
Laboratory experiments simulating poroelastic stress
changes associated with depletion and injection
in low-porosity sedimentary rocks
Xiaodong Ma1 and Mark D. Zoback1

1Department of Geophysics, Stanford University, Stanford, California, USA

Abstract We characterized the poroelastic deformation of six cores from three formations associated with
the Bakken play in the Williston Basin (the Lodgepole, Middle Bakken, and Three Forks formations). All are
low-porosity, low-permeability formations, but vary considerably in clay, kerogen, and carbonate content.
The experimental program simulated reservoir stress changes associated with depletion and injection via
cycling both the confining pressure (Pc) and pore pressure (Pp). We measured volumetric strain, derived the
corresponding bulk modulus, and calculated the Biot coefficient (α). We found α, which generally ranges
between 0.3 and 0.9, to vary systematically with Pc and Pp for each of the specimens tested. The effect of pore
pressure on α is much larger at low simple effective stress (σ = Pc-Pp) during depletion than injection. The α
decreases with σ for all pore pressures. For the same Pc and Pp, the Biot coefficient is consistently higher
during injection than during depletion. Given the observed variations of α with Pc and Pp, the modeling of
reservoir stress changes using a constant α could be problematic as poroelastic stress changes during
depletion and injection are not likely to follow the same path. Scanning electron microscope examination of
microstructures suggests that the variations of the bulk modulus and the Biot coefficient can be attributed to
the abundance of compliant components (pores, microcracks, clays, and organic matter) and how they are
distributed throughout the rock matrix.

1. Introduction

Deformationof fluid-saturated rock is primarily controlled by rock stiffness, confining stress, andporepressure.
Suchdeformation is typically treated asporoelastic. Howconfining stress (S) andporepressure (Pp) interact and
deform rock varies between different rock types. The concept of effective stress (σeff) was thus introduced to
evaluate the net effect of S and Pp on deformation [Terzaghi, 1923; Biot, 1962]. To couple S and Pp, the effective
stress coefficient, or Biot coefficient (α), is adopted such that σeff (= S� α · Pp) [Biot, 1962;Nur and Byerlee, 1971].
The Biot coefficient quantifies the rock’s susceptibility to pore pressure. To infer the reservoir effective stress, its
changes, and associated deformation we need to know the Biot coefficient.

While there is a continuing interest in the effective stress and its effect on reservoir deformation, only a
handful of experimental studies on Biot coefficient have been conducted with respect to static deformation
[Nur and Byerlee, 1971;Warpinski and Teufel, 1992; Franquet and Abass, 1999;Ojala and Sønstebø, 2010; Suarez-
Rivera and Fjær, 2013]. Available data of these studies generally indicate that for most rocks Biot coefficient is
less than unity, increases with S but decreases with Pp. Interpretation of the variations of α with S and Pp
generally falls under the theoretical analysis laid down by Nur and Byerlee [1971], in which the rock skeleton
(or grain aggregate) stiffness is evaluated against the constituent grain stiffness. Obviously, the grain
aggregate stiffness depends on many factors such as grain bonding, porosity and pore geometry, microcrack
density, and mineralogy. Studies on the Biot coefficient (or more broadly, effective stress coefficient) with
respect to other physical properties of rock also offered insights on how S and Pp control specific aspects of
poroelasticity, which are relevant to volumetric deformation. Permeability experiments revealed the role of
pore geometry, pore orientation, and pore-lining minerals on the effective stress for fluid flow [Zoback and
Byerlee, 1975; Bernabé, 1986, 1991;Warpinski and Teufel, 1992; Kwon et al., 2001, 2004; Song and Renner, 2008;
Heller et al., 2014; etc.]. Wave transmission experiments discovered additionally the effects of crack stiffness,
density, and distribution and their interaction with S and Pp on wave velocities [Todd and Simmons, 1972;
Christensen and Wang, 1985; Hornby, 1996; Prasad and Manghnani, 1997; Sarker and Batzle, 2008; Mavko and
Vanorio, 2010; etc.]. The aforementioned experimental findings were also confirmed by rigorous theoretical
analysis [Zimmerman, 1991; Berryman, 1992, 1993; Gurevich, 2004]. Although volumetric deformation was
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not the focus of these studies, they nonetheless provided clues onhow S and Ppdeformvarious components of
the rock, which contributes to the variations of the Biot coefficient with S, Pp, and rock type.

In this paper, we studied the tight reservoir rocks that actually experienced significant stress changes. We
utilized a series of cores obtained from the Bakken and adjacent formations, where stress alterations due
to depletion and subsequent fluid injection have been documented (for details, see Dohmen et al. [2014]).
Specifically, we study the poroelastic deformation of these cores under simulated reservoir stress conditions
in an effort to characterize the dependence of the Biot coefficient on confining and pore pressure. The
derivation of the Biot coefficient is purely phenomenological (following Todd and Simmons [1972]), without
invoking theoretical analysis on anisotropy and effective medium. We emphasize the similarities and differ-
ences of poroelastic deformation between these different lithologies during both depletion and injection.

2. Bakken Cores

The cores come from a vertical well of the Bakken tight-oil play in theWilliston Basin of North Dakota. The well
reaches the deeper part of the Williston Basin, penetrating the Lower-Mississippian Lodgepole and Bakken
formations and the underlying Devonian Three Forks formation. The middle carbonate-clastic unit of the
Bakken formation (Middle Bakken) is deemed productive due to the deposited hydrocarbon from the over-
lying and underlying organic-rich shales units (Upper and Lower Bakken, respectively). A total of five
bedding-perpendicular (vertical) and one bedding-parallel (horizontal) cores were tested in the experiments.
They were extracted from depths between 3017.52 and 3124.2m (or 9900 and 10250 feet), covering the
sequences of Three Forks, Middle Bakken, and Lodgepole. A summary of these cores is presented in Table 1.

2.1. Lithology

The lithology of the cores varies unpredictably between silicate-rich to carbonate-rich. The mineral composi-
tion was determined via powder X-ray diffraction analysis. For each core sample we use the ternary diagram
(Figure 1a) to illustrate the composition of three groups of minerals (in weight fractions): (1) quartz, feldspar,
and mica (QFM); (2) carbonate; and (3) clay (and organic matter, mainly kerogen). The diagram suggests a
sharp contrast in silicate and carbonate contents of cores even for those from the same sequence. The petro-
graphic classification of all six cores is detailed in Table 1. These cores can be categorized into two suites
according to their mineralogy. The first suite (B1V, B4V, and B10V) is carbonate-rich, while the second suite
(B3V, B3H, and B9V) is silicate-rich. This categorization is rather arbitrary since the difference in mineralogy
is related to but cannot adequately generalize the differences of all aspects pertinent to rock poroelasticity,
such as porosity, grain and pore geometry, and grain contact. However, here for convenience, subgrouping
according to mineralogy was assigned with no more than nominal significance. It appears that the clay (plus
kerogen) content is positively correlated with porosity in these cores. In Figure 1b, we plot this relationship for
all five vertical cores. It suggests that the clay minerals mainly reside in the pore space.

2.2. In Situ Stress Conditions

According to previous studies in the region [Dohmen et al., 2014; Yang and Zoback, 2014] and surrounding
region [Wang and Zeng, 2011], we construe that the initial stress conditions in situ has a stress gradient of SV/
SHmax/Shmin = ~ 1.05/0.95/0.8 psi/foot (or 23.8/21.5/18.1 MPa/km). This yields a mean stress (Smean = (SHmax

Table 1. List of Specimens and Their Petrophysical Properties

Specimen ID Rock Typea

Mineral Composition (wt %)

Depth (m) Porosityb (%) FormationQFM Carbonates Clays

B1Vc Lime-wackestone 0.08 0.87 0.05 3022.1 3.67 Lodgepole 1
B3V Fine sandstone 0.58 0.31 0.11 3037.9 7.12 Lodgepole 2
B3Hc Fine sandstone 0.62 0.23 0.15 3038 7.12 Lodgepole 2
B4V Lime-packstone 0.30 0.47 0.22 3064.6 10.1 Middle Bakken 1
B9V Fine sandstone 0.70 0.19 0.10 3069.4 3.06 Middle Bakken 2
B10V Dolomite sediment 0.31 0.51 0.15 3123.6 14.35 Three Forks

aClassification follows the recommendations by Hallsworth and Knox [1999].
bPorosity estimated based on dry bulk density and average mineral density.
c“V” and “H” denote vertical and horizontal specimens.
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+ Shmin + SV)/3) of 9450 psi (≈65MPa) at the depth of ~10,000 feet (≈3 km)where the cores were extracted. The
hydrocarbons of theMiddle Bakken formation are significantly overpressuredwith a pore pressure gradient of
~0.7 psi/foot, orPp≈ 48MPaat the coringdepth.Dohmenet al. [2014] reported that theporepressuregradients
in the overlying Lodgepole and underlying Three Forks formation are slightly below and above that of the
Middle Bakken, respectively (by ~452.4 Pa/m).

