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1 Introduction

It has been acknowledged that the cores extracted from 
underground are not always fully representative of the in situ 
material (e.g., Santarelli and Dusseault 1991; Warpinski and 
Teufel 1992; Ewy 2015). Even with careful handling and 
storage, the mechanical properties of the cores are inevitably 
altered due to stress relief, drainage and cooling, exposure to 
air or other fluids, etc. These effects can introduce irrevers-
ible changes to most rocks, which have been observed in 
terms of rocks’ permeability, deformability, and velocities 
(Bernabé 1986; Wang and Simmons 1978; Warpinski and 
Teufel 1992). Depending on the degree of alteration, the 
laboratory measurements of the cores may be highly vari-
able and sporadic. Since it affects the attempts to correlate 
the laboratory results to in situ conditions, it is imperative 
to evaluate and to minimize the laboratory measurement 
reproducibility.

In the laboratory, the evolution of the measured core 
properties is often observed when the core is subject to 
repeated, hydrostatic loading–unloading cycles (Bern-
abé 1986; Warpinski and Teufel 1992). This evolution is 
likely to diminish within a number of cycles, and then the 

measurements are deemed reproducible and reliable. This 
cycling procedure is often called ‘seasoning.’ Different 
from other cyclic tests (Haimson 1974; Zoback and Byerlee 
1975), seasoning typically subjects the specimen to hydro-
static confining stress and controls the stress between zero 
and a predetermined maximum level. The notion of season-
ing was coined by Bernabé (1986), who suggested that the 
seasoning process could close some of the microcracks and 
may presumably yield a non-variable material. Warpinski 
and Teufel (1992) adopted the seasoning procedure in test-
ing a few tight reservoir rocks and showed the seasoning 
significantly reduces uncertainties. Boutéca et al. (1998) 
claimed seasoning led to intrinsic properties of a porous, 
quartz-rich sandstone. However, Ostermeier (1995) argued 
seasoning could not improve reproducibility based on their 
tests on the Gulf of Mexico turbidites. They emphasized that 
for a viscoelastic material, seasoning may never be achieved. 
Apparently, the influence of seasoning on the evolution of 
mechanical properties varies significantly between different 
rocks.

In this study, we seasoned five cores associated with the 
Bakken tight oil play. Specifically, the objective of season-
ing process was twofold: (1) to characterize the evolution of 
mechanical response of these rocks over pressure cycles and 
(2) to understand the effectiveness of seasoning on leading 
to reproducible measurements. During seasoning, we moni-
tored both the static and dynamic responses (deformation 
and ultrasonic velocities) over multiple cycles until the dis-
crepancy between cycles substantially diminished. Then, the 
dependency on confinement, loading–unloading hysteresis, 
and evolution between cycles were examined.
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2  Materials and methods

The Bakken cores used in this study were extracted from 
a vertical well at depths between 3017.52 and 3124.2 m. 
This depth range covers the primary sequences of the 
Lodgepole, Middle Bakken, and Three Forks. A total of 
five bedding-perpendicular (vertical, as denoted with ‘V’ 
in sample IDs) cores sampling these sequences are avail-
able. Details regarding the mineral composition, petro-
graphic classification, and physical properties of these 
cores are listed in Table 1.

The mineral composition of these core samples varies 
unpredictably between carbonate-rich to silicate-rich, rep-
resentative of these mixed carbonate–silicate sequences. 
The relative abundance of carbonate and silicate sediments 
dictates the microstructures of these core samples. Fig-
ure 1 shows the distinct microstructures of the pristine 

cores. A detailed microscopic description and microme-
chanical observation were documented by Ma and Zoback 
(2017).

According to Yang and Zoback (2014), the drilled well has 
a stress gradient of SHmax/Shmin/SV = ~ 23.8/21.5/18.1 MPa/
km. This results in a mean stress S [= (SHmax + Shmin + Sv)/3] 
of nearly 65 MPa at the depth of ~ 3 km where the cores were 
obtained. To replicate the possible in situ stress magnitude, 
we set our maximum confining pressure (Pc) at 70 MPa for 
all five Bakken cores.

