T2 = 200 ms and pore throat diameter of 2 μm, which they considered
to be an upper limit for micropore size. Assuming a spherical geometry, this correspondence implies a value
of 5 μm/s for ρ2.

By applying pulses of different frequencies, one can infer from the NMR relaxometry data a probability distri-
bution function (pdf) for the transverse relaxation time f (T2). To analyze our limestone data, the approach of
Tanino and Blunt (2012) was adopted to consider the weighted pdf T2 f (T2); since the relaxation time was
plotted on a logarithmic scale, an incremental area under the weighted pdf curve is proportional to the
percentage volume of pores associated with that relaxation time (and corresponding pore size). Among
the four limestones, the weighted pdf of Leitha limestone again stands out as unimodal, with a distinct peak
at a relaxation time of ~900 ms (Figure 4a). Thala limestone (Figure 4b) shows two distinct peaks in the
weighted pdf separated by about an order of magnitude in T2. The curves for Purbeck (Figure 4c) and Indiana
(Figure 4d) limestones are similar in that each has an elbow, which likely arises from the overlap of macropore
and micropore size distributions. If we follow Fleury et al. (2007) to assume a value of 5 μm/s for ρ2, the range
of pore size inferred from the NMR data for each limestone is comparable to that frommercury intrusion data;
not surprisingly, Leitha and Thala limestones have the longest and shortest relaxation times, respectively.

2.4. Measurement of Permeability and Deformation

Measurements of permeability and deformation were conducted in the Chinese University of Hong Kong,
using a triaxial test system newly acquired from Sanchez Technology. Design and specification of the appa-
ratus are basically identical to the one that had been installed at École Normale Supérieure, Paris, which was

Figure 3. Pore size distribution calculated with logarithmic derivative dS/d(lnP), inferred from mercury injection measurements. The distribution is unimodal for
(a) Leitha and bimodal for (b) Indiana, (c) Purbeck, and (d) Thala limestones.

10.1029/2018JB015539Journal of Geophysical Research: Solid Earth

WANG ET AL. 4712



described in detail by Brantut et al. (2011), who also provided a schematic. The pressure cell uses silicone oil
as confining medium, which can be heated externally to attain elevated temperature. A servo-controlled
volumetric pump generates a confining pressure up to 100 MPa, which is measured by a pressure
transducer with an accuracy of 0.01 MPa. The maximum principal stress is applied by an independent axial
piston, which is actuated by a second servo-controlled volumetric pump. From measurement of the
pressure at the inlet of the piston chamber (also with an accuracy of 0.01 MPa) and accounting for the
areal ratio between piston and sample, the axial stress can be accordingly calculated. For our sample
diameter of 40 mm the maximum attainable axial stress is ∼680 MPa. This external measurement of the
axial stress requires appropriate correction for O-ring friction.

All experiments were conducted at room temperature. The cylindrical samples with nominal length and dia-
meter of 40 mmwere ground to parallel ends to a precision of ±10 μm. Samples were first dried in an oven at
40 °C for over 2 weeks, and six Tokyo Sokki TML FCB strain gauges (three axial and three circumferential) of
length 5 mm and electrical resistance 120 Ω were then glued directly onto the sample surface. A differential
transducer (linear variable differential transformer) has been mounted between the moving piston and fixed
lower platen for measurement of the global displacement (with an accuracy of 1 μm), which can be used to
infer the axial strain of the sample after accounting for elastic stiffness of the machine (calibrated using an
aluminum sample of identical dimensions with strain gauges glued to its surface).

The sample was then jacketed with a neoprene sleeve. For the jacket to be properly sealed, it is necessary to
maintain the axial stress slightly larger than the confining stress by about 1 MPa. Before connecting the
jacketed sample to the pore pressure system, it was first connected to a vacuum pump and evacuated for
a duration of 30 to 60 min. The pore fluid (deionized water) was then injected and circulated in the sample
and pore pressure system at a flow rate of ~0.1 ml/min, while nominally maintaining the confining and pore
pressures at 5 MPa and 1 MPa, respectively. The pore pressures upstream and downstream were generated
by two syringe pumps, and their volume changes can be measured with an accuracy of 0.001 ml. Typically, it

Figure 4. T2 relaxation time distribution, f (T2) (dashed black line), and the T2-weighted probability distribution function, T2f (T2) (solid red line), inferred from NMR
measurements on undeformed samples of (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana limestones.
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would takemore than 72 hr for the sample to be purged of air bubbles and
fully saturated, as indicated by stabilization of the pore pressures upstream
and downstream.

To measure its effective stress behavior, a sample must maintain a rela-
tively stable microstructure, such that when it is subjected to cyclic loading
in confining pressure and pore pressure, the deformation remains poroe-
lastic and permeability change is basically reversible with minimal hyster-
esis. Inelastic compression is negligible if the Terzaghi effective pressure is
below the critical threshold for onset of pore collapse (Vajdova et al., 2004).
Hysteresis in poroelastic deformation and permeability change is com-
monly attributed to relaxation of internal stresses and frictional sliding
along grain boundaries (Bernabe, 1987; Hart & Wang, 1995). This effect
can be significant, especially during the first loading cycle. In this study,
to minimize the hysteresis, each sample would undergo several cycles of
seasoning (Figure 5) to achieve a relatively stable microstructure before
measurement of the effective stress coefficients. With the pore pressure
fixed at 1 MPa, a sample was first subject to two cycles of confining pres-
sure change between the minimum and maximum values (Pc

min, Pc
max)

to be used in the effective stress measurements. Then the confining pres-
sure was increased and fixed at Pc

max, while the pore pressure would
undergo two cycles between 1 MPa and the maximum pore pressure to
be used in the effective stress experiment (which ranged from 3.3 to
5.7 MPa for the four limestones). With the pore pressure maintained at this
maximum value, the confining pressure was then decreased (to 12 MPa for
Purbeck limestone and 9 MPa for the other three), when we would

commence systematic measurement of the effective stress coefficients for permeability and deformation.
The confining and pore pressures at which wemademeasurements, as well as the loading path for each lime-
stone, are shown in Figure 6.

