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a b s t r a c t

Unconventional reservoirs refer to hydrocarbon reservoirs that require special stimulation treatments,
such as hydraulic fracturing, to economically produce hydrocarbon. These reservoirs are tight with
very low permeability, less than 0.1 milli Darcy (0.1 mD). Shale oil and shale gas reservoirs are
prime examples of unconventional reservoirs. Effects of temperature on unconventional reservoirs’
dynamic elastic properties and permeability are usually overlooked during laboratory measurements
and reservoir simulations leading to erroneous results and unsuccessful stimulation operations.

To investigate effects of temperature and confining pressure on dynamic elastic properties and
permeability of unconventional core samples, two series of experiment were conducted on outcrop
core samples from three prominent unconventional basins (Barnett, Wolfcamp, and Eagle Ford) in the
United States. In the first set of experiments, eleven unsaturated outcrop core samples (four Barnett,
four Eagle Ford, and three Wolfcamp) were used to assess effects of temperature and confining pressure
on their dynamic elastic properties. In the second set of the experiments, seven core samples (two
Barnett, two Eagle Ford, and three Wolfcamp) were used to study effect of temperature on their
permeability at a constant confining pressure. Also, X-ray diffraction (XRD) analysis was conducted
on core samples to determine the mineral compositions them. The results were then used to study
effect of mineralogy on the rock samples’ dynamic elastic properties and permeability.

The results of this experimental study show that increase in temperature makes the core samples
more ductile and less permeable. The results also demonstrate that the degree of the effect of the
temperature on the dynamic elastic properties of the samples is directly related to the presence and
volume of the clay minerals.

© 2020 Published by Elsevier Ltd.

1. Introduction

Development of unconventional hydrocarbon resources has
been accelerated in the last decade with the emergence of several
innovations in tools and improvements in development meth-
ods that enhance hydrocarbon production. Consequently, shale
formations have been extensively studied worldwide to obtain a
better understanding of their characteristics and behaviors un-
der various circumstances. Numerous laboratory and simulation
studies have been conducted on shale rock samples to investigate
their mechanical properties and failure mechanisms and the re-
sults are used to improve drilling and stimulation operations.1,2
Although several studies demonstrated that rock properties dras-
tically change with temperature and confining pressure, most
of the rock property measurements are conducted at ambient
conditions. The outcomes of these studies are wrongly used to
predict the rock behavior and failure in downhole conditions,
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which yields to erroneous results. Extensive studies have been
conducted on rock samples, mainly granite, to investigate effects
of high temperature and thermal cycling on their mechanical
properties in geothermal reservoirs. But effects of temperature
on mechanical properties and permeability of unconventional
formations have not been thoroughly investigated. Formation
temperatures are not constant during the lifespan of a well-
bore. For example, injecting steam into a reservoir increases the
formation temperature and alters its mechanical properties. On
the other hand, water flooding and hydraulic fracturing treat-
ment reduce formation temperatures. Changes in in-situ stress
conditions and temperature alter a rock sample’s mechanical
properties and permeability. Increase in confining pressure ap-
plied on a core sample results in compacting the sample and
permeability reduction. Permeability also decreases at elevated
temperatures because of matrix expansion and closure of existing
micro-cracks.3–5 Changes in temperature and confining pressure
result in rock elastic moduli alterations.4,6,7 Strain, rock resis-
tivity, compressibility, compressional and shear wave velocities,
density, and unconfined compressive strength are other proper-
ties that are affected by temperature and confining pressure.3
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Results of experimental studies conducted on Toarcian source
rock samples revealed that increase in temperature and con-
fining pressure increased ductility of the samples.8–10 Increase
in temperature results in thermal damage of the rock matrix
that may alter the porosities of the samples.11 Increasing the
temperature causes different types of failures in granite, which
consequently altered the rock mechanical properties.12 In most
simulation and experimental studies, stresses and pressures are
the only parameters considered to predict a rock behavior in
downhole conditions. Effects of temperature on rock mechanical
properties that could be significant are usually ignored in these
studies. Cooling down a formation and applying thermal shock
increase the porosity and tensile strength of the rocks in geother-
mal reservoirs.13 Results of a numerical modeling demonstrate
that injecting cold fluid results in an increase in fracture volume
and width compared to the regular fracturing treatment using
ambient temperature fluid at the same downhole conditions.14
Injecting cold fluid into a core sample results in applying tensile
stress on the sample causing rock contraction yielding creation
of small fractures in the sample. Positive effects of thermally
induced microcracks on enhancing oil and gas production from
unconventional formation were confirmed by several experimen-
tal and numerical studies.15–18 Results of an experimental study
performed on granite rock samples demonstrated that increasing
temperature, while the other fracturing parameters are kept con-
stant, alters fractures’ propagation direction and pattern inside
the rock samples. Additionally, increase in temperature results in
decrease in fracture initiation pressure, and the rock samples’ me-
chanical properties (elastic moduli and compressive strengths).19
Effects of temperature and confining pressure on dynamic elastic
properties and permeability of the unconventional core samples
were investigated in this experimental study.