The core samples used in this study had been exposed to 
room-temperature, room-dry environment for an extended 
period of time (~ 3 years), so we expect that stress relief, 
desiccation, and cooling may have gradually altered them 
(Dewhurst and Siggins 2006; Sarout and Guéguen 2008; 
Josh et al. 2012; Ewy 2015; Dewhurst et al. 2015) to the 
degree which can be difficult to quantify. Without attempts 
to restore them to their pristine confined, ambient and 

Table 1  Summary of tested 
specimens (modified from Ma 
and Zoback 2017)

a S, means in situ stress; Pp, pore pressure. Estimation based on Yang and Zoback (2014)
b QFM: Quartz, feldspar, and mica

Sample ID Rock type Mineral composition (wt%) Porosity (%) Depth (m) Estimated 
in situa S (PP) 
(MPa)QFMb Carbonates Clays

B1V Lime wackestone 0.08 0.87 0.05 3.67 3022.1 65.0 (43.5)
B3V Fine sandstone 0.58 0.31 0.11 7.12 3037.9 65.3 (43.7)
B4V Lime packstone 0.30 0.47 0.22 10.1 3064.6 65.9 (47.2)
B9V Fine sandstone 0.70 0.19 0.10 3.06 3069.4 66.0 (47.2)
B10V Dolomite sediment 0.31 0.51 0.15 14.35 3123.6 67.1 (48)

a b 

d e 

c 

Fig. 1  Thin-section photomicrographs (cross-polarized light) of five Bakken cores prior to testing. Thin-sections are oriented perpendicular to 
core axes. a B1V, b B3V, c B4V, d B9V, and e B10V
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hydrous condition in situ, all cores were handled and tested 
‘as is.’ Retrospectively, it is difficult to track and estimate the 
loss of pore fluid content and the associated volume change 
over time from the original in situ condition. Restoration 
process is considered impractical in these low-permeability 
rocks and would likely introduce other unfavorable effects, 
such as swelling of clay particles, reorganization of grain 
contacts, and incurring visco- and/or plastic-response (e.g., 
Pham et al. 2005; Sarout et al. 2014). Furthermore, the 
removal of fluid content by oven-drying was not executed 
in order to best preserve the original hydration states of the 
clay minerals (for details on water removal via oven-drying, 
see Sarout and Guéguen (2008)).

The remaining fluid content (although not necessarily sat-
urated) can cause poroelastic effects when the core is loaded 
under high confinement. The poroelastic effect can be mini-
mized with improved sample permeability and increased 
time for pore pressure dissipation. To this end, we drilled 
three evenly spaced but misaligned boreholes (8.5 mm depth 
and 1 mm diameter) on each end of the specimen (Fig. 2) to 
increase sample permeability (see Ma and Zoback (2017) 
for technical details). Stainless-steel porous disks were also 
placed between specimen and core holder to provide void 
space for any fluid volume to drain out (and open to vacuum) 
when specimen is highly compressed. Although the load-
ing/unloading stress steps were applied almost instantane-
ously, we wait sufficiently long time (usually 2–3 h) between 
each step to allow the pore pressure build-up to sufficiently 

dissipate. Equilibrium was deemed achieved when the strain 
readings eventually stabilized.

The cores were prepared into cylindrical specimens of 
25.4 mm length and 25.4 mm diameter, with both ends 
grounded flat and parallel and the specimen axis perpen-
dicular to bedding planes. The specimen was then jacketed 
and sandwiched by two core holders, and put inside a con-
ventional triaxial vessel (Ma and Zoback 2016a, b). Dur-
ing the test, servo-controlled hydraulic system subjected 
the specimen to hydrostatic confining pressure (Pc) under 
fully drained conditions. The specimen underwent the so-
called seasoning procedure (Bernabé 1986; Warpinski and 

Fig. 2  Left: illustration of 
the experimental specimen-
coreholder assembly housed 
inside a pressure vessel. Right: 
dimensions of the specimen and 
the configuration of boreholes 
drilled inside the specimen
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Fig. 3  Loading path of seasoning cycles. The loading/unloading step 
is instantaneous and followed by sufficient time for mechanical equi-
librium. Each red symbol represents one measurement



 X. Ma, M. D. Zoback 

1 3

Teufel 1992), in which the load was cycled between zero and 
maximum stress multiple times (Fig. 3). All specimens were 
typically cycled three times, although only the first and last 
cycles were recorded for most specimens. The seasoning is 
considered as a preconditioning process for reproducibility 
of subsequent experiments on poroelasticity (Ma and Zoback 
2017).