Since deionized water was used, we expect initially ionic exchange between a limestone sample and the pore
fluid, until sufficient calcite has been dissolved and the saturation state of the fluid is in equilibrium with the
rock. From experimental observation and model calculation, Lisabeth and Zhu (2015) concluded that the
temperature-dependent dissolution kinetics of calcite is such that pore fluid saturation and equilibrium
would require about 50 hr at a temperature of 25 °C. In this study the total duration for saturating and

Figure 5. The protocol for seasoning the samples before investigation of
their effective stress behaviors. First, two cycles of confining pressure
changes between (Pmin

c � 1) and (Pmax
c þ 1) under a constant pore pressure of

1 MPa and then two cycles of pore pressure changes betweenPmax
P and 1MPa

under the constant confining pressure. Finally, a decrease of the confining
pressure at the constant pore pressure Pmax

P . For Indiana limestone, the first
test point was 9 MPa, Pmax

c was 15 MPa, and Pmin
c was 3 MPa; for Thala and

Leitha limestones, the first test point was 9 MPa, Pmax
c was 15 MPa, Pmin

c is
7 MPa; for Purbeck limestone, the first test point was 12 MPa, Pmax

c was
18 MPa, and Pmin

c is 6 MPa.

Figure 6. Loading paths for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana limestones. Each sample was subjected to cyclic changes of confining pressure at three
fixed pore pressures. At each pore pressure, the cycle initiatedwith ameasurement at the lowest confining pressure and terminatedwith a duplicatemeasurement at
the same confining pressure (indicated by a red circle). The green lines indicate the transitional loading between two cycles at two different pore pressures.
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seasoning a sample typically exceeded 3 days, well above the time necessary for equilibrating the fluid-
rock system.

Permeability was measured using the steady flow method. A difference in pore pressure between
upstream and downstream was maintained to induce a constant flow rate (2.50 ml/min for Leitha lime-
stone, 0.15 ml/min for Indiana limestone, and 0.10 ml/min for Thala and Purbeck limestones). Once a
steady state in flow had been achieved, the pore pressure difference was recorded and permeability
was calculated according to Darcy’s law. For sequential stress states at which pore pressure was main-
tained constant, the pore volume change induced by confining pressure change was calculated directly
from displacements of the syringe pumps. As for sequential experiments in which confining pressure
was maintained constant, to evaluate the change in pore volume induced by pore pressure change, we
had to also subtract the change in volumes of the saturating fluid and the pore pressure system (Fatt,
1958). The former was calculated from compressibility of water and known porosity of the sample, and
the latter from storage capacity calibrated using a dummy aluminum sample. Details of the procedure
is presented in Appendix A.

3. Hydromechanical Data
3.1. Permeability as a Function of Confining and Pore Pressures

We present in Figure 7 data of permeability as a function of confining and pore pressures. Among the four,
Leitha limestone has the highest permeability, greater than the other three by 3 to 4 orders of magnitude. At
a fixed pore pressure the permeability of Leitha limestone would decrease almost linearly by several percent
for an increase of 2 MPa in confining pressure. In comparison, the effect of pore pressure was less; for a
decrease of 2 MPa in pore pressure, the decrease in permeability was 1% or less. Although the sample had
been subjected to several seasoning cycles, a small amount of hysteresis remained, typically with a slight
decrease in permeability after a cyclic change in confining pressure. Nevertheless, the hysteretic decrease
was smaller than the subsequent decrease in permeability when we decreased the pore pressure by an incre-
ment of 1 MPa.

Figure 7. Permeability as a function of confining pressure for three different pore pressures for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana limestones.
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In the other three limestones, permeability evolution was fundamentally
different, in that the role of confining and pore pressures was reversed,
with the latter exerting a stronger influence on the permeability
(Figure 7). The most pronounced effect was observed in Thala limestone,
followed by Indiana limestone and then Purbeck limestone.

The change of permeability k with respect to changes in confining
pressure Pc and pore pressure Pp can be written as

δk ¼ ∂k
∂Pc

δPc þ ∂k
∂Pp

δPp ¼ ∂k
∂Pc

δPc � κ δPp
� �

(1a)

where the effective stress coefficient κ for permeability is given by

κ Pc; Pp
� � ¼ � ∂k

∂Pp

� �
=

∂k
∂Pc

� �
(1b)

We plot in Figure 8 iso-permeability contours in the Pc � Pp space as
constrained by our data. Since δk = 0 along such a contour, according to
equation (1a) it would be linear if the coefficient κ is a constant indepen-
dent of confining or pore pressures. However, the iso-permeability
contours constrained by our data are not linear, but we should bear in
mind that certain second-order features of the curvature may also be arti-
facts due to our attempt to interpolate from limited data. Inferred from
local slopes of the iso-permeability contours, coefficient κ for Leitha lime-
stone has values less than 1, whereas the other three limestones with dual
porosity consistently have κ values greater than 1. Very high local values
up to 7.8 were inferred for Thala limestone (Figure 8).

