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Abstract

Many geomechanical and petrophysical reservoir properties are obtained via
laboratory experiments. Safe core trip velocities from the reservoir to the
surface during long trips are crucial to preserve the in-situ properties. This
work demonstrates coupled porothermoelastic and thermoelastic simulations
of six US shale plays to determine suitable velocities. Stress evolution
substantially differs in our two simulation schemes (porothermoelastic and
thermoelastic). Input properties for simulations were gathered from literature.
This information was transformed into probabilistic distributions using the
Monte Carlo random sampling technique and Voigt-Reuss-Hill averaging.
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Three scenarios were defined, i.e., the most, the mean, and the least
conservative. The estimated tripping velocities for the “most conservative”
scenario lie between 0.18 m/s and 1.17 m/s for the Bakken Shale. The most
conservative velocities for the other shale plays are in the range of 0.64-0.75
m/s. In the “mean” scenario, similar to the most conservative scenario, the
least velocity was attributed to Eagle Ford at 1.21 m/s. No velocity limitations
for the Bakken and Marcellus Shale plays were evident. Mean velocities for
the remaining shale plays range between 1.3-1.84 m/s. For the “least
conservative” scenario, only Haynesville Shale shows a limiting velocity of
1.79 m/s, while the others show no limiting velocities.

Keywords: Porothermoelastic, trip velocity, coring, unconventional,
geomechanics

1. Introduction

During core tripping, the pressure and temperature of the core and accompanying fluids
will drops from the reservoir to atmospheric conditions (Zubizarreta et al., 2011).
Depending on the permeability value, the existing pore pressure may increase the
tensile stress in the core. Surface core cooling increases tensile stress because it inhibits
core expansion. These conditions can cause core damage and changes in fluid
saturation, mechanical and poromechanical properties of reservoir rocks (Cornwall,
1990; Kneafsey et al., 2011).

To preempt such damages, some remedying approaches were created. For
example, engineers created a pressure core tool that in principle controls the pressure
of the reservoir by closing it in a pressurized chamber as it rises to the surface. This
helps prevent damage to the core and fluid changes due to fluid removal and expansion.
Saturation measurements of pressurized cores are also more reliable than measurements
of conventional cores. However, they are still not 100% accurate, as pressurized cores
can still be subjected to flushing while coring. Sponge core liners help in minimizing
saturation measurement errors through retention of the expulsed formation fluids in a
foam lining (Auman, 1986).

The gradual variation of pore pressure, temperature and temperature in the critical
area will be studied in a combined porothermoelasticity (PTE) scenario. The
porothermoelasticity theory predicts the behavior of rocks in systems containing porous
and compressible body and liquids with some compressibility, each of which responds
to temperature changes by expansion/contraction. In this case, water flow occurs due
to the pore pressure gradient and thermal diffusion occurs due to heat
conduction/convection. The birth of the theory dates back to 1923, when Terzaghi
(1923) predicted the 1D consolidation of soil. Later, Biot (1941) developed a 3D
coordinate system using Terzaghi's (1923) theory. Rice and Cleary (1976) redefine this
theory in terms of the Skempton pore pressure coefficient (Skempton, 1954) and the
wet (undrained) Poisson ratio. Palciauskas and Domenico (1982) and McTigue (1986)
are also important in improving and developing the theory of porothermoelasticity.
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Detournay and Cheng (1993) also provide a comprehensive review of the theory of
development of poroelasticity.