Two pairs of electrical-resistance strain gages were epox-
ied directly on the specimen surface to measure its axial and 
circumferential deformations. Ultrasonic velocities (P- and 
S-waves) along the axial direction were measured using a 
coupled wave emitter and receiver embedded in the upper 
and lower core holders, respectively. The uncertainty of 
velocity measurements mainly comes from the low length-
to-width ratio of the specimen (1:1) but will be limited since 
the frequency piezoelectric crystals are at 1 MHz. Consider-
ing the crystals attachment to the titanium transducer and 
the rock sample in this study, the center frequency of the 
measurements is estimated to be around 750 kHz (New 
England Research, personal communication). Considering 
the sources of uncertainty caused by arrival time picks and 
sample length measurements, the velocity measurement 
error is of the order of 2% (for details of error analysis, see 
Hornby (1998), Dewhurst and Siggins (2006), and Sarout 
and Guéguen (2008)).

3  Test Results

3.1  Deformation Data

The principal strains εax and εlt of the specimen were 
recorded along the axial and circumferential (lateral) direc-
tions, respectively. For cylindrical bedding-perpendicular 
specimen, volumetric strain (εvol) of the specimen was 
simply calculated via εvol = εax + 2εlt, in view of their trans-
versely isotropy (Ma and Zoback 2017). Each specimen’s 
principal and volumetric strains are shown in Fig. 4 for the 
first and final loading cycles applied. The data are displayed 
in terms of confining stress versus strain, so that the local 
tangent to the stress–strain curve is readily a measure of 
the rock stiffness. In general, the rock stiffness increases 
consistently with confining pressure, although the degree of 
stiffening highly varies between specimens. For each loading 
and unloading cycle, the trend can be adequately fitted by 
a second-order polynomial equation (Fig. 4). The stiffen-
ing of these specimens with Pc is considered as a result of 
microcracks/pores closure and/or the compaction of compli-
ant material (mainly clays and kerogen) (e.g., Vernik and Liu 
1997; Sone and Zoback 2013).

For all specimens, the axial deformation is unequivocally 
greater than the lateral deformation at any given stress level. 
And the axial strain is more sensitive (greater curvature in 

the stress–strain relationship) to confining pressure than 
the lateral strain. Although the stress–strain response along 
each principal direction under hydrostatic loading simply is 
not characteristic of the Young’s modulus in that direction 
(which is typically characterized under uniaxial loading), the 
observed difference between the axial and lateral deforma-
tion reflects the rock’s deformational anisotropy. This static 
deformational anisotropy is expected in these sedimentary 
rocks considering the preferred alignment of compliant com-
ponents (clay minerals or organic contents, or in the form 
of stress-relief microcracks) with beddings (Vernik and Liu 
1992, 1997; Hornby et al. 1994; Johnston and Christensen 
1995; Sondergeld et al. 2000; Sondergeld and Rai 2011; 
Vernik and Milovack 2011).

Hysteresis between loading and unloading within one 
cycle persists in all five specimens (Fig. 4). Typically, strain 
along the unloading curve is smaller than along the previ-
ous loading curve. It is true in both axial and lateral strains. 
We also noticed the hysteresis in the axial direction is sig-
nificantly greater than in the lateral direction, and it appears 
that the hysteresis in the volumetric strain should be mainly 
attributed to that in the axial direction.

As the specimen undergoes multiple cycles of loading 
and unloading, it is evident that subsequent cycles induce 
additional inelastic compaction; however, the inelastic com-
paction caused by each cycle gradually diminishes with the 
number of runs (Fig. 4). For convenience and clarity, we 
only display the first and final cycles in these five specimens.

3.2  Ultrasonic Velocities

Ultrasonic velocities, Vp and Vs, in the axial direction were 
calculated based on P- and S-wave travel times, respectively. 
The relationship between velocities and confining pressure 
is presented in Fig. 5. Both Vp and Vs increase with confin-
ing pressure, albeit the rate of increase rapidly slows down 
with the rise of confining pressure. Taking the first loading 
cycle of all Bakken cores as an example, the first 10 MPa 
confinement generally contributes to nearly half of the total 
velocity increase and then the rate of increase drops signifi-
cantly for the additional 60 MPa of confinement toward the 
maximum load.