If one considers the slopes along the midsections of the contours (indi-
cated by the dashed lines in Figure 8), there is an overall trend for the slope
to increase with decreasing permeability and increasing Terzaghi effective
stress. For each limestone, we selected four contours and estimated the κ
values from themean slopes. As illustrated in Figure 9a, the effective stress
coefficients so inferred for our four limestones show a consistent trend for
κ to decrease with increasing permeability k.

An approximate scheme was adopted to evaluate the effect of confine-
ment on the coefficient κ. Our measurements for each limestone were
conducted at three fixed values of pore pressure, and it can be seen from
Figure 7 that, at the intermediate pore pressure, the observed permeability
as function of confining pressure typically falls on a linear trend.
Accordingly, if we approximate ∂k/∂Pc by the slope of this linear trend at
the intermediate pore pressure, then this derivative has a constant value.
At a given confining pressure, we calculated the difference in permeabil-

ities measured at the maximum and minimum pore pressures and then divided it by the difference between
these two pore pressures to infer the derivative ∂k/∂Pp. The two derivatives so evaluated were then input into
((1a)) to infer the effective stress coefficient κ (Figure 9b). The values of κ so inferred show a relatively small
dependence on the confining pressure, because the more pronounced effect of pore pressure had been
averaged out.

To characterize dependence of permeability on the effective stress, we followed David et al. (1994) to use an
empirical relation of the form:

k ¼ ko exp �γ Peff � Poð Þ½ � (2)

where k is the permeability at the effective pressure Peff = Pc � κPp, and ko is the permeability at a reference

Figure 8. Iso-permeability contours (in m2) presented in a confining
pressure-pore pressure space, for (a) Leitha, (b) Thala, (c) Purbeck, and
(d) Indiana limestones. The corresponding effective stress coefficients for
permeability κ, calculated by linear interpolations (red dashed lines), are also
given.
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effective pressure Po, conventionally taken to be the atmospheric pressure. To evaluate the effective pressure,
we approximated it by assuming a constant κ value as inferred from the approximate scheme (Figure 10): 0.3,
1.3, 2.55, and 5 for Leitha, Purbeck, Indiana, and Thala limestones, respectively. The data on a log-linear plot
(Figure 10) of permeability versus effective pressure were fitted by linear regression, and the pressure

Figure 9. (a) Effective stress coefficient κ as a function of permeability for the four limestones used in this study (black symbols) and Nimes limestone (red squares)
from Ghabezloo et al. (2009). (b) Effective stress coefficient κ as a function of confining pressure for Thala (solid circles), Indiana (solid squares), Purbeck (solid dia-
monds), and Leitha (open triangles) limestones. For reference, the case κ = 1 is presented as a dashed line.

Figure 10. Permeability as a function of effective pressure in a semilog plot for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana limestones. The effective pressure was
calculated using the value of the effective stress coefficients for permeability κ indicated on the graphs. The measurements are shown as black squares. The red
lines correspond to the empirical relation k = k0 exp [�γ(Peff� P0)] suggested by David et al. (1994). The permeability k0 at the reference pressure P0 is shown on the
graphs with a blue circle and the value is also indicated.
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sensitivity coefficients inferred to be γ = 1.07/GPa, 3.56/GPa, 3.20/GPa, and 1.24/GPa for Leitha, Purbeck,
Indiana, and Thala limestones, respectively. These γ values are comparable to published data for porous
sandstones near the lower end (David et al., 1994).

It should be noted that, for our experimental conditions, effective pressures with very negative values are
predicted for the limestones with high κ values. For example, the effective pressure for Thala limestone is
inferred to range from �10 MPa to 8 MPa, which implies that the permeability changes we observed in
our experiment would be replicated in a nominally dry sample limestone if the confinement were progres-
sively decreased from 8 MPa to �8 MPa (hydrostatic tension). Of course, there is an implicit assumption here
that the sample would remain poroelastic, but in reality the porous rock would likely deform inelastically and
fail before such high tensile stresses could be attained.

3.2. Pore Volume Change as a Function of Confining and Pore Pressures

We present in Figure 11 data for change of pore volume Vv as a function of confining and pore pressures. The
relative changes (eϕ = δVv/Vv) were on the order of 10�3 to 10�2. Unlike permeability, the hysteresis for pore
volume change during a confining pressure cycle was minimal. At a fixed pore pressure, pore volume change
as a function of confining pressure followed an approximately linear trend. The interplay of confining and
pore pressures in changing pore volume was observed to be qualitatively similar to that for permeability
evolution. In Leitha limestone, the effect of pore pressure was relatively small in comparison to confining
pressure. In the other three limestones with dual porosity, the roles of pore and confining pressures
were reversed.