2. Experimental procedure

To investigate effect of temperature on dynamic elastic prop-
erties of unconventional rock samples, eleven unsaturated out-
crop core samples (four Barnett, four Eagleford, and three Wolf-
camp) were used in this experimental study. Also, to study effect
of temperature on permeability of the unconventional rock sam-
ples, seven outcrop core samples (three Wolfcamp, two Barnett
and two Eagle Ford) were tested. The size of all core samples was
7.62 cm (3 in) length by 3.81 cm (1.5 in) diameter and they were
dried in an oven at 100 ◦C to evaporate any existing free water.

A tri-axial cell, New England Research (NER) Autolab 1500,
equipped with a furnace was used to measure the dynamic elas-
tic properties and permeability of the samples at bottomhole
conditions (Fig. 1).

This equipment can apply uniform confining pressure and
axial load at elevated temperatures (up to 120 ◦C) and calculate
dynamic elastic properties (Young’s modulus and Poisson’s ratio)
by measuring velocities of P, S1, and S2 waves. Also, it can mea-
sure very low permeabilities (10 Nano Darcy (nD) to 500 micro
Darcy (mD)).

To calculate the dynamic elastic moduli, P, S1, and S2 wave
velocities were measured for each core sample and the results
were then used to calculate bulk modulus, bulk compressibility,
shear modulus, and Rickman’s brittleness index using Eqs. (1) to
(4).

G =
ρb

DTS2
(1)

Kb = ρb

(
1

DTC2 −
4

3DTS2

)
(2)

Cb =
1
Kb

(3)

Fig. 1. NER autolab 1500 tri-axial cell.

Rickman’s Brittleness index =
50
7

[E − 28ν + 10.2] (4)

where:
G: Shear modulus,
ρb: Bulk density,
DTS: Shear slowness,
DTC: Compressional slowness,
Kb: Bulk modulus
E: Young’s modulus,
ν: Poisson’s ratio
Cb: Bulk Compressibility

Special plugs capable of transmitting and receiving P, S1, and
S2 waves were deployed to measure the waves’ velocities. Each
core sample was placed in a rubber sleeve and a wave transmitter
plug (Source Plug) and a wave receiver plug (Receiver Plug)
were then placed at the bottom and top of the core sample,
respectively.

Fig. 2 illustrates a jacketed core sample mounted on the veloc-
ity measurement setup. Then, the setup was placed in the core
holder and confining pressure was applied by pressurizing the
mineral oil around the sleeve containing the core sample. The
core holder temperature was controlled by the furnace.

Each core sample was tested at five different temperatures (20,
40, 60, 80, and 100 ◦C) and confining pressures (6.9, 13.8, 20.7,
27.6, and 34.5 MPa). P, S1, and S2 wave velocities were measured
at each pairing of confining pressure and temperature and the
results were then used to calculate the dynamic elastic properties.

Due to low permeability of the samples, transient pulse decay
method was used to measure the permeability of the samples.
Typical setup for pulse decay method is illustrated in Fig. 3.