Over the past few years, the Bakken (as well as adjacent formations) has experienced significant stress
changes from the initial in situ conditions due to hydrocarbon depletion and stimulation fluid injection
[Dohmen et al., 2014; Yang and Zoback, 2014]. The measured pore pressure depletion in situ within the
Middle Bakken reaches up to ~4300 psi (≈30MPa); subsequent fluid injection due to hydraulic fracturing
could easily cause the local reservoir pore pressure to increase by ~1450 psi (≈10MPa) [Dohmen et al.,
2014; Yang and Zoback, 2014]. This amounts to a pore pressure range of 15 to 55MPa in possible depletion
and injection scenarios. The horizontal stress coupled with pore pressure and changed accordingly within a
range of ~20MPa, as indicated by measurements [Dohmen et al., 2014]. These inferred magnitudes of in situ
stress and pore pressure as well as potential changes to these values set realistic bounds for our laboratory
experimental simulation (see section 3.3).

Figure 1. (a) Ternary diagram representing the mineral compositions (in weight fraction) of six Bakken specimens used in
this study. (b) Correlation between clay plus kerogen weight percent and porosity in all five vertical specimens. The dashed
line represents a linear correlation.

Figure 2. Illustration of the experimental specimen-coreholder assembly housed inside a pressure vessel. The flow of pore
fluid is indicated by the blue arrows.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013668

MA AND ZOBACK BAKKEN CORES POROELASTIC DEFORMATION 3



3. Methodology
3.1. Specimen Preparation

The core samples used in this study had sat “as received” in a room temperature, room-dry environment for
an extended period of time (~3 years). Without being preserved in its original confined, ambient, and hydrous
condition we expect that the core changed over time [Ewy, 2015]. Development of stress-relief microcracks or
expansion of compliant components, desiccation or cooling may have gradually altered the cores. Besides a
preconditioning procedure (“seasoning,” described below), we did not attempt to restore these samples to
their pristine conditions for two reasons: (1) it is difficult to quantitatively estimate the loss of pore fluid
content and the amount of volume change, and (2) even if a reasonable estimate could be made, restoration
process is infeasible in these low-permeability rocks and would likely introduce other unfavorable effects. To
that end, test specimens were prepared from the core samples “as-is.” To avoid clay mineral-water interac-
tions, specimens were saw-cut without using coolant fluids. This technique also prevents oven-drying, which
may remove clay-bound water from the samples. To reduce the frictional heating, the saw-cutting was done
at low-speed (typically between 100–125 rpm depending on the specimen) and cooled with air blow. The
specimens were machined into cylinders 25.4mm (1 in.) in length and 25.4mm in diameter; both ends were
grounded flat and mutually parallel. The axes of vertical and horizontal specimens are aligned perpendicular
to and parallel to bedding planes, respectively.

Since these Bakken cores are tight and low in permeability, we drilled three evenly spaced but misaligned
boreholes (8.5mm depth and 1mm diameter) on each end of the specimen (Figure 2) to facilitate pore
fluid saturation. Tests using an aluminum specimen of the same configuration indicate that the presence
of such small boreholes has a negligible influence on the stress distribution across the specimen surface
(see Appendix A for details).

Electrical-resistance strain gages were epoxied directly on the specimen to measure axial and circumferential
deformation. Strain gage configuration is detailed in Appendix B. The strain gages we used feature a circuit
grid length of about one fourth of specimen length, which is sufficiently large to average the local heteroge-
neity of these Bakken specimens.

3.2. Experimental Configuration

We configured the experiments to simulate in situ depletion and injection. Since the effects of mean stress (S)
and pore pressure (Pp) on the static deformation of rocks are our emphasis, we only subject the specimen to
hydrostatic confining pressure (Pc) and internal pore pressure (Pp). We recognize that this is a rather simplified
representation of the general stress state in situ (S1 ≥ S2 ≥ S3> Pp) (see the discussion in section 7.1. The speci-
mens were tested under room-dry, room temperature, and drained conditions.

The experimental setup is illustrated in Figure 2. The specimen is first jacketed by a Viton sleeve to prevent
the penetration of confining fluid and then sandwiched by two core holders. The specimen-core holder
assembly is housed inside a pressure vessel in which mineral oil fills up and is pressurized by a servo-
controlled hydraulic system.

Compressed argon (Ar) was used as the pore fluid and regulated by one syringe pump. Pore pressure (Pp) is
applied as argon flows from the opening in the core-holders into the end of the specimen (we did not differ-
entiate the pore pressure between two ends of the specimen). A porous stainless steel disk (1.58mm in thick-
ness and 0.01mm in pore size) was placed in between each core holder, and the specimen to spread the fluid
flow evenly across the end of the specimen.

3.3. Loading Path

According to our estimation of the in situ stress conditions of the study area (S≈ 65MPa and Pp≈ 45MPa at
the core depth), we set the limits of confining pressure and pore pressure as 70MPa and 60MPa, respectively.
The pore pressure is intentionally set higher than in situ conditions in order to fully examine its effect on rock
deformation. While Pc is always greater than Pp, the minimum difference between them is 10MPa, which pre-
vents the pore fluid from hydraulically fracturing the rock. The applied pressure ranges allow us to reasonably
simulate the possible conditions encountered during depletion and injection.

Each specimen first underwent a so-called “seasoning” procedure [Bernabé, 1986;Warpinski and Teufel, 1992],
which cycled between zero and maximum confining stress multiple times with zero pore pressure.
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Presumably, this was to ensure the closure of some relaxation microcracks and pores and to eliminate other
variables. Ma and Zoback [2016a] showed the results of seasoning and discussed how changes such as
relaxation microcracking could affect the mechanical properties of these samples. During seasoning, it was
observed that for all specimens the hysteresis of static deformation and wave transmission between
loading and unloading in the same cycle diminishes, so does the discrepancy between different loading
cycles. This suggests that seasoning may approximate the extracted core to a condition under which
reproducible measurements can be made. Heuristically, we seasoned each specimen three times, by when
the difference of mechanical response between loading and unloading cycles typically becomes
negligible. Additional information on seasoning can be found in Appendix C.

After seasoning, the specimen was then put through a predetermined loading path where it experiences
many possible combinations of Pc and Pp (Figure 3). We load and unload in cycles the confining pressure
while maintaining different constant pore pressure levels. First, for a constant Pp= 0MPa, Pc was cycled up
to a maximum of 70MPa and back to a minimum of 0MPa. Then, Pp was elevated to the next level
(=10MPa) and Pc was cycled again. The iteration continues until the minimum of Pc-Pp reached 10MPa.
For each step of Pc and Pp, the pressure change is instantaneous; however, we allowed the pore pressure
to fully equilibrate by ensuring sufficient waiting time (usually 2–3 h). Equilibrium was deemed achieved
when the moving strain readings stabilized (see Appendix C for additional information). We consider that
the loading cycle simulates the depletion case and unloading simulates injection because of the relative
change in confining pressure with respect to the change in pore pressure. We recognize that our loading path
does not directly mimic the actual depletion and injection processes occur in the field, but the terms of deple-
tion and injection were adopted in this paper due to fundamental similarity between the experiment and the
field case. The applied loading path evaluates the relative contribution of confining and pore pressure on the
rock deformation, which may still contribute to the understanding of depletion and injection processes.