The relative pore volume change eϕ with respect to changes in confining pressure Pc and pore pressure Pp
can be written as

Figure 11. Relative pore volume change as function of confining pressure using three different pore pressures for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana
limestones.
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δeϕ ¼ ∂eϕ
∂Pc

δPc þ ∂eϕ
∂Pp

δPp ¼ ∂eϕ
∂Pc

δPc � β δPp
� �

(3a)

where the effective stress coefficient β for relative pore volume change is
given by

β Pc; Pp
� � ¼ � ∂eϕ

∂Pp

� �
=

∂eϕ
∂Pc

� �
(3b)

Contours of constant eϕ as constrained by our data were plotted on
the Pc � Pp space (Figure 12). For Leitha limestone, the coefficients
were inferred to be less than 1. Given the scatter and limited data,
it is difficult to assess whether the coefficient β indeed showed any
systematic variations with the pressures. For the other three lime-
stones with dual porosity, the β values were inferred to be greater
than 1, and for each limestone there is a trend for the coefficient β
to increase somewhat with the Terzaghi effective stress. Similar to
the permeability data for these three limestones, maximum and mini-
mum of the effective stress coefficients were observed in Thala and
Purbeck limestones, respectively. Overall, the effective stress coefficient
β for pore volume change has values lower than the coefficient κ for
permeability: maximum local value we observed in Thala limestone
was about 2.3.

The approximate scheme adopted earlier (Figure 9b) was again used to
evaluate the effect of confinement on the coefficient β. The derivative
∂eϕ/∂Pc was taken to be a constant corresponding to the slope of the lin-
ear trend at the intermediate pore pressure. The derivative ∂eϕ/∂Pp at a
fixed confining pressure was inferred from the measurements at the max-
imum and minimum pore pressures. The two derivatives so evaluated
were then input into (3b) to infer the effective stress coefficient β
(Figure 13). As for permeability, the values of β so inferred have minimal
dependence on the confining pressure.

To evaluate the effective pore compressibility, we approximated the effec-
tive pressure by assuming a constant β value inferred from the approxima-
tion scheme (Figure 14): 0.2, 1.45, 2.0, and 1.5 for Leitha, Purbeck, Indiana,
and Thala limestones, respectively. Relative pore volume change as a func-
tion of the effective pressure so approximated follows an approximately

linear trend (Figure 12), and by linear regression we determined the slope to infer the pore compressibility
to be βϕ = 0.7/GPa, 0.8/GPa, 1.7/GPa, and 1.3/GPa for Leitha, Purbeck, Indiana, and Thala
limestones, respectively.

3.3. Axial Strain as a Function of Confining and Pore Pressures

Although we had bonded strain gauges on our samples, the gauge signals tended to deteriorate during an
experiment, which typically lasted a number of days, likely due to chemical reaction between the pore water
and bonding agent. Accordingly, these data were not considered here, and we have dependable data for
strain only in the axial direction measured by the displacement transducer.

The change of axial strain e with respect to changes in confining pressure Pc and pore pressure Pp can be
written as

δe ¼ ∂e
∂Pc

δPc þ ∂e
∂Pp

δPp ¼ ∂e
∂Pc

δPc � α δPp
� �

(4a)

where the effective stress coefficient α for axial strain is given by

Figure 12. Iso-pore volume change contours in the confining pressure-pore
pressure space, for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana lime-
stones. The corresponding effective stress coefficients for pore volume
change β, calculated by linear interpolations (red dashed lines), are also given.
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α Pc; Pp
� � ¼ � ∂e

∂Pp

� �
=

∂e
∂Pc

� �
(4b)

If the limestone can be assumed to be elastically isotropic, then the axial
strain multiplied by 3 would represent the volumetric strain. However,
sedimentary rock is often associated with bedding anisotropy, which
may complicate analysis of the effective stress behavior for bulk strain.
We summarize in Appendix B the relevant expressions for an anisotropic
poroelastic material. In particular, the derivative ∂e/∂Pc in (4a) corresponds
to the linear compressibility βl in the axial direction. Hart (2000) measured
the linear compressibility of Indiana limestone perpendicular and parallel
to bedding, and he concluded that the elastic anisotropy was
relatively small.

We present in Figure 15 data for axial strain of Indiana, Leitha, and Thala
limestones as a function of confining and pore pressures. Because of
technical problems associated with the strain data of Purbeck limestone,
they are not included here. The strains were on the order of 10�4 to
10�3, and like pore volume change the hysteresis for strain during a
confining pressure cycle was minimal. At a fixed pore pressure, axial
strain as a function of confining pressure followed an approximately
linear trend. The interplay of confining and pore pressures on strain
was observed to be qualitatively similar in all four limestones, in that

the effect of pore pressure was small in comparison to confining pressure. Contours of constant strain
constrained by our data are plotted on the Pc � Pp space in Figure 16. A robust observation is that the
inferred α values are consistently less than 1.

The approximate scheme adopted before was again used to evaluate the effect of confinement on the coef-
ficient α. The derivative ∂e/∂Pcwas assumed to be a constant corresponding to the slope of the linear trend at
the intermediate pore pressure. The derivative ∂e/∂Pp at a fixed confining pressure was inferred from the
measurements at the maximum and minimum pore pressures. The two derivatives so evaluated were then
input into ((4b)) to infer the effective stress coefficient α (Figure 17). As before for permeability and pore
volume change, the values of α so inferred have minimal dependence on the confining pressure.