To measure permeability of a core sample, the core sample
is placed inside a rubber sleeve, isolating it from the confining
fluid. The core sample is placed inside the core holder and the
confining pressure, Pc = 5.17 MPa (750 psi), is applied to the
core sample afterwards. All valves are open, and helium, as pore
fluid, is injected into the core sample at a constant pressure,
Po = 1.72 MPa (250 psi), until the upstream and downstream
pressures reach equilibrium. Then valve ‘1’ is closed and the
pressure of reservoir (V1) slightly increases to P1. Valve ‘1’ is
then opened and the pressure pulse slowly traverses through
the core sample, decaying with time. Using two digital pressure
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Fig. 2. Velocity measurement set up.

transducers, the core sample’s upstream, Pu, and downstream,
Pd, pressures were measured and recorded every two seconds
until pressure equilibrium is reached (Pu = Pd). Then, using the
following equations, the permeability of the sample is calculated
from the slope of the straight line on a semi-log plot of ∆P(Pd−Pu)
vs. time:

ln
∆p(t)
∆p0

= −αt (5)

k =
α ∗ β ∗ µ ∗ L ∗ Vdownstream

A
(6)

where:
α: decay exponent
β: compressibility of the gas
µ: viscosity of the gas
L: length of core
Vdownstream: volume of downstream reservoir
A: core cross sectional area

Permeability of each core sample was measured at five differ-
ent temperatures: 20 ◦C (68 ◦F), 40 ◦C (104 ◦F), 60 ◦C (140 ◦F),
80 ◦C (176 ◦F), and 100 ◦C (212 ◦F). There are several methods
to conduct pulse decay method and analyze the results. The

Fig. 4. ASPIKE pressure pulse method.

Fig. 5. Permeability measurement setup.

ASPIKE pressure pulse, shown in Fig. 4, was used to measure the
permeabilities of the samples in this study.

The core setup used to conduct the permeability measurement
tests is depicted in Fig. 5. Mineralogy of the core samples were
determined by implementing X-ray diffraction (XRD) analysis.

Fig. 3. Pulse decay permeability measurement setup (CoreLab).
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Table 1
Change in wave velocities and dynamic elastic properties.
Core name ∆Vp (%) ∆Vs1 (%) ∆Vs2 (%) ∆E (%) ∆υ (%) ∆BI (%)

Wolfcamp

W1-OC 1.2–2.8 1.6–2.3 2.2–2.4 3.5–4.6 0.35–1.7 3.8–4.1
W3-OC 1.6–2.8 1.7–2.4 2.2–2.7 4.3–5.5 0.3–1.7 4.2–4.6
W4-OC 0.9–1.9 1.1–1.9 1.25–2.3 3.8–4.9 0.4–1.6 3.9–5

Eagle Ford

E1-OC 2.1–4.8 2.2–6.8 2.7–4.8 4.6–11 0.7–2.4 4.5–10.6
E2-OC 3.9–5 4.6–5.2 4.6–5.2 8.8–10 0.35–1.3 7.9–8.4
E3-OC 3–4.5 3.8–4.6 3.7–4.6 6.7–8.8 0.35–1.7 6.9–7.5
E4-OC 3.3–4.6 3.4–4.3 3.6–4.4 6.9–8.6 0.35–1.1 6.1–6.9

Barnett

B1-OC 3.5–6.2 5.5–7.5 5.8–7.6 8.4–13.5 8.5–19.3 10.1–14.3
B2-OC 3.4–6.3 3.4–3.6 6.8–7.5 9–11.5 7.8–15.6 8.4–12.9
B3-OC 5.6–7.6 2.2–4.1 5.1–6.8 10.1–12.5 8.2–17.1 9.1–11.7
B4-OC 4.1–7.2 3.7–4.7 4.7–7.1 9.4–13.1 9.1–16.4 8.9–13.6

3. Results

3.1. Effects of temperature and confining pressure on rock dynamic
elastic properties

For all eleven core samples (four Barnett, four Eagle Ford, and
three Wolfcamp), the dynamic elastic properties were measured
with similar results obtained for each basin. For each basin, the
changes in wave velocities and consequently dynamic elastic
properties with temperature and confined pressure were at the
same range for each basin, shown in Table 1. Thus, for the sake
of brevity, the results of one core sample from each basin are
presented in this paper.