4. Deformation Data
4.1. Specimen Deformability Overview

Deformation along specimen’s axial and circumferential (lateral) directions yielded the axial and lateral strain
(εax and εlt), respectively. Since the specimens’ axes are either bedding-perpendicular or bedding-parallel, εax
and εlt are conveniently assumed to be principal strains. Therefore, volumetric strain (εv (=ε11 + ε22 + ε33)) is
simply equal to (εax + 2εlt) for bedding-perpendicular specimen and (2εax + εlt) for a bedding-parallel speci-
men. As the specimens vary significantly in lithology and most likely in mechanical properties, we first sum-
marized their stress-strain response to establish a general comparison. In Figure 4a, stress-strain records of all
vertical specimens are displayed for a stress profile where confining pressure (Pc) was raised from 20MPa to
70MPa (maximum) and then unloaded back to 20Mpa, while pore pressure (Pp) was kept constant at 10MPa.
All specimens contracted as Pc was raised, although the amount of deformation varies significantly between
specimens. Apparently, axial deformation was greater than lateral deformation for all specimens at any given
stress level. This deformational anisotropywas expected for these cores since they are bedding-perpendicular.

Figure 3. Illustration of the loading path. (a) All combinations of confining pressure and pore pressure levels. (Each red
triangle represents a strain measurement.) (b) Confining pressure is loaded up and down for a constant pore pressure.
Between each confining pressure step sufficient time is allowed for pore pressure equilibrium.
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Laminated rocks are often treated as vertical transversely isotropicmaterials, and therefore, the axial and lateral
response are considered as the end-members of deformability. The fact that axial strain is significantly higher
than the lateral suggests the preferred alignment of microcracks/pores or soft components with bedding.

It is important to note that our tests were conducted under hydrostatic stress conditions; the stress-strain
response along each principal direction does not theoretically equal to the deformability in that direction
(as it would under uniaxial stress conditions). Nonetheless, the observed difference between the two
directions provides us with a qualitative estimate of the rock’s deformational anisotropy, if not quantitatively.
In Figure 4a, the stress-strain curves are placed in the order of increasing amount of axial deformation. Note
that axial deformation does not proportionally correlate with lateral deformation. For example, specimen
B3V shows a similar lateral deformation response as specimen B1V, but in the axial direction the former
exhibits much greater deformation and more significant Pc-dependency. The axial-lateral relation suggests
the anisotropy, and specifically the abundance of bedding-aligned compliant components and how they
are distributed within the rock.

The deformation data presented in Figure 4a are rearranged in the form of confining pressure against
volumetric strain (Pc versus εv) and displayed in Figure 4b. According to their volumetric deformability, we
divide all six specimens into two subgroups: (i) stiffer specimens (B1V, B4V, and B10V) and (ii) more compliant
specimens (B3V, B3H, and B9V). It is a coincidence that subgroup I specimens are carbonate-rich and group II
specimens are silicate-rich. The local tangent to the Pc versus εv curve simply represents the rock’s bulk
modulus (Kbulk). Although these specimens are highly anisotropic, we consider using bulk modulus adequate
to describe their inherent stiffness under hydrostatic stress conditions. For the remainder of this paper, we
focus primarily on the volumetric deformation and its dependencies on Pc and Pp.

We recognize that the presence of boreholes renders the hydrostatic stress condition not strictly valid inside
the specimen, and therefore weakens the analysis of either bulk or directional deformability (see details in
Appendix A). Nonetheless, in this paper we use the term εv and Kbulk for the specimen with boreholes for
convenience and will be focusing on the systematic differences in the specimens with lithology.

Figure 4. Comparison between stress-strain relationships of all five vertical specimens when pore pressure is consistently
at 10MPa. (a) Axial and lateral strains. (b) Volumetric strain.
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4.2. Volumetric Deformation Under Designated Loading Path

The confining stress-volumetric strain response of individual specimens under constant pore pressure is dis-
played in Figure 5. Constant Pp data series are differentiated by symbol color and fitted with solid lines of the
corresponding color. These data series illustrate the effect of changing confining pressure Pc under fixed Pp
(fully drained). The slope of this trend, ∂Pc/∂εv|Pp, corresponds to the drained static aggregate bulk modulus
(Kbulk). Data series of constant simple effective stress σ (=Pc-Pp) are fitted with dashed lines. These data series
reveal the opposite effects of Pc and Pp. Clearly, Pp relieves the confinement of Pc on the rock aggregate
frame, as higher Pp causes εv to decrease. However, an inclined constant σ curve suggests that the internal
Pp does not completely cancel the external compression of Pc. This results that the Biot coefficient (α) is less
than unity. We detail the derivation of α in section 5.

Figure 5. Confining pressure-volumetric strain relationships for constant pore pressures of all six Bakken specimens.
Constant pore pressure data series are fitted by second-order polynomial fitting curves of the corresponding color.
Constant simple effective stress data series are fitting by second-order polynomial fitting in dashed black curves.
(a–f) Carbonate-rich specimens. (g–l) Silicate-rich specimens.
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The stress-strain response at Pp=10MPa for all five specimens summarized in Figure 4 is characteristic of the
Pc-dependency of volumetric deformation for individual specimens. Stress-strain curves of all constant Pp
levels within one specimen are generally subparallel to each other (Figure 5). For example, quasi-linear Pc-εv
response in specimen B1V for each Pp level is consistent so is the stiffened Pc-εv trend in specimen B9V.
This confirms the existence of a consistent Pc-effect on the aggregate volumetric deformation, which is not
significantly affected by the magnitude of Pp. However, the spacing between constant Pp curves generally
increases as Pp rises, indicating a nonlinear Pp-effect on counteracting the Pc confinement. This causes the
curvature of constant σ curves to gradually change as σ decreases. If both the constant Pp and constant σ
curves are linear, the relative contribution of Pc and Pp is fixed; i.e., the Biot coefficient remains unchanged.
The combination of nonlinear constant Pp and constant σ curve suggests the Biot coefficient varies with both
Pc and Pp.

When evaluating the poroelastic response of rock to Pc and Pp, one often assumes that the intrinsic mechan-
ical properties (e.g., drained aggregate stiffness) remain constant. However, the stiffness of nearly all speci-
mens varies considerably with the tested range of Pc and Pp, and between depletion and injection scenarios.

Figure 5. (continued)

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013668

MA AND ZOBACK BAKKEN CORES POROELASTIC DEFORMATION 8



Figure 6 summarizes the variations of aggregate bulk modulus (Kbulk) with Pc for constant Pp in each
specimen. During depletion, silicate-rich specimens B3V and B9V (with the lowest initial Kbulk) received the
greatest increase in Kbulk (approximately 100% when Pc varies from 10 to 70MPa for Pp= 0). Carbonate-rich
specimens B1V, B4V, and B10V were moderately stiffened, with an increase of Kbulk by no more than 50%.
The increase of Kbulk with Pc may be explained by the stiffening of compliant components (such as pores,
organic matters, microcracks, and porous clay minerals). Microscopic observations detailed in section 6
below will offer insights regarding this matter. In both groups of specimens, they soften as Pp increases.
The influence of Pp can be plausibly understood in the context of the effective stress. Shown by Nur and
Byerlee [1971], the Pc-εv response for different Pp is likely to coincide if plotted in terms of effective stress.
With the knowledge of the Biot coefficient, the apparent variations of Kbulk with Pp can be more
reasonably evaluated.

During injection, we found in all specimens that (1) they are stiffer than during depletion under the same
(Pc, Pp), (2) the stiffening with Pc is augmented and particularly in carbonate-rich specimens, and (3) the effect
of Pp becomes more significant (For the same Pc, Kbulk can vary by a factor of ~3 as Pp varies between 0 and
60MPa.). The differences of Kbulk between depletion and injection, however, is not thoroughly understood

Figure 6. Variations of bulk modulus with confining pressure for constant pore pressures of all six Bakken specimens under
both depletion and injection cases. (a–f) Carbonate-rich specimens. (g–l) Silicate-rich specimens.
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but is generally regarded as the hysteresis between loading and unloading (see additional discussion in
section 7.2).