To evaluate the effective linear compressibility, we approximated the effective pressure by assuming a con-
stant α value inferred from the approximation scheme (Figure 17): 0.70, 0.80, and 0.83 for Leitha, Indiana, and
Thala limestones, respectively. Axial strain as a function of the effective pressure so approximated follows an
approximately linear trend (Figure 18), and by linear regression we determined the linear compressibility to
be βl = 0.084/GPa, 0.18/GPa, 0.072/GPa for Leitha, Indiana, and Thala limestones, respectively.

4. Discussion

We have conducted one of the first systematic studies of the interplay of confining and pore pressures in
changing the permeability, pore volume, and strain in porous limestones. Pore geometry of the limestones
had been characterized by a diversity of techniques, including optical and scanning electron microscopy,
microCT, mercury porosimetry, and NMR relaxometry, which can provide microstructural basis for the
observed evolution of permeability and deformation. The limestone samples were saturated with deio-
nized water, and care was taken to ensure that chemical equilibrium between the fluid and rock had been
attained, and that the hydromechanical response to cyclic pressure change was reversible with
minimal hysteresis.

4.1. The Effective Stress Coefficients for Permeability, Pore Volume Change, and Bulk Strain

Among the four, Leitha limestone stood out as the one with a pore space that is dominated by macropores,
with negligible microporosity. This is confirmed by detailed microstructural observations presented by Baud
et al. (2017), as well as newly acquired data frommercury porosimetry and NMR relaxometry. One the basis of
their data on the permeability and formation factor of three Leitha limestone samples with porosities

Figure 13. Effective stress coefficient β for pore volume change as a function
of confining pressure for Thala (solid circles), Indiana (solid squares),
Purbeck (solid diamonds), and Leitha (open triangles) limestones. For
reference, the case β = 1 is shown as a dashed line.
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between 21% and 31%, Baud et al. (2017) concluded that the transport behaviors can be interpreted using an
equivalent channel model (Paterson, 1983; Walsh & Brace, 1984) with an almost constant hydraulic radius of
10 μm. The implication is that the porous aggregate can be approximated as microscopically homogeneous,
and in agreement with this interpretation, the effective stress coefficients for permeability (Figure 8), pore
volume change (Figure 12), and axial strain (Figure 16) we measured for Leitha sandstone are consistently
less than unity.

In contrast, pore space of the other three limestones comprises significant fractions of micropores. We char-
acterized the distributions of macroporosity and microporosity using mercury intrusion (Figure 3) and NMR
(Figure 4) measurements, which show that although the distributions are typically bimodal, the size distribu-
tions of the two populations may not be distinct and can have appreciable overlap, rendering it difficult to
quantify unambiguously the partitioning between macroporosity and microporosity. Because of their lower
porosities, but more importantly because of the presence of micropores that restrict fluid transport, the
permeabilities of Indiana, Purbeck, and Thala limestones were observed to be lower than Leitha limestone
by at least 3 orders of magnitude.

The effective stress coefficient κ for permeability in our three limestones with dual porosity is consistently
greater than unity. This observation is consistent with the data of Ghabezloo et al. (2009) for Nimes limestone,
an oolitic limestone basically made up of calcite that is similar to our Indiana limestone. Although the latter is
more permeable than the former, their effective stress coefficients are comparable (Figure 9a). In this study
we also investigated two limestones made up of significant fractions of quartz and dolomite. That the coeffi-
cient κ was observed to be also greater than 1 in Purbeck and Thala limestones (Figure 9a) implies that this
phenomenon arises from pore space attributes that are not solely specific to an oolitic limestone but

Figure 14. Relative pore volume change as a function of effective pressure for (a) Leitha, (b) Thala, (c) Purbeck, and (d) Indiana limestones. The effective pressure was
calculated using values of the effective stress coefficients for pore volume change β indicated on the graphs. The measurements are shown as black squares. The red
lines correspond to linear fits based on the equations shown on the graphs.
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common to a limestone with dual porosity. Our highest κ values were observed in Thala limestone, which are
comparable to those measured in sandstones with very high clay contents (Al-Wardy & Zimmerman, 2004).
Although Purbeck limestone has a lower porosity, its permeability was observed to be significantly higher
than Thala limestone, possibly due to significant difference between the two limestones in the size of both

Figure 15. Axial strain as a function of confining pressure at three different pore pressures for (a) Leitha, (b) Thala, and (c) Indiana limestones.

Figure 16. Iso-axial strain contours in the confining pressure-pore pressure space for (a) Leitha, (b) Thala, and (c) Indiana limestones. The corresponding Biot
coefficients α, calculated by linear interpolations (red dashed lines), are also given.
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macropores and micropores (Figure 1). Thala limestone is the only
micritic limestone investigation here, and it has an abundance of
submicron-sized micropores, which may be related to its showing
the highest κ values.

The iso-permeability contours constrained by our data (Figure 8) indi-
cate that the value of κ is stress dependent and particularly sensitive
to perturbation of the pore pressure. A more refined characterization
of this dependence would require a more comprehensive study with
a broader range of pore pressure applied in small increments, which is
beyond the scope of the present study. In comparison, the overall
influence of confining pressure on the effective stress coefficient κ is
small (Figure 9b).

This study presents probably the first systematic measurement of the
effective stress coefficient β for pore volume change in a porous rock.
Our data demonstrate that whereas this coefficient is less than 1 in
the microscopically homogeneous Leitha limestone, it is consistently
greater than 1 in the other three limestones with dual porosity
(Figure 12). In this regard, the two coefficients β and κ are qualitatively
similar, but overall the values of β were observed to be lower than κ,
falling in a relatively narrow range between 1 and 2 (Figure 13).