Although the scatter in velocity data is somewhat higher 
than the deformation data, especially under low confine-
ment, a general discrepancy between cycles is still measur-
able. During the first unloading cycle, both Vp and Vs are 
higher than the first loading cycle at the same magnitude of 
confining pressure (Fig. 5). In the final loading cycle, both 
Vp and Vs at all stress levels are higher than their counter-
parts in the first loading cycle, but slightly less than those in 
the first unloading cycle when confining pressure is approxi-
mately below 20 MPa. (Then the two became nearly the 
same for higher confining pressure.) This is best illustrated 
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Fig. 4  Confining stress 
versus strain records of tested 
specimens during the first and 
last cycles of seasoning (left 
column: volumetric strain; 
right column: axial and lateral 
strains). Discrete data points 
are measurements and the 
curves represent second-order 
polynomial regressions. The 
specimen numbers are marked 
accordingly first loading

first unloading
final loading
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first loading
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in Specimen B4V (Fig. 5). For the last unloading cycle, both 
Vp and Vs nearly coincide with those in the first unloading 
cycle, a sign that the seasoning is attained.

4  Discussion

The mechanical response of the Bakken specimens is not 
adequately understood as it is difficult to model their com-
plex microstructure (Bandyopadhyay 2009; Carcione et al. 
2011). The presence of compliant components (microcracks, 
pores and voids) and their interplay with the stress and the 
microstructure are likely to affect the deformation and wave 
propagation in an intricate way. Also, all of these factors 
should be considered under the context of rocks’ stress 
history (in situ conditions and subsequent perturbations). 
Admittedly, it is only possible to qualitatively build the con-
nection between the mechanical response and the complex 
microstructure; we would like to comment on several key 
observations, without assigning much speculation to what 
actually occurred in these rocks.

4.1  Dependency of stiffness and velocities 
on confining pressure

The five Bakken specimens show varying degrees of 
dependency on confinement. Since depths of these cores are 
within ~ 40 m and the inferred in situ mean stress magnitude 
does not vary significantly across these sequences, we attrib-
ute their contrasts in mechanical response mainly to miner-
alogical and microstructural differences. In Fig. 6, relation-
ships of confining pressure versus volumetric strain of the 
last seasoning cycle are summarized for these specimens. It 
is common that all five cores stiffen as the confining pres-
sure increases, though the stiffness varies significantly from 
specimen to specimen, and so does the sensitivity of stiffness 
to confining pressure. It is generally expected that higher 

compliant component (e.g., clays and kerogen) content con-
tributes to less material stiffness (Vernik and Liu 1997; Sone 
and Zoback 2013). However, the stiffness does not seem to 
correlate well with the core’s compliant material content. 
Whether this is affected by measurement error or sample 
variability is questionable. However, how these compliant 
components and pore space are distributed throughout the 
rock matrix and the maturity of the organic matter is critical 
(e.g., Curtis et al. 2010; Vanorio et al. 2008; Loucks et al. 
2009; Sondergeld et al. 2010). A microscopic study of these 
specimens detailed by Ma and Zoback (2017) revealed that 
the amount of compliant material content reside between 
the grains is more important to wave propagation and rock 
deformation than the total amount residing in the matrix that 
only occupies the stiff pores. The latter hardly affects the 
rock matrix stiffness. The surface interactions between the 
grains and the sandwiched compliant material under increas-
ing confining pressure are particularly relevant.

A summary of wave-propagation velocities of Bak-
ken specimens is presented in Fig. 7. The comparison of 
velocities between them is generally consistent with the 
stress–strain response: (1) the stiffness positively corre-
lates with both P- and S-wave velocities; (2) the sensitivity 
of velocities to confinement is similar to that of stiffness 
(except for specimen B10V). We noticed similarities in 
pressure sensitivity between rocks with similar mineralo-
gies and microstructure. Two fine sandstones, B3V and B9V, 
exhibited the highest velocities increase with confinement. 
Two limestone aggregates, B1V and B4V, show moderate 
velocities dependency on confinement, albeit their initial 
velocities are quite different. The recrystallized dolomite 
sediment B10V, different from the two rock types above, 
only exhibits very limited velocities increase with confine-
ment. Although these specimens show no apparent relation-
ship between compliant material content and stiffness, we 
are able to find a qualitative correlation between pressure 
sensitivity of deformation and that of velocities.