The results demonstrated that increasing confining pressure at
a constant temperature results in increase in both compressional
and shear wave velocities owing to the compaction of the core
samples. On the other hand, increasing temperature at a constant
confining pressure weakens the bonds between the grains and
expands the rock matrix which decreases the waves’ velocities.
Using computed tomography (CT) scan images, Ref. 20 showed
that increase in temperature results in creating new micro cracks
and extending the existing ones that significantly increase the
rock ductility. The degree of change in the velocities and conse-
quently calculated dynamic elastic properties is directly related
to mineralogy of a rock sample.

3.1.1. Wolfcamp core sample: W1-OC
The results of the XRD analysis revealed that the Wolfcamp

core samples are merely composed of calcite and quartz. The
core sample W1-OC is composed of 94.1%wt calcite and 5.9%wt
quartz, shown in Fig. 6. Calcite (CaCO3), a carbonate mineral, is
a common constituent of sedimentary rocks, which its hardness
on Mohs’ scale is 3 (absolute hardness = 14). Quartz (SiO4) is
the most abundant and widely distributed mineral found at the
Earth’s surface and composed of silicon and oxygen. The hardness
of quartz on Mohs’ scale is 7 (absolute hardness = 100), which is
seven times harder than calcite.

The Wolfcamp rock sample had high Young’s modulus, 75.5
GPa. As shown in Figs. 7, 8, and 9, increasing temperature at
each confining pressure resulted in decrease in P, S1 and S2
wave velocities owing to expansion of the matrix grains and
creation of micro cracks in the rock matrix. Contrarily, increasing
the confining pressure at each constant temperature resulted
in reduction in the pore spaces owing to effect of compaction,
which yields increase in the wave velocities throughout the rock
matrix. Using the measured velocities and Eqs. (1) through (4),
the dynamic elastic properties of the sample were calculated.

Fig. 6. W1-OC Composition, %wt .

Hence, any change in the wave velocities resulted in change in
the dynamic elastic properties.

The results demonstrated that increasing the confining pres-
sure resulted in increase in the Young’s modulus of the core
sample by an average of 2%, while increasing the temperature
caused decrease in the Young’s modulus by an average of 4%
(Fig. 10). The results show that temperature and confining pres-
sure affect the rock stiffness in an opposite way and the effect of
temperature is larger.

The results also demonstrated that effects of the confining
pressure and temperature on the Poisson’s ratio of the core sam-
ple are insignificant (Fig. 11).

Fig. 12 shows the effects of confining pressure and tempera-
ture on the bulk compressibility of the rock sample. The results
demonstrate that bulk compressibility has a direct relationship
with temperature and an inverse relationship with confining
pressure. The results demonstrate that increasing the confining
pressure from 7 MPa to 35 MPa at a constant temperature results
in an average decrease of 3% in the bulk compressibility while in-
creasing the temperature at a constant confining pressure causes
an average increase of 4.5% in the bulk compressibility.

Using Eq. (4), Rickman’s brittleness index of the sample was
calculated at various confining pressures and temperatures and
the results were plotted in Fig. 13. The results show that in-
creasing the confining pressure results in negligible increase in
the brittleness of the sample, while increasing the temperature
makes the sample more ductile by lowering the brittleness index
up to 4.5%. Despite increasing the confining pressure, the sample
became more ductile at the elevated temperatures demonstrating
the dominance of the effect of temperature.

3.1.2. Eagle Ford core sample: E1-OC
The results of the XRD analysis demonstrated that the Ea-

gle Ford core sample E1-OC is composed of 92.6%wt Calcite,
5.9%wt Quartz, and 1.6%wt kaolinite, shown in Fig. 14. Kaolinite
(Al2Si2O5(OH)4) is the most common clay mineral found on the
earth with a soft consistency. Kaolinite is easily broken and can be
easily molded or shaped, especially when wet. Kaolinite is brittle
and its Mohs’ hardness is 2–2.5 (absolute hardness = 2).