Figure 17. Effective stress coefficient α as a function of confining pressure for
Thala (solid circles), Indiana (solid squares), and Leitha (open triangles) lime-
stones. For reference, the case α = 1 is shown as a dashed line.

Figure 18. Axial strain as a function of effective stress for (a) Leitha, (b) Thala, and (c) Indiana limestones. The effective pressure was calculated using values of the
effective stress coefficients α indicated on the graphs. The measurements are shown as black squares. The red lines correspond to linear fits based on the equations
shown on the graphs.
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Though not a major focus, we also conducted measurements of the effec-
tive stress coefficient α for the axial strain. Our data show that this coeffi-
cient consistently has values less than unity, including two limestones
with dual porosity. Our measured values for Indiana limestone are compar-
able to previous studies (Coyner, 1984; Hart & Wang, 1995).

4.2. Effective Stress Behavior of a Limestone With Dual Porosity

Our data have indicated that microscopic homogeneity is not a valid
approximation for a limestone with dual porosity, and beyond this ideali-
zation a more realistic model must explicitly differentiate between the
macropores and micropores, as well as account for their interplay in con-
trolling the hydromechanical behavior. One such model was developed
by Ghabezloo et al. (2009) to interpret their first observations of permeabil-
ity in the oolitic Nimes limestone. In this pore-shellmodel, the oolite is idea-
lized as a circular cylinder (embedded with micropores) that is surrounded
by a concentric cement shell, with a void space between the central oolite
and cement shell that corresponds to the macroporosity. This concentric
void shell provides the primary conduit for fluid transport, and
Ghabezloo et al. (2009) argued that a significant fraction of the embedded
micropores seemed to be occluded and not part of the percolative path for
transport. Accordingly, they assumed that micropores would not contri-
bute to permeability, but they can potentially decrease the effective mod-
ulus of the oolite. In this pore-shell model, if the bulk modulus of the oolite
can be so reduced to a value about one third of that of the cement
(assumed to be solid), then an effective stress coefficient κ as large as 2
is expected.

However, a number of recent studies indicate that micropores in a lime-
stone likely play an important role in controlling permeability that cannot be neglected. In their CT-
imaging study of the oolitic Indiana limestone, Ji et al. (2012) inferred that many of the macropores
may be interconnected but the clustering is not sufficient to provide a percolative conduit, and therefore
the transport of fluid must necessarily involve supplementary conduits connected to micropores. This
inference is in agreement with the typical observation of two inflection points in the mercury porosimetry
data for a limestone with dual porosity (Figure 2), in that the first inflection point is possibly related to the
breakthrough and intrusion of mercury into the interconnected cluster of macropores, but the final break-
through for percolation through the sample would not occur until a higher capillary pressure correspond-
ing to the second inflection point is attained. That micropores play an important role in permeability has
also been underscored in a number of modeling studies of percolation and transport in carbonate rock
(e.g., Al-Kharusi & Blunt, 2008; Bauer et al., 2011, 2012).

To more appropriately account for the contribution of micropores, we here adopt Berryman’s (1992a,
1992b) model for an assemblage made up of two distinct porous constituents. The constituent marked
as 1 in Figure 19 is interconnected and provides a percolative path. It is assumed to be embedded with
micropores with a porosity of ϕm. The constituent 2 is assumed to be isolated, with a local permeability
that approaches 0. In his implementation of this model, Berryman (1992a, 1992b) had in mind a clayey
sandstone with constituent 2 corresponding to solid sand grains, which he assumed to have zero porosity.
Here we modified his prescription and instead assumed that constituent 2 is embedded with macroporos-
ity given by ϕM = ϕ � ϕm that has negligible contribution to the permeability. Without placing any
restrictive assumptions on geometry of the pore space, Berryman (1992a, 1992b) showed that for such
an assemblage of two porous constituents, the effective stress coefficient for bulk strain satisfies α < 1,
but the pore volume coefficient β can have values either less than or greater than unity. Our data for
the three limestones with dual porosity (Figures 8, 12, and 16) are in agreement with these inequalities he
derived.

Furthermore, Berryman (1992b) derived this relation among the three effective stress coefficients κ, α, and χ
for permeability, bulk strain, and porosity change, respectively:
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K/K(1)=18
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Figure 19. Effective stress coefficient for permeability κ as a function of
effective stress coefficient for pore volume change β. The gray boxes
indicate the data ranges for Thala and Indiana limestones. The data are
bracketed by the theoretical predictions of equations (5a) and (6) using
different bulk modulus ratios K/K(1), shown as solid green and red lines for
Thala and Indiana limestones, respectively. Inset is a schematic diagram of a
two-constituent mixture: Constituent 1 is interconnected and embedded
with micropores, which have a major contribution to the permeability;
Constituent 2 is isolated and embedded with macropores, which have a
negligible contribution to the permeability.
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κ ¼ αþ 3n1 α� ϕmð Þ χ � αð Þ � 3qϕm θ � αð Þ K=K 1ð Þ

3n1 α� ϕmð Þ þ 2ϕm � 3qϕm K=K 1ð Þ (5a)

Here K and K(1) denote the bulk moduli of the rock and constituent 1 (with embedded micropores), respec-
tively. The parameter θ introduced by Berryman and Milton (1991) is defined to be the ratio of the macro-
scopic increments of confining and pore pressures that would collectively result in identical relative
changes in the volumes of each constituent (and therefore the composite). Berryman (1992a) compiled
the relevant laboratory data and inferred that this parameter has a value very close to 1. The parameter n1
corresponds to the exponent that enters into a power law relating permeability to porosity of constituent
1. Similarly, the cementation exponent m1 enters into Archie’s law for electrical conduction, which connects
the formation factor with porosity. Berryman (1992b) observed that for many porous rocks, electrical and
hydraulic transports follow Archie’s law and Kozeny–Carman relation, respectively, such that these exponents
can be approximated by m1 ≈ 2 and n1 ≈ 2 + m1 ≈ 4. The remaining parameter in ((5a)) is then given
by q ≈ n1 � m1 � 2/3 ≈ 4/3.