The governing equations, i.e. laws of equilibrium, laws and laws of kinematics
are as follows. Constitutive equations are shown in Eq. (1), which are Hooke, pressure,
Darcy, and Fourier respectively:

0;j = 2Ge;; +(12_G12/v8—ap—K,6’ST>6U (1a)
p=M(—ac+fpT) (1b)
af = —xi(p; = 1) (10)
q; = —kiT; (1d)

The balance laws for momentum, mass, and energy, respectively are shown in Egs. (2):

Oij j + Fi =0 (23.)
a¢
L. = 2b
S +Va/ =0 (2b)
oT
pCvE+V-qT=0 (2¢)

The kinematic relation is written as:

1
Eij = E (ui,j + u]"l') (3)

in which g, e = total stress and strains, G,v = rock moduli, p = pore pressure, T =
temperature, §;; = Kronecker delta, K = dry bulk modulus, a = Biot pore pressure
coefficient, B, = expansion coefficient of the solid skeleton, F; = solid body force,
u = displacement, { = variation of fluid content, qif = fluid flux, g7 = heat flux, M =
2G(v, —v)/[a?(1 — 2v,)(1 — 2v)] is Biot modulus, f; = fluid body force, k/ =
mobility of the fluid (rock permeability divided by fluid viscosity), kT = thermal
conductivity of the porous rock, and f = undrained thermal expansion coefficient and
is determined as B = 3[(a — ¢)Bs + ¢B;| where B, = fluid expansion coefficient.
Under this convention, tensile stresses are considered positive.

Coupling of Egs. (1-3) creates Navier type and diffusion equations, which can be
written as follows:

G
1= 2y Ekiei ~ AP — KBT;+F; =0 (42)

___Ip,ii‘l'a__ = txfi; =0 (4b)
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The two mentioned field equations govern a PTE medium. Using these equations,
in combination with relevant initial and boundary conditions, each field, i.e., pore
pressure, stress, temperature, strain, and fluid content variation can be determined. To
solve a PTE problem, the analytic approach is utilized in the case of simple geometries,
having constant properties, and simple initial and boundary conditions. However, for
complex geometries, having pressure-, stress-, and temperature-dependent properties,
and challenging boundary conditions, numerical schemes are preferred in problem
solving. Fast Lagrangian Analysis of Continua in three dimensions (FLAC3D) solves
engineering mechanics computations through an explicit finite-difference program. It
has the option of the coupled fluid-thermal-mechanical analyses (i.e., the mechanical
response of a porous material may be studied under thermal diffusion and/or transient
fluid flow) with sophisticated boundary conditions, complex geometries, and variability
of input properties (FLAC3D manual, 2012).

Using realistic and physically plausible geomechanical data aids in the general
understanding of the existing phenomena, as well as in obtaining reliable values
towards infield practical applications. In this study, we performed a PTE simulation of
core tripping for six US unconventional shales. These plays are Eagle Ford, Marcellus,
Woodford, Haynesville, Barnett, and Bakken. In order to be able to propose acceptable
velocity ranges for the six selected shales, a comprehensive literature survey and a
detailed geomechanical characterization were performed. The conducted
characterization study results in geomechanical characteristics, each with its own
reliability, mean value (MV), and standard deviation (SD) depending upon the location,
depth, and geological stratigraphy of the field where the core was obtained.
Additionally, it results in the mean, the most conservative, and the least conservative
scenarios by which one can obtain the range of tripping velocities for these shale plays.

2. Geological overview of the shale plays

The locations of the six shale plays, scattered within the north, south, and northeastern
part of the lower 48 states of the United States of America are shown in Fig. 1. These
six shale plays are the major contributors of U.S. onshore hydrocarbon production and
have land operations by almost every major oil and gas giant.

The Marcellus Shale is one of the most prolific producing formations in the
eastern United States (Fig. 1). It was deposited during the Middle Devonian time (~390
million years ago) in a foreland basin that is approximately parallel to the trend of the
present-day Appalachian Mountains (Harper, 1999). Across the Appalachian Basin, the
Marcellus Shale thickness decreases westward from the central part of the basin and
pinches out in the subsurface towards the east. The formation thickness is nearly 900
feet in south-central New York and loses thickness to the south and east, varying in the
range of 200-600 feet in northeastern Pennsylvania. Recent production has mostly taken
place where the formation thickness is larger than 50 ft (U.S. EIA, 2017a). Some of the
lithologies mentioned by previous authors include silty shale with enclosed pyrite,
calcareous shale, and carbonate concretions (Ettensohn and Baron, 1981; Harper, 1999;
Roen and Walker, 1996). Marcellus Shale is under-pressured in its southwestern portion
and normal- to potentially over-pressured in its northeastern portion (Zagorski et al.,
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2012). He (2011) reported Marcellus Shale matrix permeability values in the range of
100-450 nd. Thermal maturity based on vitrinite reflectance ranges 0.5-3.5% and
increases in the southeastern direction. Most of the production takes place in the
western parts of West Virginia, Pennsylvania, eastern Ohio, and southern New York
(U.S. EIA, 2017a). Annual natural gas production from the Marcellus in 2012 was
greater than 2 TCF (Rowan et al., 2014). The annual production of natural gas liquids
is approximately 2 million BBL (Wang and Carr, 2013).