The results demonstrate that Young’s modulus of the Eagle
Ford core sample, 59.25 GPa, was lower than the Wolfcamp
sample’s owing to the presence of kaolinite. The results also
demonstrated that increase in the temperature resulted in de-
crease in P, S1, and S2 wave velocities analogous to Wolfcamp
sample (Figs. 15 through 20).

Akin to the previous results, at a constant temperature, in-
crease in the confining pressure, from 7 MPa to 35 MPa, resulted
in increase in the Young’s modulus, about 5%, owing to the rock
compaction (Fig. 15), whereas Poisson’s ratio remained almost
unchanged (Fig. 15). The results demonstrate that increase in
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Fig. 7. P wave velocity vs. temperature for W1-OC.

Fig. 8. S1 velocity vs. temperature pressure, W1-OC.

Fig. 9. S2 velocity vs. temperature for W1-OC.

Fig. 10. Young’s modulus vs. temperature, W1-OC.
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Fig. 11. Poisson’s ratio vs. temperature, W1-OC.

the temperature from 20 ◦C to 100 ◦C at a constant confining
pressure, caused an average of approximately 10% decrease in
the Young’s modulus and made the rock more ductile (Fig. 15).
It is worth noting that because of the presence of kaolinite,
which is a ductile mineral, in the Eagle Ford sample, effect of the
temperature on the its Young’s modulus was more pronounced
than the Wolfcamp sample’s.

Fig. 12 shows the effects of confining pressure and tempera-
ture on the bulk compressibility of the rock sample. The results
demonstrate the Eagle Ford core sample has a higher bulk com-
pressibility than the Wolfcamp core sample owing to containing
kaolinite. The results show that bulk compressibility has a di-
rect relationship with temperature and an inverse relationship
with confining pressure. Increase in confining pressure from 7
MPa to 35 MPa at a constant temperature results in an average
decrease of 5% in the bulk compressibility while increasing the

Fig. 14. E1-OC composition, %wt.

temperature at a constant confining pressure causes an average
increase of 10% in the bulk compressibility. The results revealed
that the effects of temperature and confining pressure on the bulk
compressibility of this core sample is more pronounced than the
previous core sample, Wolfcamp sample, because of the presence
of the clay mineral, kaolinite.

Fig. 21 shows the brittleness index versus temperature at
different confining pressures. At a constant temperature, increase
in confining pressure resulted in an increase in brittleness of the
sample by 3% because of compaction of the sample and increase
in the Young’s modulus, while increase in temperature lowered
the rock stiffness and made the rock more ductile. The results
clearly demonstrate that the effect of temperature on the brit-
tleness index is dominant and at a constant confining pressure,
increasing the temperature from 20 ◦C to 100 ◦C results in an
average decrease of 7% in the brittleness index.

Fig. 12. Bulk compressibility vs. temperature, W1-OC.

Fig. 13. Rickman’s brittleness index vs. temperature, W1-OC.
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Fig. 15. P wave velocity vs. temperature, E1-OC.

Fig. 16. S1 wave velocity vs. temperature, E1-OC.

Fig. 17. S2 wave velocity vs. temperature, E1-OC.

3.1.3. Barnett outcrop core sample: B1-OC
Barnett’s core sample B1-OC is composed of quartz, pyrite,

magnetite, halite, kaolinite, and illite, as shown in Fig. 22. Unlike
the Wolfcamp and Eagle Ford core samples, calcite is absent in
the composition of this core sample and is replaced by illite,
magnetite, pyrite, and halite.

Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] occurs as an
altered product of muscovite and feldspar in weathering and
hydrothermal environments. It is common in sediments, soils,
and argillaceous sedimentary rocks as well as in some low grade
metamorphic rocks. Its Mohs’ hardness is 1–2 (absolute hardness
= 1–2). Magnetite (Fe3O4) is one of the iron ores and attracts
magnet. Its hardness on Mohs’ scale is 5.5–6.5 (absolute hardness
= 48–72). Halite (NaCl), commonly known as rock salt, is a type of
salt, the mineral form of sodium chloride, and its Mohs’ hardness

is 2.5 (absolute hardness = 8). Pyrite (FeS2) is an iron sulfide and
its Mohs’ hardness is 6–6.5 (absolute hardness = 72–90).