Berryman (1992a, 1992b) observed that, if the ratio K (1)/K ≪ 1 but remains finite, then one can get a magni-
fication effect on the coefficient κ due to some cancellation in the denominator in ((5a)). Furthermore, for
many cases of interest this relation can be approximated by a linear relation:

κ≈αþM χ � θð Þ (5b)

whereM denotes an amplification factor that can be significantly greater than 1. Our measurements were for
the pore volume coefficient β, which is related to the porosity coefficient χ by this general expression
(Berryman, 1992a):

β ¼ χ � ϕ χ=α� 1ð Þ (6)

We combined ((5a)) and ((6)) to analyze the behavior in Indiana and Thala limestones, for which we obtained
comprehensive data on the three effective stress coefficients α, β, and κ. Although the mercury porosimetry
and NMR relaxometry data suggest two populations of pores in these limestones, they are not useful in defi-
nitively constraining the relative distribution. From microstructural analysis, Vajdova et al. (2012) estimated
that in Indiana limestone macropores and micropores made up about one third and two thirds of the total
porosity, respectively. We assumed that the same ratio applies to Thala limestone and accordingly assigned
microcrack porosity for Indiana and Thala limestones to be ϕm = 0.12 and 0.11, respectively. Guided by our
data (Figures 16 and 17), the Biot coefficient was assigned values of 0.80 (Indiana) and 0.83 (Thala). For the
other parameters, we followed Berryman’s (1992a, 1992b) and used θ = 1, n1= 4, and q = 1.333.

For these parameter values the effective stress coefficients follow linear trends. The ranges of β and κ values
wemeasured in the limestones are indicated by the two gray rectangles in Figure 19. For Thala limestone, our
data are bracketed by two lines that correspond to the prediction of (5a) for bulk modulus ratio K/K(1) ranging
from 15.5 to 18. For Indiana limestone, our data are bracketed by two lines that correspond to lower K/K(1)

ratio ranging from 5.5 to 9.5. The bulk modulus ratio is predicted to be relatively high, but such values are
comparable to what have been used to model the effective stress behavior in a sandstone with high clay
content (e.g., Al-Wardy & Zimmerman, 2004). A modulus ratio of 10 was suggested by Berryman (1992a,
1992b). Ghabezloo et al. (2009) inferred indirectly from microhardness measurements a lower value of 3
for the modulus ratio. Given the heterogeneity of pore space and scatter in the laboratory data, it seems
unrealistic to assume a uniform bulk modulus in the model for each of two constituents.

A critical assumption in Berryman’s (1992a, 1992b) model is that permeability and formation factor are
related to porosity by a power law, with exponents n1 andm1, respectively. In his analysis the two exponents
are taken to be constant over the range of confining and pore pressures of interest, but as noted by David
et al. (1994), this assumption may not be valid, especially if inelastic deformation is significant. At relatively
low pressures, the deformation is basically elastic and reversible, and the dependence of permeability on
porosity is characterized by a relatively low exponent value in the range of 3–5. In contrast, relatively large
exponents up to 25 have been observed in porous sandstones associated with grain crushing and pore
collapse (David et al., 1994). We have unpublished data for Purbeck limestone over a broad range of
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pressure conditions, which show that permeability and porosity change can be fitted with an empirical power
law with an almost constant exponent of ~4 over the pressure conditions considered in the current study.
However, it should be emphasized that in the model the exponent n1 is for constituent 1 (embedded with
micropores), but since we can only make measurements on an aggregate (made up of constituents 1 and
2 with both macropores and micropores), it remains a moot question to what extent our laboratory data
are relevant to constituent 1 by itself. A systematic investigation of the model prediction for a broader range
of parameters and an analysis of the model with less restriction are warranted in the future. Notwithstanding
this limitation, Berryman’s (1992a, 1992b) model for two porous constituents has provided important insights
into the impact of mechanical contrast and pore geometry on the effective stress behavior for permeability,
bulk strain, and pore volume change in porous limestones.

5. Conclusion

We systematically investigated the interplay of confining and pore pressures in changing the permeability,
pore volume, and strain in four porous limestones saturated with water. The limestones have been character-
ized using optical and scanning electron microscopy, microCT, mercury porosimetry, and NMR relaxometry,
which show that three of the four limestones have pore spaces made up of significant fractions of macro-
pores and micropores. The one exception is Leitha limestone with a pore space that is dominated by macro-
pores, with negligible microporosity. Our data show that its effective stress coefficients for permeability, pore
volume change, and axial strain are consistently less than unity, with the implication that Leitha limestone
can be approximated as a microscopically homogeneous aggregate.