(i) (j)Fig. 4  (continued)
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Fig. 5  Confining pressure 
versus ultrasonic velocity 
records of tested specimens 
during the first and last cycles 
of seasoning. Solid symbols 
represent loading data and open 
symbols for unloading data. The 
specimen numbers are marked 
accordingly
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4.2  Irreversible response between loading 
and unloading

Appreciable discrepancy in the static and dynamic response 
between loading and unloading within the first stress cycle 
is persistent in all specimens tested (Figs. 4, 5). Also, the 
discrepancy is persistent regardless of confining pressure 
level (even for confining pressure less than 15 MPa). This 
discrepancy, often referred to as hysteresis, can be dependent 
on factors such as inelastic deformation and/or poroelastic 
effects.

Many processes could introduce inelastic deformation in 
rocks, and the core extraction is the first step. The extracted 
core from in situ is known to gradually expand, or de-com-
pact, over time due to stress relief or other effects (Thiercelin 
and Plumb 1994; Blanton 1983). This expansion is seldom 
elastic since rock may develop numerous random relaxation 
microcracks; or rock containing over-pressured fluids may 
enlarge the pore space or create new ‘hydraulic fractures.’ In 
this sense, the rock is intrinsically altered to a new material. 

Fig. 5  (continued)

Fig. 6  Confining pressure versus volumetric strain records of five 
Bakken specimens during the last cycle of seasoning. Discrete data 
points are measurements (solid circles: loading data; open circles: 
unloading data), and the curves represent second-order polynomial 
regressions (dashed lines: loading curves; dotted lines: unloading 
curves). The specimen numbers are marked accordingly (the percent-
age indicates the compliant material content)

Fig. 7  Confining stress versus 
ultrasonic velocity records of 
five Bakken specimens during 
the last cycle of seasoning. Dis-
crete data points are measure-
ments (solid triangles: loading 
data; open triangles: unloading 
data), and the curves represent 
best-fit regression (dashed 
lines: loading curves; dotted 
lines: unloading curves). The 
specimen numbers are marked 
accordingly (the percentage 
indicates the compliant material 
content)
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As the expanded core is compacted again in the laboratory, 
the loading ideally closes the majority of the microcracks/
pores and these may not fully re-open during the unloading 
due to friction or permanent deformation (Scholz and Kranz 
1974; Bernabé 1986; Jæger et al. 2007). The influence of 
compliant component presence is another possible explana-
tion for the hysteresis we observed. The inelastic compaction 
upon loading and rebound upon unloading can also con-
tribute to such discrepancy. The extent of such discrepancy 
varies from rock to rock, as it is apparently related to the 
rock’s intrinsic lithofacies and external perturbations (e.g., 
stress history).

The poroelastic effects due to the remaining fluid con-
tent cannot be overlooked when the core is loaded/unloaded 
instantaneously. The poroelastic effect would manifest itself 
as a time-dependent process that affects the deformation of 
the specimen. We did observe time-dependent deforma-
tion in these cores; however, the time-dependent deforma-
tion under constant stress is significantly smaller than the 
instantaneous deformation caused by stress loading/unload-
ing (for details, see Ma and Zoback 2017). In addition, it 
is important to note that these reservoir rocks also deform 
in a time-dependent manner (viscous) (regardless of being 
elastic or inelastic) (Sone and Zoback 2013), since they con-
tain certain amounts of compliant components (e.g., clays 
and kerogen). The extent to which poroelastic effect and 
viscoelastic/plastic effect contribute is unclear. Therefore, 
their effect on the hysteresis is of questionable significance.

Last but not the least, the hysteresis could be induced by 
imperfect placement/alignment and conditioning of the spec-
imen with respect to the loading apparatus and the defor-
mation/velocity sensors. This is an issue typically comes 
with experimentation but may diminish with the number 
of loading cycles. It is difficult to distinguish this from the 
hysteresis inherent to the specimen, but its effect is certainly 
not to be overlooked.