The results demonstrate that the Barnett core sample has the
lowest Young’s modulus, 23 GPa, owing to its high clay content
(48.7%). The initial P wave velocities in the Barnett rock sample
were almost half of values in the Wolfcamp and Eagle Ford’s
cores, because of its high clay content and presence of existing
visible cracks. P, S1, and S2 wave velocities decreased at elevated
temperatures owing to the expansion of the rock micro-damages
formed at elevated temperatures,20 as shown in Figs. 23, 24, and
25. The results also demonstrate that increase in the confining
pressure at a constant temperature caused increase in the waves
velocities owing to the rock compaction. The results show that
the effect of temperature on the waves velocities is dominant and
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Fig. 18. Young’s modulus vs. temperature, E1-OC.

Fig. 19. Poisson’s ratio vs. temperature, E1-OC.

Fig. 20. Bulk compressibility vs. temperature, E1-OC.

the waves velocities decrease when both the temperature and
confining pressure increase.

Fig. 26 demonstrates dynamic Young’s modulus versus tem-
perature at different confining pressures. The results show that
at a constant temperature, increasing the confining pressure from
7 MPa to 35 MPa results in an average increase of 6% in the
Young’s modulus of the core sample. The results demonstrate
that increase in temperature from 20 ◦C to 100 ◦C at a constant
confining pressure resulted in an average decrease of 14% in the
Young’s modulus of the sample. It is worth noting that because of
containing the highest clay content (48.7%), the highest reduction
in Young’s modulus due to the temperature increase happened in
the Barnett core sample.

Unlike the Wolfcamp and Eagle Ford core samples in which
the Poisson’s ratios were almost independent of temperature,
Poisson’s ratio in Barnett’s rock sample increased as temperature
increased because of larger the change in the shear velocities due
to high clay content (Fig. 27).

Fig. 28 shows the effects of confining pressure and tempera-
ture on the bulk compressibility of the rock sample. The results
demonstrate that the highest bulk compressibility was observed
in the Barnett core sample owing to having the highest clay
content (48.7%). The results also demonstrate that increasing
the confining pressure from 7 MPa to 35 MPa at a constant
temperature results in an average decrease of 11% in the bulk
compressibility while increasing the temperature at a constant
confining pressure causes an average increase of 14% in the bulk
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Fig. 21. Rickman’s brittleness index vs, E1-OC.

Fig. 22. B1-OC core sample mineralogical composition.

compressibility. The results revealed that the effects of temper-
ature and confining pressure on the bulk compressibility of this
core sample is more pronounced than the previous core samples,
Wolfcamp and Eagle Ford samples, because of having the highest
clay content.

Increase in the temperature results in a decrease in the Rick-
man’s brittleness index indicating that the rock became more
ductile at the elevated temperatures (Fig. 29). The results demon-
strate that at a constant confining pressure, increase in the tem-
perature from 20 ◦C to 100 ◦C results in an average decrease of
10% in the brittleness index. The reduction in the brittleness index
was the highest in the Barnett core sample owing to containing
the highest clay content.

Fig. 23. P wave velocity vs. temperature, B1-OC.

Fig. 24. S1 wave velocity vs. temperature, B1-OC.
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Fig. 25. S2 wave velocity vs. temperature, B1-OC.

Fig. 26. Young’s modulus vs. temperature, B1-OC.

Fig. 27. Poisson’s ratio vs. temperature, B1-OC.

3.2. Effect of temperature and confining pressure on the rock perme-
ability

Permeability of seven core samples (two Barnett, two Eagle
Ford, and three Wolfcamp) were measured at four different tem-
peratures (20, 40, 60, 80 and 100 ◦C) and constant confining, 5.17
MPa (750 psi), and pore, 1.72 MPa (250 psi), pressures. Confining
and pore pressures were chosen low to minimize their effects
on the rocks’ permeability measurements. Among the seven rock
samples, core sample B2-OC (from Barnett basin) contained wide
and visible cracks, resulting in very high initial permeability
compared to the others (Fig. 30).