In contrast, the effective stress coefficient κ for permeability in our three limestones with dual porosity was
observed to be consistently greater than unity, in agreement with the previous results of Ghabezloo et al.
(2009) for an oolitic limestone. That we now observed this coefficient to be also greater than 1 in three other
limestones implies that this phenomenon arises from pore space attributes that are not solely specific to an
oolitic limestone but common to a limestone with dual porosity.

This is probably the first systematic measurement of the effective stress coefficient β for pore volume change
in a porous rock. Our data demonstrate that whereas this coefficient is less than 1 in the microscopically
homogeneous Leitha limestone, it is consistently greater than 1 in the other three limestones with dual
porosity. Our data for the effective stress coefficient α for axial strain show that it consistently has values less
than unity, including two limestones with dual porosity.

We conclude from our data that microscopic homogeneity is not a valid approximation for a limestone with
dual porosity, and beyond this idealization a more realistic model must explicitly differentiate between the
macropores and micropores, as well as account for their interplay in controlling the hydromechanical beha-
vior. Berryman (1992a, 1992b) proposed a model for an assemblage made up of two distinct porous consti-
tuents; without placing any restrictive assumptions on pore geometry, he showed that for such an
assemblage the effective stress coefficient for bulk strain satisfies α < 1, but the pore volume coefficient β
can have values either less than or greater than unity. Furthermore, he derived a relation that relates the coef-
ficient κ for permeability to the other coefficients α and β. Our data are in overall agreement with predictions
of the model, which has provided important insights into the impact of mechanical contrast and pore
geometry on the effective stress behavior for permeability, bulk strain, and pore volume change in
porous limestones.

Appendix A: Changes of Pore Volume
For sequential experiments in which confining pressure was maintained constant, to evaluate the change in
pore volume induced by pore pressure change, we had to correct for the change in volumes of the saturating
fluid and the pore pressure system (Fatt, 1958). The latter is related to the storage property of the pore pres-
sure system, which is difficult to characterize and may bring in significant uncertainty to our estimation of
pore volume change. Because of this technical difficulty, there have been very limited data from this type
of measurement (Berryman, 1992b). To calibrate this response of the pore pressure system, we used a
dummy aluminum sample with dimensions identical to a rock sample, with a small concentric hole along
its axis that connected the upstream and downstream. Volume of the hole Vv

ocorresponds to a porosity of
0.5%. Volume of water Vo in the system can be evaluated from relative position of the upstream and
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downstream syringe pumps. The confining pressure and pore pressures were fixed at a set of values identical
to that for our limestone measurement. The pore pressure was then increased by an amount Δpp identical to
that for limestone measurement, and the corresponding change in pore volume ΔVo was determined.

After this calibration, the jacketed limestone sample was set up and the syringe pumps moved to positions
that corresponded to a system volume Vo + δ almost identical to that used in the calibration experiment. With
the confining pressure and pore pressures initially fixed, the pore pressure was then increased by Δpp and the
corresponding change in pore volume ΔVwas determined. Volume Vv of the saturating fluid was obtained by
multiplying the sample volume VT by the initial porosity. Between the calibration test and rock measurement,
there was a difference in water volume of δ + Vv � Vv

o. Using the appropriate value β for water compressibil-
ity, the change in volume induced by the pore pressure change of this surplus water is inferred to be
ΔV

0
= β Δpp(δ + Vv � Vv

o), and accordingly, the volume change in the pore space can be calculated as
ΔV � ΔVo � ΔV

0
, which was then divided by the initial pore volume Vv to infer the relative change in pore

volume eϕ .

In our measurements, the compressibility correction ΔV
0
was relatively small (1–3% of ΔV). Notwithstanding

our attempts to minimize the system volume Vo, the storage response ΔVo was relatively large, and when we
subtracted it from themeasured ΔV to infer the pore volume change, significant error may be introduced. For
Indiana, Purbeck, and Thala limestones that had relatively large pore pressure responses, the problem was
not very serious, with the ratio ΔVo/ΔV in the range of 84–94% and inferred pore volume change in the range
of 0.029–0.154 ml, well above the resolution of our measurement system. For Leitha limestone, however, the
ratio ΔVo/ΔV was above 95% and inferred pore volume change was as small as 0.002 ml. Whereas we have
confidence in the qualitative result that the β values for Leitha limestone were small and less than 1, the
quantitative values in this limestone may involve significant uncertainty.

Appendix B: Effective Stress Behavior of an Anisotropic Poroelastic Material
For a poroelastic material that is anisotropic, the relation between strain eij and stress σij is given by
(Cheng, 1997)

eij ¼ Sijkl σkl � αklPp
� �

(A1)

where the elastic compliance tensor and Biot tensor with anisotropic coefficients are denoted by Sijkl and αkl,
respectively. We have adopted here the convention that compressive stresses and strains are positive. If the
applied stress is hydrostatic (σkl = Pcδkl) and the rock is elastically isotropic such that the Biot tensor is also
isotropic (αkl = αδkl), then the axial strain (in the x1 direction) is simply given by

e ¼ e11 ¼ S11kk Pc � αPp
� �

(A2)

and the scalar Biot coefficient can then be obtained as

α ¼ � ∂e
∂Pp

� �
=

∂e
∂Pc

� �
(A3)

The tensor component S11kk corresponds to the linear compressibility βl in the axial direction.
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