Lower 48 states shale plays
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Figure 1. Shale plays in the United States (stars depict the locations of the six shale
plays that are the focus of this study). Modified from EIA (2016)

The Woodford Shale is the most productive shale formation in the state of
Oklahoma and covers a large portion of the state (Fig. 1). It was deposited during Upper
Devonian-Lower Mississippian Time (Hass and Huddle, 1965). Prolific basins
producing from the Woodford Shale include the Anadarko, Ardmore, and Arkoma
Basins (Fig. 1). Woodford Shale is highly fractured/jointed (Ghosh et al., 2018a; Ghosh
and Slatt, 2019) and often observed in the outcrop in alternating brittle and ductile (or
hard and soft) beds (e.g., Galvis-Portilla, 2017; Ghosh, 2017). The Main mineral
constituents of the Woodford Shale are quartz, followed by clay and dolomite (e.g.,
Becerra-Rondon, 2017; Ghosh et al., 2018a; Ghosh et al., 2018b). “According to the
annual IHS database (2016), cumulative production from 2004 to 2015 was 56.4
MMBO and 3.9 TCFG” (Dewers et al., 2019, p. 165). Total thickness ranges from near
zero to about 125 ft (40 m) on the shelf areas of Northern Oklahoma to greater than 900
ft (270 m) in some parts of the Anadarko Basin (Amsden, 1975). Curtis et al. (2012)
reported a thermal maturity range of 0.51% Ro to 6.36% Ro. According to Slatt et al.
(2012), the Woodford Shale contains type Il kerogen, which is indicative of a marine
environment of deposition.
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The Mississippian-age Barnett Shale is known as the primary hydrocarbon source
rock of the Paleozoic conventional reservoirs in the Fort Worth Basin (Pollastro et al.,
2004; Montgomery et al., 2005) which is shown in Fig. 1. The Barnett Shale thermal
maturity ranges from 0.7 to 1.7% (Montgomery et al., 2005). Cluff et al. (2007) reported
an average matrix permeability of 100 nd. The Barnett Shale in the Fort Worth Basin
covers an area with 38 counties in north-central Texas (Jarvie et al., 2007). The Newark
East Barnett Shale Field in the Fort Worth Basin of North Texas is now the largest gas
field within Texas. This shale holds greater than 140 BCF per square mile of gas in
place. As of 2012, the Newark East field, the largest gas field in the state of Texas, was
producing more than 800 MMCF per day (Hall, 2004).

The Upper Jurassic Haynesville is a unique and highly prolific shale play located
in northwest Louisiana and east Texas (Fig. 1). The Haynesville Shale is highly over-
pressured (0.8 to greater than 0.95 psi/ft pore pressure gradient) (Wang and Hammes,
2010), which makes it unique compared to other shales. This overpressure makes the
wells highly productive. The cumulative dry gas production from 2004 to mid-2019
was ~18.4 TCF (Milkov et al., 2020). The Haynesville Shale in the northwest parts is
siliciclastic and clay rich; carbonate content and TOC increase towards the west and
south (Buller and Dix, 2009; Spain and Anderson, 2010). The Haynesville Shale, which
IS matrix-porosity dominated (Wang and Hammes, 2010) and mechanically weak
(Buller, 2010) stands in stark contrast to the organic-porosity-dominated and
mechanically strong Barnett Shale (North Texas). The average porosity of the
Haynesville Shale is ~11%, which is relatively high compared to other shale plays
(Wang and Hammes, 2013). Production from the Haynesville is dependent upon pore
pressure gradient, effective stress, reservoir quality, and completion practices (Wang
and Hammes, 2013). The Pressure gradient increases from the north (shallow) to the
east and southeast (deep). Following the same north to south trend, clay content
decreases, TOC increases from 1.75 to 3.75%, thermal maturity (Ro) increases from
1.25 to 2.25%. (Buller and Dix, 2009; Dix et al., 2010; Spain and Anderson, 2010;
Younes et al., 2011).