4.3  Evolution with Multiple Cycles

The purpose of subjecting the rock to multiple pressure 
cycles is to minimize the aforementioned influences and 
to yield a specimen with reproducible response. What we 
observed in the seasoning process is that: (1) the discrepancy 
between the loading and unloading in the final cycle is sig-
nificantly reduced as compared to the first cycle and (2) the 
final unloading curve resembles the first unloading curve, 
although there is typically an offset between the two. Appar-
ently, each time the specimen is re-loaded to the maximum 
stress applied, certain amount of inelastic deformation is 
induced, which essentially causes the discrepancy between 
the unloading curve and its neighboring loading curves. This 
poses the question that whether the specimen is being cycled 

toward its intrinsic response in situ or being continuously 
altered into a new material.

Many studies have shown that cyclic loading may gradu-
ally damage the rock (e.g., Haimson 1974; Zoback and 
Byerlee 1975; Rao and Ramana 1992; Heap and Faulkner 
2008; Heap et al. 2009a, b; Wang et al. 2013). In these stud-
ies, the differential stress between axial stress and confining 
pressure was cycled, which induces cycled shear stress and 
corresponding distortion that facilitates the development 
of microcracks. In our seasoning process, only hydrostatic 
loading is applied. Although some rocks may fail or dam-
age significantly even just under hydrostatic loading study 
(such as porous sandstones reported by Zhang et al. (1990)), 
it is important to note that if the cycled hydrostatic loading 
is not sufficiently high to cause damage, seasoning should 
merely close microcracks and compact compliant materials. 
Nonetheless, we are cognizant that hydrostatic stress cycles 
at only moderate levels may cause damage to rocks due to 
several mechanisms. First is that the material may fatigue 
due to subcritical crack growth (e.g., Heap et al. 2009a, b), 
irreversible compaction of compliant component, or other 
forms of time-dependent degradation. Secondly, the Bakken 
specimens are laminated materials and highly anisotropic in 
mechanical properties (Fig. 4). The hydrostatic stress in one 
principal direction might be moderate but might exceed the 
threshold of inducing additional damage in other principal 
directions.

5  Concluding Remarks

We have conducted a suite of hydrostatic compression tests 
in five bedding-perpendicular cores from the Bakken for-
mation. The objective was to characterize the static and 
dynamic response of these cores and to understand the effec-
tiveness of seasoning on them. The measurements revealed 
a strong pressure dependency in all Bakken cores. Both 
the static (deformation) and dynamic (wave propagation) 
responses show the stiffness of these specimens increases 
with confining pressure, albeit at a decreasing rate. Hys-
teresis between loading and unloading was observed in all 
cycles, but it diminishes with the number of cycles. Strain 
measurements suggest the hysteresis is mainly attributed to 
axial inelastic deformation for these anisotropic rocks, and 
the velocity measurements in the axial direction consistently 
show hysteretic behavior.

The comparison of mechanical response between five 
Bakken cores revealed their differences in stiffness, which 
is characteristic of the core mineralogies and microstruc-
tures. Although we typically expect the content of soft com-
ponents (clays and kerogen) positively correlates with the 
rock’s compliance, it is not necessarily the case for these 
Bakken cores. The correlation is perhaps highly dependent 
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on how the soft components are distributed and aligned in 
the matrix. Further study is warranted with microscopic 
imaging and analysis.

The evolution of mechanical response with cycles sug-
gests it is possible to obtain reproducible measurements after 
seasoning. Apparently seasoning reduces uncertainties and 
variability in the experiments. But it is not clear whether sea-
soned rock is representative of the material in situ or devi-
ates more from it. The effect of seasoning could: (1) close 
(or extend) stress-relief microcracks and (2) compact soft 
components. Whether the rock has been further altered by 
seasoning is subject to the applied confinement as compared 
to its in situ stress condition and its material properties. To 
conclude, seasoning is not a remedy for restoring rock’s 
intrinsic behaviors, but it could certainly provide meaningful 
insights into understanding better the rock’s response subject 
to human perturbation and re-conditioning.
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