4.3. Stiffness Variations Between Specimens

We compiled the variations of bulk modulus Kbulk (=∂Pc/∂εv|Pp) with Pc and Pp originally displayed in Figure 6
in order to identify their possible correlations with specimen parameters. In Figure 7, the data points repre-
sent Kbulk at Pc=60MPa and Pp=30MPa for both depletion and injection. This stress condition was chosen
because it is representative of reservoir condition after (1) moderate depletion and/or (2) reinjected following
significant depletion. The error bar simply indicates the range of Kbulk at any stress condition (Pc, Pp) we
applied along the loading path. Note that Kbulk is always slightly higher during depletion than during injec-
tion for the same (Pc, Pp) condition, and the range of Kbulk variations is substantially greater during depletion
than injection.

The trend of Kbulk versus porosity (Figure 7a) appears erratic at first glance. However, specimens within the
carbonate-rich subgroup show a negative correlation between Kbulk and porosity. This is expected as lower
stiffness is typically associated with higher porosity. We do not yet understand, however, why the silicate-rich
specimens are not following this trend. Note also, within the carbonate-rich subgroup, the range of Kbulk var-
iation for each specimen during injection scenario appears to rise with the magnitude of Kbulk at Pc=60MPa
and Pp=30MPa. In the silicate-rich specimens, the trend is just the opposite. The range of Kbulk variations

Figure 6. (continued)
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indicates the sensitivity of rock stiffness to Pc and Pp. The discrepancy between the two subgroups may be
due to differences in deformational mechanisms besides porosity. The pore geometrical details (spheres,
tubes, or sheets) that usually are considered in fluid transport also deserve special attention here due to
the intricacy between grain and pore deformations mentioned earlier.

Kbulk is also plotted against clay content (Figure 7b). No apparent correlation can be observed across all speci-
mens or within either subgroup. This is probably because clay content and porosity are weakly correlated.

5. Biot Coefficient for Volumetric Deformation
5.1. Theoretical Background

Effective stress (σ) is traditionally considered to be the net difference between confining pressure (Pc) and
pore pressure (Pp):

σ ¼ Pc � Pp (1)

Equation (1) is based on Terzaghi’s [1923] assumption that Pp has an equivalent canceling effect to Pc, which
works well in the deformation of uniformly saturated, unconsolidated sediments like soils. However, this
assumption is not strictly applicable for the deformation of most rocks. Fundamentally different from soils,
the skeleton of the rock is continuous and stiffer. Grain bonding reduces the area that the pore fluid can
act around individual grains, and the effect of pore pressure diminishes as the rock skeleton (or grain aggre-
gate) becomes stiffer.

Nur and Byerlee [1971] proposed an “exact” effective stress law, which can be taken as a generalized form of
Terzaghi’s principle:

σeff ¼ Pc � α�Pp (2)

where σeff is the “effective” stress (as opposed to the simple effective stress σ) and α is the Biot coefficient
to scale down the effect of pore pressure. Equation (2) agrees well with the experiments by Nur and Byerlee
in measuring rock volumetric deformation. Equation (2) confirms the suggestions by Geertsma [1957] and
Skempton [1960], who suggests that the Biot coefficient α specifically for volumetric deformation is
obtained by

α ¼ 1–Kbulk=Kgrain (3)

where Kbulk and Kgrain are the bulk moduli of the aggregate and constituent minerals, respectively. Equation
(3) assumes that Kgrain is a material constant.

For rocks with several constituent minerals and heterogeneous microstructures, Kgrain is difficult to measure
in the laboratory or to estimate using mixing laws. In addition, depending on the constituent minerals, Kgrain
can possibly vary with confining pressure (especially for clay minerals or organic matter). As a result, α is

Figure 7. Correlation between bulk modulus and (a) porosity and (b) clay plus kerogen (weight fraction). The data points
represent the value when confining pressure and pore pressure at 60MPa and 30MPa, respectively. The error bars reflect
the range of the bulk modulus under all applied confining and pore pressure conditions.
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infeasible to be precisely determined using equation (3). Instead, it is viable to derive α based on the relative
contribution of confining pressure and pore pressure to the volumetric deformation of the aggregate. And as
it implies, α is likely to vary with Pc and Pp.

Todd and Simmons [1972] first proposed and theoretically demonstrated that

α ¼ 1� ∂Q=∂PPjσ
� �

= ∂Q=∂σjPP
� �

(4)

where Q is any measured physical quantity.

Todd and Simmons used equation (4) to experimentally study the effective stress with respect to wave pro-
pagation velocities. Their derivation of α could be extended to other physical properties such as stiffness
and permeability [Christensen and Wang, 1985; Hornby, 1996; Sarker and Batzle, 2008].

In this study, we determine the Biot coefficient (α) based on the relationship dictated in equation (4). Since we
are interested in static bulk deformation, the measured physical quantity Q here is specified to be volumetric
strain εv, such that

α ¼ 1� ∂εV=∂PPjσ
� �

= ∂εV=∂σjPP
� �

(5)

For consistency with the notion of bulk modulus (Kbulk = ∂Pc/∂εv|Pp), we rewrite equation (5) into

α ¼ 1� ∂σ=∂εV jPP
� �

= ∂PP=∂εV jσ
� �

(6)

The ratio between ∂σ/∂εv|Pp and ∂Pp/∂εv|σ is a measure of the relative contribution of (Pc-Pp) and Pc to the rock
volumetric deformation. The Biot coefficient, which quantifies the pore pressure effect, is obtained by sub-
tracting this ratio from unity.

Equation (6) can be directly compared with equation (3) due to their similar forms. Assuming that the speci-
men is tested under unjacketed (Pc= Pp) and undrained condition, σ =0 so that the denominator in equation
(6) becomes ∂Pp/∂εv|σ = 0, which is theoretically equal to Kgrain [cf. Wang, 2000]. It is easy to recognize that
equation (3) is essentially a special case of equation (6), when the denominator of the second term in
equation (6) always takes its value at σ = 0. Note in this case that εv in the denominator should refer to the
volumetric deformation of the constituent grains rather than the aggregate. We consider equation (6) to
be more intuitive than equation (3) since σ is obviously nonzero in our jacketed tests. In addition, equation
(6) is consistent with our experimental program since the volumetric deformation εv we measure is for the
bulk aggregate. In this study, the measurement of Kgrain, which requires an unjacketed condition, was not
pursued. Equation (3) by Nur and Byerlee [1971] is strictly applicable when ∂Pp/∂εv|σ for σ> 0 is very close
to its value when σ = 0.

It is worth noting that ideal measurement of Kgrain or Kbulk depends on the confining/pore fluid permeates
the pore spaces throughout the rock [cf. Wang, 2000]. This breaks down when there is isolated pore space
inaccessible to pore fluid or the pore connectivity varies with pore pressure. This may induce the discrepancy
between the theory and the experimental results, especially in tight rocks of complex microstructures.

5.2. Experimentally Derived Biot Coefficient

The variation of Biot coefficient with simple effective stress (σ) for constant Pp is shown in Figure 8. In all speci-
mens, α is less than unity, ranging between 0.25 and 0.95 for any tested stress conditions. The variations of α
with σ and Pp are distinct from specimen to specimen. In general, α increases with Pp for constant σ and
decreases with σ when Pp is constant. In the case of depletion, for low to moderate constant Pp (≤ 40MPa),
α slightly rises to a peak before declining with σ. For constant σ, the decrease of α with Pp can be quite sig-
nificant. For example, in specimen B9V at constant σ = 10MPa, α increases from ~0.5 to almost 1 when Pp
increases from 0 to 60MPa. In contrast, in specimen B10V, the variation of α with Pp is negligible for all con-
stant σ levels. As in most specimens, the rise of αwith increasing Pp for constant σ suggests that the net effect
of Pp on counteracting Pc-induced compaction is strengthened. This is consistent with what was inferred from
the deformation data.

We notice that α is generally higher during injection than during depletion for the same (Pc, Pp). The decline of
α with σ for constant Pp is mostly monotonic, and the same with the variation of α with Pp for constant σ. The
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latter during injection is typically reduced as compared to the depletion case, and the decline of α with σ for
constant Pp becomesmore substantial during injection. These comparisons are consistent with the difference
in stiffness variations with σ and Pp between the two scenarios in that the injection stiffness appears more
dependent on both Pc and Pp.