The Eagle Ford Group is an Upper Cretaceous formation in the Gulf Coast basin
of southern Texas. The Eagle Ford is a source rock for other Cretaceous reservoirs such
as the Buda and Austin chalk. It has thermal maturities approximately in the range of
0.7-1.3%. Stoneburner (2017) reported calcite, followed by quartz, clay minerals, and
feldspar as the major mineral constituents. As of December 2014, the Eagle Ford in the
Gulf Coast basin had cumulative production of nearly 1.1 billion BBL of oil and
condensates and 4.8 trillion cubic ft of natural gas (TCFG). On average, in 2014 it
produced approximately 4.9 billion cubic ft of natural gas per day (BCFGD) and 1.3
million BBL of oil and condensate per day. The entire resource potential of the Eagle
Ford, even though subjective, has been estimated to be 25- 30 billion BBL of olil
equivalent (BBOE) (Ko et al., 2017).

The Bakken Shale is one of the most prolific producing formations in the northern
United States. It is an Upper Devonian-Lower Mississippian Shale play located in the
Williston Basin of southern Saskatchewan, North Dakota, and eastern Montana (Fig.
1). Bakken Shale is greater than 100 ft thick in an extensive part of the Williston Basin
(Peterson, 1996). Horsfield et al. (2008) reported a source rock maturity of 0.3-1.6 %
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Ro. No uniform relationship exists between present-day thermal maturity and depth.
However, the onset of intense hydrocarbon generation is usually 9000 ft and deeper
(Webster, 1984). The organic matter is evenly distributed in the matrix (i.e., not
concentrated in lenses or laminations) and averages about 11.3% (Webster, 1984). The
US EIA (2014b) reported production of over 1 million barrels of oil per day from the
Bakken. According to Hester and Schmoker (1985) another 7.4 billion BBL oil, 6.7
TCFG, and 527 MMBBL of natural gas liquids remain undiscovered, may be recovered
from the Bakken Shale (Gaswirth et al., 2013).

3. Methodology and verification

The methodology of the porothermomechanical characterization for the shale plays
under study and the procedure of a coupled porothermoelastic simulation in FLAC3D
have been presented in the subsequent sections. The verification of each method has
also been examined via key examples.

3.1. Porothermomechanical characterization methodology and verification
Amongst the physical, mechanical, PE, fluid, thermal, and porothermal parameters of
a reservoir rock, some properties can be determined from the mineralogy of the rock
(i.e., the percentage of each mineral in the reservoir rock), and the values of those
properties for each mineral constituent. Some other properties are dependent on the
former parameters and can be calculated afterwards. Thus, to determine all of the PTE
properties, a probabilistic methodology is presented for estimating the required data for
the reservoir rock as a whole based on its mineral composition, Monte Carlo stochastic
sampling method, and the utilization of the averaging techniques.