The results of the permeability measurements of the samples
are presented in Table 2 and Fig. 31. The results demonstrate that
increase in the temperature results in decrease in the permeabil-
ity of all core samples, ranging from 77% to 99%, owing to expan-
sion of the rock matrix and closure of the existing micro-cracks
in the rock’s body.

Since the permeability values for core sample B2-OC are sub-
stantially higher than the others, its values are shown in the right
vertical axis (Fig. 31). Permeability decreases sharply beginning
from 20 ◦C to 60 ◦C. From 60 ◦C to 100 ◦C, the effect is not
as pronounced. Due to increase in the temperature, the grains
in the rock matrix expand and occupy the pore spaces. This
results in a decrease in the permeability. Most of the pore spaces
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Fig. 28. Bulk compressibility vs. temperature, B1-OC.

Fig. 29. Rickman’s brittleness index vs. temperature, B1-OC.

Fig. 30. Core B2-OC containing wide cracks.

are occupied by expansion of the grains in the first stages of
the temperature increase from 20 ◦C to 60 ◦C. Because of the
confinement, majority of the pore spaces is utilized between
20 ◦C to 60 ◦C leaving less available pore spaces for expansion
between 60 ◦C to 100 ◦C.

The results presented in Section 3.1 demonstrate that the
Wolfcamp and Barnett samples had the highest and the lowest
stiffness, respectively. Hence, the lowest and the highest perme-
ability reduction occurred in the Wolfcamp and Barnett samples,
respectively (Fig. 31).

4. Conclusions

The results of this experimental study demonstrate that the ef-
fects of temperature on the unconventional rock permeability and
dynamic elastic properties: Young’s modulus, brittleness index
and bulk compressibility, are significant. The results show that
increases in the confining pressure makes the rock sample more
brittle, whilst increasing the temperature makes the rock ductile.
The results also demonstrate that the effect of temperature on
the rock brittleness index is more significant than the effects
of the confining pressure. The results show that the degree of
the effect of the temperature on the dynamic elastic properties
of the samples is directly related to the presence and volume
of the clay minerals. The results demonstrate that the highest
reductions in Young’s modulus, 14%, and brittleness index, 10%,
were observed in the Barnett core samples because of having
the highest clay content (48.7%). Whilst the lowest decreases in
Young’s modulus, 4%, and brittleness index, 5%, were observed
in the Wolfcamp core samples owing to the absence of the clay
minerals. Additionally, the results of the permeability tests show
that temperature has a significant effect on the permeability of
the core samples demonstrating that increasing the temperature
significantly decreases the rock permeability. Since the matrix
expansion is smaller in the stiff rock samples than the ductile
rock samples, the effect of temperature on the permeability is less
significant in the stiff core samples.

This experimental study was conducted on unsaturated out-
crop core samples. It is recommended to investigate effects of
temperature on the downhole core samples’ dynamic elastic
properties. It is also recommended to study effects of pore flu-
ids and their saturations on the rock samples’ dynamic elastic
properties.
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Table 2
Permeability vs. temperature.
Core sample Temperature 20 ◦C 40 ◦C 60 ◦C 80 ◦C 100 ◦C

W1

Permeability, mD

5.97 × 10−3 3.91 × 10−3 1.36 × 10−3 8.56 × 10−4 7.12 × 10−4

W3 3.7 × 10−4 2.46 × 10−4 1.35 × 10−4 9.17 × 10−5 8.26 × 10−5

W4 2.24 × 10−3 1.68 × 10−3 1.13 × 10−4 8.23 × 10−5 5.84 × 10−5

E1 1.16 × 10−2 4.55 × 10−3 1.15 × 10−3 2.54 × 10−4 1.12 × 10−4

E4 6.68 × 10−3 3.87 × 10−3 2.46 × 10−3 1.37 × 10−3 5.08 × 10−4

B2 11.3 1.27 0.907 0.877 0.237
B3 7.46 × 10−3 4.85 × 10−3 2.24 × 10−3 1.06 × 10−3 8.27 × 10−4

Fig. 31. Permeability vs. temperature at constant confining and pore pressures.
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