5.3. Biot Coefficient Variations Between Specimens

To facilitate the comparison of Biot coefficient (α) between specimens, we compiled α (Figure 8) as a function
of specimen porosity, clay content, and bulk modulus (Figure 9). Consistent with the configuration in Figure 9,
the discrete data points represent the α value of each specimen at Pc= 60MPa and Pp= 30MPa. The α for
both depletion and injection are included. No apparent correlation can be observed across these five speci-
mens; however, within the carbonate subgroup α is positively correlated with porosity. We normally expect
higher porosity allows pore pressure to have a greater influence (although in more quantitative analysis the
influence of pore geometry should not be overlooked). The rise in α with porosity in carbonate subgroup
confirms this trend. The trend is also qualitatively consistent with the theoretical trend given by Boutéca
et al. [1991] and the experimental data compiled by Cosenza et al. [2002]. The highest porosity specimen

Figure 8. Variations of Biot coefficient with simple effective stress for constant pore pressures of all six Bakken specimens
under both depletion and injection cases. (a–f) Carbonate-rich specimens. (g–l) Silicate-rich specimens.
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B10V stands out, with the least variation of αwith the applied stress conditions. As stated earlier, we attribute
the variations of α with Pc and Pp to pressure-dependent deformation of the rock aggregate, which can
change the interconnectedness of interparticle pores. Rocks with higher porosity (and/or stiff pores) may
be insensitive to such changes while rocks with low-porosity (and/or compliant pores) may be highly
dependent on them. This may plausibly explain the greater variations of α with Pc and Pp in our specimens
with lower porosities. Besides porosity and pore geometry, other microstructural characteristics such as
details of mineral arrangement may also play a role regarding this matter.

Finally, we examined α as a function of aggregate bulk modulus Kbulk (=∂Pc/∂εv|Pp) (Figure 9c). The Biot coef-
ficient α generally decreases with Kbulk regardless of mineralogy (specimen B10V is slightly off this trend). It is
a much improved trend as the discrepancy between the two subgroups with respect to porosity (Figure 9a)
becomes inconsequential. Kbulk seems to be a better measure of the specimen’s poroelastic characteristics
than porosity. There are two reasons we believe this argument is correct. First, rock bulk stiffness Kbulk
depends on and implicitly incorporates many parameters including porosity, pore (and microcrack) geome-
try, and compressibility, as well as the stiffness of constituent minerals and their contacts. Second, porosity is
a measure of the pristine rock, and its value along with the pore shape is subject to change with loading. Kbulk
better represents the current rock mechanical properties as it undergoes loading or unloading. The variations

Figure 8. (continued)
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of Kbulk with Pc and Pp also illuminate the variations of α with Pc and Pp. As expected, the more compliant the
rock is (lower Kbulk), the more significant the variation of α with Pc and Pp (Figure 9c). An exception is
specimen B10V, which has a surprisingly limited α range despite its moderate Kbulk. Its microstructural
characteristics are particularly worth detailed examination against others.

6. Microscopic Observations and Micromechanical Aspects of Deformation

In previous sections, we identified the aggregate deformational characteristics of these specimens. The roles
of pores, compliant components, and microcracks on deformation in relation to confining pressure and pore
pressure are considered critical to their poroelasticity. To that end, a microscopic examination was performed
by using both petrographic microscope and scanning electron microscope (SEM) to study the rock micro-
structures. In particular, we concern (1) how the compliant components and pores are distributed throughout
the specimen and how they affect rock deformability, (2) where the pore fluid could reach and effectively
deform the rock, and (3) how the features of (1) and (2) are likely to evolve with varying confining and
pore pressures.

6.1. Petrographic Examination

Standard thin sections (thickness = 30μm) were prepared from the cutoff of each core sample prior to test-
ing. These thin sections are perpendicular to the core axes. Figure 10 shows the photomicrographs of
these thin sections. Core B1V, B4V, and B10V can be all recognized as carbonate-dominated wacke/pack
stones, but their microstructures are quite distinct from one another. Clearly Core B1V is composed of sev-
eral heterogeneous domains. Cores B4V and B10V consist irregularly shaped fragments that seem to form
the framework. The darker domains of very fine grained carbonate mud and clay minerals fill up the space

Figure 9. Correlation between Biot coefficient and (a) porosity, (b) clay plus kerogen (weight fraction), and (c) bulk modulus
for both carbonate-rich (diamond) and silicate-rich (circle) specimens. The data points represent the Biot coefficient when
confining pressure and pore pressure at 60 and 30MPa, respectively. The error bars reflect the range of the derived Biot
coefficient under all applied confining and pore pressure conditions.
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between clastic fragments. Core B3V, B3H, and B9V can mainly be recognized as fine sandstone. Cores B3V
and B3H were essentially identical in microstructure: clast-supported structure primarily filled up by clay
minerals. Core B9V is similar in terms of microstructure but apparently contains larger and rounder
clastic grains than Cores B3V and B3H. Specifically, petrographic descriptions on each core are detailed
in Appendix D.

Based on the thin-section examinations, it appears that in the silicate-rich subgroup, compliant components
are somewhat dispersed between the stiff grains, while the carbonate-rich specimens seemmore structurally
continuous. The carbonate-rich groupmay have gone through various degrees of postdepositional processes
(e.g., dolomitization) that further altered their initial microstructural and mechanical characteristics.

6.2. SEM Observations

We examined the specimen thin sections under a scanning electron microscope (SEM) in order to evaluate
micromechanical morphology in relation to the characterized poro-mechanical behavior. We aimed to differ-
entiate mineral phases (by spot energy dispersive spectroscopy measurements) and highlight the grain-pore
structures and possible presence of microcracks in finer detail otherwise difficult for optical methods. The
thin sections examined under the SEM (model: FEI Magellan 400 XHR) were coated with a 0.06μm thin gold
layer on the surface in order to minimize charging issues at an accelerating voltage typically less than 25 kV.
Specimens were compared within their subgroups. Figures 11 and 12 depict backscattered electron images
for the carbonate-rich and silicate-rich specimens, respectively.
6.2.1. Carbonate-Rich Subgroup
Within the carbonate-rich subgroup (Figure 11), specimens B1V, B4V, and B10V are ordered by decreasing
aggregate stiffness (correlated to increasing porosity). These three specimens are generally much stiffer than
the silicate-rich counterparts. Clastic contacts are pervasive throughout these specimens, constituting the
stiff load-bearing framework. Specifically, specimen B1V mainly comprises clasts of calcite and smaller dolo-
mite (Figure 11a), consistent with the optical observations. In both domains, micritic calcite grains are scat-
tered between major grains and also appear to be load-bearing. The rock appears to have undergone
dolomitization, and the crystal overgrowth around original detrital dolomite core further reduced pore space
and strengthened clast contacts (Figure 11b). The interparticle pores are stiff and may host compliant com-
ponents such as clay minerals (Figure 11c). Elongated pores along grain boundaries and intergranular micro-
cracks connect the stiffer circular pores and are considered to be the main conduit for pore fluid migration.
These relatively compliant pore pressure channels do not show preferred orientations and may easily be
impacted under hydrostatic compression.