In a polycrystalline rock with a mixture of small grains, different averaging
methods can be used to estimate one average property from the mineral composition.
With a simple laminated rock specimen, it is possible to explain the Voigt (V) and
Reuss (R) averaging techniques (see Voigt. 1928; Reuss, 1929). Fig. 2 shows two
laminated rocks, in which the direction of lamination to the direction of load application

- =

Figure 2. a) Voigt and b) Reuss averaging approaches
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For the Voigt averaging technique, the direction of load application is assumed to
be parallel with the lamination direction. For the case of Reuss averaging technigue, on
the other hand, the direction of load application is assumed to be perpendicular to the
direction of lamination. According to the existing notion, the direction of load in
polycrystalline isotropic rocks with respect to the spatial distribution of minerals is in
between the two above-mentioned boundaries. Therefore, the average between the two
above boundaries can be considered as a reasonable estimate for the property under
study. This averaging method is called Voigt-Reuss-Hill averaging (VRH) which is the
average of the two above boundaries (see Hill, 1952; Zuo et al., 1992). These averaging
relations can be written as:

n
Cvoigt = Z ViC; (5a)
i=1
1 Z": v, b)
CReuss =1 Ci
Cyoi C
Comn = Voigt ‘|2' Reuss (50)

Using Egs. (5a, 5b, 5¢), one can obtain one average property for the reservoir rock
by considering the percentage of each mineral and the associated property for each
mineral. In the case of a wide range of variation in the percentage of mineral
constituents, a wide range of variation for the reservoir rock property is also observed.
Monte Carlo random sampling method was used to generate stochastic in-range mineral
percentages, which together with the abovementioned averaging methods were used to
obtain the distribution of different properties in the shale plays under study. The basic
concept is to use randomness to solve this problem that is deterministic in principle.
The concept implies that deterministic formulas exist for the resultant property (Egs.
5), but using constitutive mineral volumetric proportions (V;), a distribution was also
obtained for the resultant property with its MV, skewness, and SD. This method is often
used in many physical and mathematical problems. It is most useful when it is difficult
to use other methods (e.g., McKean, 1967).

In this method, in order to have the range of variation for each property, a random
number generator is used to produce mineral percentages within the predefined ranges,
and then, normalizing them to a final sum of 100% considering the porosity of the rock.
Then, for each set of mineral compositions, VRH averaging method was used and a
final value was determined for one property. This property can be directly used as an
input for the PTE simulation of the reservoir rock (e.g., grain moduli, rock porosity,
Biot coefficient), or is used in a formulation which provides an input for the
simulations. It is noteworthy that one relationship may have some input values, each
having a statistical distribution, which result in a statistical distribution for the output
as well (e.g. determination of Biot coefficient from drained bulk modulus and grain
bulk modulus; or determination of Biot modulus from porosity, Biot coefficient, fluid
bulk modulus, and grain bulk modulus; see Egs. (7, 8)).
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It is important to notice that the calculation of the skeleton properties is dependent
on the anisotropic alignment of the mineral constituents. Therefore, a combination of
Monte Carlo and VRH methods were used to obtain reasonable input data (MC-VRH).
For the calculation of the properties of the pore-filling gas, the mineral constituent and
alignment play no role and only Monte Carlo simulation was used for the
characterizations (MC). The verification of the presented characterization method was
performed for reservoir rock density in this section, and for other properties of the
reservoir rock in the preceding sections (wherever reliable data have been reported in
the literature).

To use MC-VRH method for the determination of a property, that property should
first be available for each mineral constituent. The Most prominent constituents in the
six shale plays are minerals such as quartz, plagioclase feldspar, calcite, and clay
minerals (Smectite, Illite, Kaolinite, and Chlorite), total organic carbon (TOC), and
porosity. The required properties are density, bulk and shear moduli, specific heat
capacity, linear and volumetric thermal expansion coefficients, and thermal
conductivity. These properties have been mentioned in Table 1. Mineral densities are
from Francois (2008), Klein and Hurlbut (1985), and Okiongbo et al. (2005), bulk and
shear moduli of minerals are from Martin (2017), Bass (1995), Lee (2004), Wang et al.
(2017), Wang et al. (2001), Vanorio et al. (2003), Vernik (1993), Avseth et al. (2005),
specific heat capacities are from Waples and Waples (2004), and Skauge et al. (1983),
linear and volumetric thermal expansion coefficients of the selected minerals are from
Dixon et al. (1993), Kingery et al. (1976), and McKinstry (1965). Thermal conductivity
of minerals are from Cermak and Rybach (1982), Midttomme et al. (1998),
Onishchenko et al. (2017).