Figure 10. Thin-section photomicrographs (cross-polarized light) of all six Bakken specimens prior to laboratory deforma-
tion. Thin sections are oriented perpendicular to core axes.
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As compared to specimen B1V, higher amount of clay is found in specimen B4V. Elongated clay minerals
(length comparable to clastic grain) exist between the grains, and isolated patches of clays develop and
occupy large void space (Figure 11d). The distribution of clay slightly disrupts the continuous clast-
supported framework, indicating that the load is partially supported by the compliant component. The
clays between the clast grains are sometimes associated with intergranular microcracks (Figure 11d).
The compaction of clays and microcracks closure may contribute to the majority of volumetric deforma-
tion. There are some irregular pores around and scattered inside the grains. They are probably caused
by dissolution of the carbonate. The intergranular pores are critical to pore fluid migration, but the intra-
granular pores are not. Notably, the rock matrix is composed of two distinct phases with different clay
content (Figure 11e). The oblique fracture clearly divides these two phases: the clay-poor phase on the left
is dominantly clast-supported with small but seemingly stiff pores, while the other phase is clearly clay-rich

Figure 11. SEM photomicrographs of carbonate-rich specimen thin sections prior to experiments. Thin sections were pre-
pared orthogonal to bedding planes, which are oriented horizontally. B1V: (a) The irregular boundary between the two
mineral phases (Dol: dolomite; Cal: calcite). Most dolomite crystals feature light color rims around the darker color cores
because the rims have elevated iron content. (b) Crystal overgrowth by dolomitization around detrital dolomite nuclei
appears to diminish pore space and strengthen clast contacts. (c) Several microcracks connect the central clay-filling pore.
B4V: (d) The microcrack propagates mainly through grain boundaries and along elongated clay minerals (Cl, arrow
pointed). (e) A steeply dipping fracture separates the clay-poor (left) and the clay-rich (right) phases. B10V: (f) The clay-filling
domain in the upper part of the photo contrasts the lower clast-supported domain. (g) The elongated clay mineral (Cl,
arrows pointed) in the center was apparently deformed by the adjacent clasts. (h) Clay-filling pore space. Note that the
crystallization of surrounding grains may have reduced the pore size and strengthen the pore.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013668

MA AND ZOBACK BAKKEN CORES POROELASTIC DEFORMATION 17



and clays appear to constitute the load-bearing framework. These two distinct phases correspond to the
optically identified clastic fragment and the surrounding mud, respectively, shown in Figure 10d. We
suspect that the fracture was developed partly due to difference of deformability between two phases.
The fracture obviously facilitates pore fluid migration, but pore fluid may be restricted to only the
intergranular pores within either phase.

The microstructure of specimen B10V is highly heterogeneous. It contains varying sizes of domains that are
predominantly filled of clay minerals and fine clasts (Figure 11f). In these clay-filling domains, isolated clastic
grains are immersed in the continuous clay fabric, which are generally subparallel to beddings. Deformed
clay minerals were identified between clast grains (e.g., Figure 11g), which suggests that the compliant clays
share the load with clasts. Outside of these domains, the clastic grains clearly dominate the framework and
leave only isolated clay-filling but perhaps later strengthened pores by dolomitization (Figure 11h). The
majority of the specimen is clast-supported; however, the clay-filling domains are different in sizes and ran-
domly scattered throughout the specimen so that it is difficult to quantify their impact on the rock aggregate
deformability. The inclusion of clay-filling domains and the overprinted dolomitization may be related to the
fact that specimen B10V has very limited variations of α with Pc and Pp despite its moderate aggregate stiff-
ness. However, it is challenging to characterize without knowing the primary channels at a global scale where
pore fluid can act and how these channels evolve with loading.
6.2.2. Silicate-Rich Subgroup
Based on the stress-strain response, specimens in the silicate-rich subgroup are significantly more compliant
compared to the carbonate-rich specimens. Specimens B3V, B3H, and B9V are generally classified as fine
sandstones. Although these specimens are dominantly composed of clastic grains and appear to be clast-
supported, the contacts between clast grains are less persistent. For specimen B3V, the major clastic grains
are moderately sutured together with little cementation and they are often coated with or sometimes
embedded in fine clastic mud or clays (Figures 12a and 12b). Although these coating materials are seldom

Figure 12. SEM photomicrographs of two silicate-rich specimen thin sections prior to experiments. Thin sections were pre-
pared orthogonal to bedding planes, which are oriented horizontally. B3V: (a) The intergranular microcrack propagates
subparallel to bedding. (b) The presence of fine-grained mud and clays between major clast grains. (c) Close-up of an
interparticle pore space. The pore is clay-filled and ruptured by amicrocrack, ideal for pore fluidmigration. B9V: (d) The pore
space between quartz grains (Qtz) is partially filled with calcite (Cal) or clay (Cl). (e) Note that the microcracks mainly pro-
pagate through grain boundaries and weak clay coatings. (f) Loose clay minerals host secondary pore spaces.
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spatially continuous, they certainly disrupt the contacts between clasts. This indicates that those clay/mud
coatings can transfer load between the major clast aggregates and their compactions can induce
significant volume reduction. Several intergranular microcracks were identified. Locally, the microcracks
wind along a tortuous path through grain boundaries, clay mineral patches, and pore space between big
clast grains but are subparallel to bedding on a global scale (Figures 12b and 12c). It is unclear whether
these microcracks existed in situ or were created due to stress relief during coring or other procedures.
The closure of these microcracks certainly contributes to the apparent higher compliance in the axial
direction and may reduce the pore pressure effect.

Specimen B9V has averagely bigger grain size and contains fewer mud-size clasts than B3V. Though the
clast-supported framework of B9V appears to be continuous and load-bearing, large pore space exists
and is susceptible to compaction with stress (Figure 12d). The rock is partially cemented, and the degree
of cementation between grains varies significantly throughout the specimen. Randomly distributed preci-
pitated calcite fills up some pore spaces and may cement quartz grains, and some pores are loosely filled
with mainly clay minerals (Figure 12e). Close examination reveals that these pore-filling clay minerals host
secondary porosity (Figure 12f). The pore-filling clays add little to the load-bearing capacity of the rock
matrix but may serve as channels for pore fluid to migrate and to act around clast grains. This may con-
tribute to significant pore pressure effect on the deformation of the rock. The presence of intergranular
microcracks is another source of volumetric deformation (Figure 12e). The identified microcracks are
generally subparallel to bedding. They tend to rupture between clast grains and effectively connect
intergranular pore spaces.

The variations of bulk modulus and Biot coefficient are controlled by aggregate stiffness and pore stiffness,
respectively. Good correlation between bulk modulus and Biot coefficient indicates that the two are interde-
pendent (Figure 9c). The variations of bulk modulus mainly depend on the compaction of compliant compo-
nents. The stiffest end-member of a sediment morphology, i.e., free of compliant components, could be
idealized into the micromechanical model shown in Figure 13a. Depending on the lithology, the contacts
between clast grains may include various compliant components (such as pores, organic matters, micro-
cracks, and porous clay minerals) (Figure 13b) or any combination of them. These compliant components
not only control the rock aggregate deformation but also influence pore fluid penetration. In turn, the fluid
impacts compliant pore/microcrack deformation, which further affects the aggregate deformation. Since
all specimens examined in this study are in fact low in porosity, the area where the pore fluid can act is quite
limited and easily affected by the deformation of these compliant components. Therefore, the contrast in
aggregate stiffness and poroelastic response between the two subgroups can be attributed to the increasing
amount of compliant components between the clast grains. This also qualitatively explains the apparent cor-
relation between bulk modulus and Biot coefficient. The fact that the variations of Biot coefficient are signifi-
cant in the silicate-rich rocks and but moderate in carbonate-rich rocks is due to the deformation of the
compliant components that drastically change the extent of pore fluid channel. Nonetheless, to characterize
the effect of microstructure on poroelasticity under stress remains challenging since there is no direct obser-
vation of the specimen as being deformed. Imaging techniques that allow microstructure visualization while
specimen is being deformed need to be adopted.

Figure 13. (a) Conceptual model of stiff clast-supported rock framework and stiff pores under hydrostatic compression
loading. (b) Types of compliant components disrupt clast-supported framework, contribute to compaction, and increase
pore pressure acting area.
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7. Discussion
7.1. Experimental Configuration Not Fully Representative of In Situ Conditions

Although the experiments reported in this paper strived to deform the cores under stress magnitudes com-
parable to in situ conditions, it is important to note that our experimental setup is not fully representative of
the conditions the in situ materials actually experienced. We subjected the specimens to hydrostatic com-
pression, fully drained conditions (S1 = S2 = S3> Pp). A true triaxial state of stress simulating the realistic crustal
conditions (S1 ≥ S2 ≥ S3> Pp) would be desirable [e.g., Ma and Haimson, 2016] but was not pursued for prac-
tical reasons. Because we are primarily concerned of the effect of a uniform confining pressure and pore pres-
sure, existence of differential stresses (S1� S3) under triaxial compression conditions (S1> S2 = S3> Pp) would
significantly complicate the experimental program and data analysis. Havens and Batzle [2011] measured the
Biot coefficients (with respect to Kbulk) of the two Middle Bakken cores from distinct facies under triaxial com-
pression states. They found that the Biot coefficient decreases slightly with axial stress (S1) for constant con-
fining pressure. This is intuitive since as the specimen is axially compacted, its stiffness increases, which
results in the decline of Biot coefficient. Furthermore, it is consistent with our findings in the sense that the
rise in mean stress [(S1 + S2 + S3)/3] causes the Biot coefficient to decrease. The differential stress induces
shear stress inside the specimen and may possibly enhance rock compaction or dilation (depending on
the stress level), which is critical to the poroelastic behavior of the rock. Therefore, it is possible that our
experiments may have under-represented what happened in situ.

Regarding pore fluid, we used rare gas Argon while Bakken is primarily an unconventional oil play. We
selected Argon primarily because it is stable and not reactive. However, the particle size of Argon is much
smaller than liquid oil and it is much less viscous. Argon may effectively pass certain pore sizes than the in
situ hydrocarbons or injected fluids. Note also that the bulk modulus of Argon rises significantly with Pp, sug-
gesting additional artifacts [Batzle and Wang, 1992]. In this sense, our tests with Argon may have enhanced
the effect of pore pressure. In addition, we tested the specimens “as is” and did not attempt to “clean” the
residual oil. Any heavy hydrocarbons left in the specimen are considered immobile and being part of the rock.
They may occupy the pore space and/or block the Argon pathways and essentially make the rock less
impermeable. However, it is extremely difficult to quantify and was not included in our analysis.

Our experiments did not operate at temperature levels comparable to that in situ. Under-represented tem-
perature (~25°C instead of ~75°C) may have suppressed thermally aided processes occurred at the depth
of ~10,000 ft (~3 km). Naturally, we expect that the temperature would modify the effects of confining and
pore pressures on rock deformational behaviors.

Last but not the least, our laboratory experiments utilized core-scale specimens that come with small frac-
tures or cracks. Our characterized core-scale pore pressure response therefore reflects something between
that of the intact rock matrix and the reservoir rock mass with large-scale faults and fractures. In addition,
our experiments were performed within a time frame much shorter than the actual duration of depletion
(although the scale of our specimens are much smaller). Simply, the scale effect needs to be considered if
one attempts to infer the reservoir poroelastic response based on our laboratory data. In that case, a dual-
porosity model with built-in time function is warranted.

7.2. Variations of Biot Coefficient Between Depletion, Injection, and Loading Cycles

The variations of the Biot coefficient between depletion and injection, and between loading cycles, are par-
ticularly intriguing. The variations can be attributed to certain experimental artifacts and a few processes that
actually altered the structure of the rock. Besides the pore fluid stiffening discussed in section 7.1, inadequate
pore pressure equilibriummight be relevant. Multiple loading-unloading cycles over relatively short period of
time in low-porosity, low-permeability specimens inevitably involve the issue of pore pressure inequilibrium,
which is difficult to characterize. The placement of boreholes should ideally expedite the equilibration pro-
cess, but we expect that this can only remove the majority but not the entirety of the inequilibrium issue.
Local pore pressure anomaly, aided by the rock microstructure alteration with stress, can enhance the appar-
ent discrepancy between depletion and injection. As commented earlier, the discrepancy between depletion
and injection can be considered as the hysteresis between loading and unloading, and re-loading. Ma and
Zoback [2016b] discuss the cause of hysteresis in these Bakken specimens and attribute it mainly to inelastic
deformation in the form of microcracks closure and re-opening as well as compliant component
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compactionand rebound. These have been noted earlier by Bernabé [1986] andWarpinski and Teufel [1992] in
their similar experimental programs. In the event that the pore connectivity may be highly sensitive to grain
contact and microcrack/compliant component deformation, these subtle changes between depletion and
injection can induce variations of Biot coefficient. The previous seasoning procedures by Ma and Zoback
[2016a] should have removed the majority of uncertainties and inelastic deformation, but despite this hyster-
esis is still persistent throughout the full loading path.

Other factors may cause the variations of the Biot coefficient between depletion and injection. It is possible
that the rock might undergo progressive damage over loading cycles, which is not reversible. Pore fluid pres-
sure in certain circumstances may have extended existing microcracks and/or created new microcracks
despite that pore pressure did not exceed confining pressure. This is plausibly due to local tensile stress or
deviatoric stress arises from rock heterogeneity and anisotropy and material fatigue during cyclic loading
[Bernabé, 1986;Warpinski and Teufel, 1992]. The extended microcracks tend to promote pore fluid infiltration
and saturation. In this instance, the closure (depletion) and re-opening (injection) of these microcracks may
again greatly affect how pore pressure counteracts confining pressure around individual grains, therefore
affect the Biot coefficient. The extent of damage with loading is highly variable depending on specimen char-
acteristics. It is worthwhile to note that these specimens may inevitably experience some irreversible altera-
tion under the designated loading path. Despite this, we believe that the small amount of inelastic
deformation compared to that of the poroelastic deformation allows our assumption of poroelastic behavior
to be practically sufficient.

7.3. Effective Stress Coefficient With Respect to Other Physical Quantities/Properties

It is important to note that some experimental studies on effective stress are strictly related to other physical
properties such as velocity and permeability. The effective stress coefficient for one property might not be
the same with the others. The derived effective stress coefficient for ultrasonic velocities (dynamic) in the
same specimens [Ma and Zoback, 2016b] was found to differ from that by the static volumetric strain shown
in this study. Recent studies on dynamic and static properties in the same shale specimens also confirmed the
fundamental differences between the two physical quantities and their sensitivities to stresses [Meléndez-
Martínez and Schmitt, 2016; Ong et al., 2016]. Although the transmitting waves through the rock also induce
strain (by vibration), the amount of dynamic deformation is a few orders smaller than the strain produced by
the static loading [cf. Mavko et al., 2009]. In addition, the dynamic measurements only sample elastic strain,
which do not allow for inelastic deformation that associated with compliant component compaction or
microcrack closure. Besides, the wave propagation is sensitive to the presence of microcracks or foliations.
The orientations and lengths of these discontinuities will greatly affect the corresponding wave velocity
and stress dependency [e.g., Song and Suh, 2014], which might not affect the volumetric deformability to
the same extent. Warpinski and Teufel [1992] showed in two tight sandstones and a chalk that the effective
stress coefficient for volumetric deformation is different from that for permeability. Again, the mechanism
of permeability change might differ completely from that of volumetric strain. For example, the deformation
of pore-lining clay with pore pressure enhances the permeability but its effect on the rock skeleton is much
smaller, as suggested by Zoback and Byerlee [1975]. In the context of reservoir deformation associated with
depletion or injection, we consider the Biot coefficient derived from static deformation tests to be
more relevant.

8. Concluding Remarks

We performed hydrostatic compression experiments on six low-porosity cores from the Bakken play to char-
acterize their poroelastic response to confining pressure and pore pressure. We simulated scenarios of deple-
tion and injection by subjecting the specimens to a thorough stress path, i.e., cycling of confining pressure
and pore pressures.

The bulk modulus of each specimen increases with confining pressure for constant pore pressure and
decreases with pore pressure for constant confinement. During injection, the pore pressure effect on bulk
modulus appears to be more significant than during depletion. Based on the variations of bulk modulus with
respect to confining pressure and pore pressure, we calculated the Biot coefficient (α). It is persistently less
than unity, regardless of lithology, stress condition, and loading path and typically varies between 0.3 and
0.9. As expected, α decreases with simple effective stress for constant pore pressure and increases with
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pore pressure for constant simple effective stress. Under low simple effective stress, the Biot coefficient is
highly dependent on pore pressure during depletion but not so during injection. For the same stress condi-
tion, the Biot coefficient during injection is consistently higher than during depletion. Given the observed var-
iations of α with Pc and Pp, modeling of reservoir stress changes during depletion and injection using a
constant α could be problematic.