Table 1. Mineral data used for MC-VRH methodology

Specific| Linear |Volumetric|Thermal
. . Bulk | Shear . i
Mineral |Density heat |expansion| expansion | conduc-
modulus|modulus . - - .
capacity|coefficient| coefficient | tivity
units | Kg/m®*| GPa GPa | J/kg'K | x10°°C | x10%°C | W/m°K
Quartz 2650 38.0 48.0 740 9.0 32.0 5.80
Plagioclase| »eay | 750 | 200 | 730 10.0 30.0 1.53
Feldspar
Calcite | 2712 75.0 26.0 815 20.0 60.1 3.40
Smectite | 2394 10.0 6.5 818 13.0 39.0 1.80
Ilite 2706 39.0 12.0 796 8.0 25.0 1.80
Kaolinite | 2442 12.0 6.0 974 10.0 29.0 2.80
Chlorite | 2681 81.0 27.0 600 10.4 31.2 3.10
TOC 1100 6.8 2.7 1500 0.01 0.01 0.10

The percentages of the above-mentioned minerals in each shale play according to
the report presented by McKeon (2011) are shown in Table 2. The mineral percentage
range mentioned in Table 2, together with their properties mentioned in Table 1, were
used in MC-VRH to obtain the property ranges for each shale play.



22 Ali Taghichian et al

Table 2. Real data for physical and Porothermoelastic properties of six different shale
plays

Parameter |UnitMarcellus|Woodford|Barnett|Haynesville|[Eagle Ford| Bakken
Quartz | % |10.0-40.0 | 25-54 | 40-60 25-52 1.0-30.0 [15.0-70.0

Plagioclase| o | 160 | 7.0-13.0 |2.0-50| 8.0-17.0 | 0.0-170 | 1.0-3.0
feldspar

Calcite | % | 5.0-20.0 | 7.0-20.0 |5.0-30.0| 13.0-44.0 | 25-95 | 1565
Smectite | % | <2 2080 |1.050| 00 0.0-23.0 | 2.0-6.0
llite | % | 25.0-60.0 | 17.0-46.0 |5.0-25.0| 12.0-20.0 | 1.0-50.0 | 1.0-13.0
Kaolinite | % | <2 0.0 0.0 0.0 0.0-14.0 | 0.0-2.0
Chlorite | % | 0.0-10.0 | 1.0 00 | 4070 | 0070 | 1.0-30

TOC % | 3.0-10.0 | 3.0-9.0 [4.0-8.0| 2.0-5.0 0.5-9.0 |11.0-21.0
Porosity | % | 3.0-8.0 1.0-80 |15-6.0| 8.0-150 | 3.0-15.0 |2.0-12.0

To perform a precise analysis, apart from the shale skeleton, the properties of the
gas present in pore spaces of these six shale plays were also reported. Methane, Ethane,
Propane, Butane (C1-C4), Nitrogen (N2), and Carbon dioxide (CO) are the main
constituents of the gas in the host shale play. The molecular weights and their
percentages in each shale play are reported in Table 3.

Table 3. Molecular weight and percentage of gas constituents in the six shale plays

Gas Molgcular Tl ) Crlife Marcellus|Woodford|Barnett|Haynesville e Bakken
weight [temperature [pressure Ford
unit| (gr/mol) °F psi (%) (%) (%) (%) (%) | (%)
Cl| 16.043 -117 673.3 85.20 95.7 86.75 95 746 | 47
C2| 30.07 90 708 11.28 0.9 6.73 0.1 13.8| 20
C3| 44.097 206.1 617.4 2.88 0 1.98 0 5.4 14
C4| 58.123 305.6 550.4 0.00 0 0.00 0 45 | 101
N2 | 28.013 -232.6 492.4 0.35 2.73 1.68 4.8 0.2 7.5
CO2| 44.01 87.8 1071.6 0.30 0.67 2.88 0.1 15 1.4

The percentage of each gas, pseudo-critical pressure and temperature, and
molecular weights are from Kort et al. (2016) and Brandt et al. (2015) for Bakken Shale,
Hill et al. (2007) for Marcellus, Barnett, and Haynesville Shales, Harrington et al.
(2015) for Eagle Ford Shale, Coates (2008) for Woodford Shale. The gas properties
have been reported from research works performed by Bullin and Krouskop (2009),
George and Bowles (2011), and Ezekwe (2011). Depending on the range of different
gases in each shale play together with the gas properties, the MC method was applied
for the determination of each property for each shale gas.