Though the variations of α with Pc and Pp differ from specimen to specimen, we observed a negative correla-
tion between Biot coefficient and bulk modulus in all specimens. We suspect the abundance of compliant
components (such as pores, organic matter, microcracks, and clay minerals) and their spatial arrangement
controls the rock stiffness, which in turn affects the poroelastic characteristics. We then examined the micro-
structure morphology of all specimens under petrographic microscope and SEM. Generally, the carbonate-
rich specimens feature strong framework, mainly clast-to-clast contacts and stiff pores. The silicate-rich speci-
mens are relatively soft in terms of weaker contacts and compliant pores. The microscopic observations sug-
gested that the stiffness and Biot coefficient are interdependent and their variations can be attributed to the
abundance and distribution of compliant components.

The examination of the pristine microstructures allowed us to account for the primary mechanism of defor-
mation of these specimens. It only provides a qualitative comparison between the specimens we tested, and
the role of mineralogy and microstructures. It is difficult to account for the likely changes in microstructures
with stress and the associated changes in poroelastic behaviors. These remain challenging in lack of direct
observation of the specimen when being deformed.

Future study of the poroelastic behaviors under differential stresses and temperature control is desired to
fully approximate the in situ response. A realistic dual-porosity model is necessary to scale up the laboratory
core test results to analyze the reservoir-scale deformations and the associated stress changes.

Appendix A: The Impact of Borehole Presence on Stress Distribution
The intention of drilling axial boreholes on both ends of the specimen was to increase the rock surface area in
contact with pore fluid, which in principle can expedite the process of pore fluid saturation and pore pressure
equilibration. The placement of boreholes is illustrated in Figure A1. Three boreholes on either end of the

specimen are each 120° and 12mm
apart. We fully recognize that the pre-
sence of multiple boreholes inevita-
bly redistributes the local stress field
inside the specimen and may poten-
tially induce additional damage to
the rock. However, we consider that
the effect of boreholes is insignificant
for the following reasons. First,
the boreholes are sufficiently away
from each other and from the edge
of the specimen. Analysis shows that
the intensified stress field around
the borehole diminishes significantly
as the distance exceeds 5 times the
borehole radius. Second, the bore-
holes penetrate to approximately
one third of the specimen length,
leaving a substantial intact portion
in the middle of the specimen, where
the strain gages were attached.
This means that the strain mea-
surement is away from the stress-
perturbed zone. To confirm the
insignificance of borehole effect, we
performed multiple calibrations by

Figure A1. Dimensions of the specimen and the configuration of boreholes
drilled inside the specimen.
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using aluminum specimens with the
same size and configuration as the
Bakken specimens. The strain gages
were glued to the specimen prior to
drilling the boreholes. We subjected
the calibration specimens to uniaxial
compression and recorded the
stress-strain response before and
after the boreholes were placed.
Figure A2 shows a representative
stress-strain relationship in both
cases. The insignificant difference
between preborehole and postbore-
hole led us to neglect this effect in
analyzing the deformability of real
rock specimens. The boreholes inevi-
tably altered the otherwise hydro-
static stress condition within the
specimen and therefore weakened
quantitative interpretation of volu-

metric strain and bulk modulus. However, we primarily focus on the lithology control on poroelastic deforma-
tion, the fact that all specimens prepared with the same borehole configuration still suffices the qualitative
comparison between them.

Appendix B: Strain Gage Configuration
Figure B1 illustrates the configuration of two pairs of strain gages on the curved surface of the specimen. For
vertical Bakken specimens, we attached four identical gages (circuit length = 6.35mm and width = 4.57mm)
each 90° apart, assuming vertical transversely isotropic deformation. For the horizontal Bakken specimen,
we applied a pair of tee-rosette gages (circuit length = 3.18mm and width = 4.57mm) on opposite sides of
the specimen where gage axes are orthogonal to beddings. We consider that this configuration best captures
the principal strains along both bedding-parallel and bedding-perpendicular directions. A comparison of
stress-strain response between specimens B3V and B3H is shown in Figure B2. These two specimens were
extracted from almost the same lithology and depth. A qualitative agreement in their stress-strain response
orthogonal to bedding is found but not in the direction parallel to bedding. Since the two specimens are

Figure A2. Comparison of stress-strain relationships before and after the
borehole was drilled under uniaxial loading.

Figure B1. Configurations of the strain gages on the surface of the specimen with respect to the boreholes and bedding
planes: (top) vertical core and (bottom) horizontal core.
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slightly different in their mineral
compositions and possibly in other
ways, we consider the discrepancy as
specimen-specific and believe that
there is no significant impact by using
different gage configurations.

Appendix C: Creep Strain
and Poroelastic Strain Under
Hydrostatic Stress Condition
Time-dependent deformation has
been reported by Yang and Zoback
[2016] in the same Bakken cores from
which we prepared our specimens.
They subjected the cores to triaxial
compression state and observed

time-dependent creep deformations in these specimens to varying degrees. It is demonstrated that the pre-
sence of viscous materials in these cores contributes to the visco-plastic creep strain [Sone and Zoback, 2014].
In our experiments, we also observed time-dependent deformation after each confining and pore pressure
step, which stabilized in a few hours. This is similar to the creep deformation reported by Yang and Zoback
[2016]. However, we consider it mainly as a result of poroelastic effect due to slow pore pressure equilibrium
rather than visco-plastic creep. We are convinced for the following reasons. First, due to the tightness of these
specimens, pore pressure equilibrium is not instantaneous so that it is expected that the poroelastic deforma-
tion is time-dependent within this equilibrium timeframe. Second, creep experiments performed by Yang and
Zoback [2016] are under triaxial compression state. The time-dependent creep strain diminishes dramatically
with the decline in the applied axial differential stress. Based on their results, an estimation of the creep strain
under hydrostatic compression state could be two magnitudes smaller than the poroelastic strain over the
same pressure step. Third, tests by Yang and Zoback [2016] showed creep strain generally plateaus in ~3 h,
while our tests spans for ~300 h. Any likely creep strain is insignificant when considered within our test time
frame. Nonetheless, the previous seasoning process by Ma and Zoback [2016a] had eliminated the majority
of the visco-plastic effect.

Appendix D: Petrographic Descriptions

D1. B1V (Lodgepole 1)

Carbonate dominates the composition of core B1V. The core primarily comprises two distinct microstructural
domains, which are loosely divided by irregular boundary (Figure 10a). In one domain, fine-grained
(~0.06mm) carbonate hosts bioclasts up to 2.5mm long. The other domain is dominated by micritic mud.
The bioclasts are randomly oriented and dispersed in both domains but appears to be more abundant within
the micritic mud.

D2. B3V and B3H (Lodgepole 2)

Cores B3V and B3H were essentially recovered from the same depth. Both cores are composed of subangular,
mostly equidimensional silicate and carbonate grains (up to 0.06mm) (Figures 10b and 10c). Silicate grains
dominate the composition; carbonate grains are homogeneously dispersed within the silicates and do not
show a noticeable pattern. The rock microstructure appears to be clast-supported. The intergranular pore
space is primarily filled by clay minerals. In the bedding-parallel sample B3H, irregular, discontinuous and
dark-colored beddings are noticeable due to the abundance of fine clay minerals.

D3. B4V (Middle Bakken 1)

Core B4V is mainly composed of subrounded to angular fragments (0.3–5mm). These fragments are com-
posed of very fine grained subrounded carbonate sediment (~0.02mm) and fewer silt-size silicate grains
with dispersed clays (Figure 10d). A very fine grained mud of carbonate and clay surrounds the fragments.

Figure B2. Comparison between stress-strain relationships of a vertical (B3V)
specimen and a horizontal (B3H) specimen.
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D4. B9V (Middle Bakken 2)

Angular clasts of quartz (up to0.1mm)and subrounded to angular clasts of carbonate (up to0.1mm)define the
microstructure of core B9V, which is relatively well sorted and probably bedded (Figure 10e). The clasts are
mostly equant. They do not showa preferred dimensional orientation and do not define beddings. Clayminer-
als are heterogeneously dispersed within the interstitial spaces among silicate and carbonate clasts.

D5. B10V (Three Forks)

The microstructure of core B10V is heterogeneous and convoluted (Figure 10f). Carbonate dominates the
composition of the sample. Contrast in color suggests different degrees of dolomitization, which probably
overprinted a clastic microstructure. Lighter, irregularly shaped domains are distinguished under plane-
polarized transmitted light from slightly darker domains of very fine grained carbonate mud.
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