Depending on the depositional environment, depth, and location of the shale
plays, the percentage of minerals may differ. Most of the major rock-forming minerals
in the earth's crust, such as feldspar, quartz, and calcite, have very similar densities
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(~2.5-2.7 g/cm®). Kerogens have low densities in the range of 1.2-1.35 g/cm®. Pyrite,
on the other hand, has an exceptionally high density of ~5 g/cm?®. According to Taylor
(2013), Loraet al. (2015), Boyce and Carr (2009), Sondergeld et al. (2010), the density
of Marcellus Shale ranges from 2.27 to 2.66 g/cm?®. The density of Woodford Shale has
been reported by Harris (2015), Bammidi (2011), and Ortega (2010) in the range of 2.2
to 2.7 gr/cm®. The mean value of density for this shale has also been reported by Comer
(2005) as 2.4 g/lcm?®. The density of Barnett Shale has been reported in the range of
2.42-2.64 gr/cm® by Vermylen (2011), Kane (2006), Schmoker et al. (1996), Yu and
Sepehrnoori (2013), and its mean value has been reported by Henry (1982) as 2.5
gr/cm®. Jiang and Spike (2013), and Monfared (2015) reported the density of
Haynesville Shale in the range of 2.2-2.7 gr/cm®. Mokhtari et al. (2014) also reported
the density of the Eagle Ford in the range of 2.33-2.49 g/cm®. The Density of the Lower
Bakken Shale ranges from 2.05 to 2.23 g/cm?® with a median of 2.16 gr/cm?, while the
density of the Upper Bakken Shale ranges from 2.01 to 2.16 with a median of 2.09
g/cm?® (Kohlruss and Stamatinos (2014)). Densities of the most common minerals in
shale plays are reported in Table 1. The MV and SD of the densities of these shale plays
can be determined using mineralogy, TOC, and porosity percentages were taken from
Table 2 and constituent densities were taken from Table 1. The mineral percentages
reported in Table 2 are inputs for the MC-VRH technique. The reported densities in the
literature and the calculated density values via the MC-VRH technigue are shown in
Table 4.

Table 4. Density of the six shale plays, from literature and MC-VRH technique.

Property | Marcellus | Woodford | Barnett | Haynesville | Eagle Ford | Bakken

Reported | 5 0 566 | 2227 |242:264| 2227 | 233249 |2.01-2.23
density
Cgf#;ﬁ;ed 0438+57 | 2472+57 | 2478+40 | 2366455 | 2436484 | 2297+97

As observed in Table 4, the predicted density values utilizing the MC-VRH
technique are satisfactorily within the range reported in the literature. Therefore, the
technique was used for the estimation of the most probable density range in the shale
plays under study. It is worth mentioning that the obtained results are based on the
percentage of each mineral mentioned in Table 2 and are subject to change depending
on the volume percentages of different minerals in a specific shale.

Similar to the reported densities (see Table 4), the probabilistically generated data
for different properties are reported as the MVs and their SDs. For the cases where
laboratory data have been reported in the literature, a comparison is also made between
the predicted and the reported property.

3.2. Numerical simulation methodology and verification

Core tripping with an analytical viewpoint is in the category of cylinder problem, which
has been addressed based on the theory of poroelasticity and porothermoelasticity by
several researchers (Abousleiman and Cui, (1998); Cheng (2016)). Core tripping is a
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process that includes pore pressure, temperature, and stress change, all of which happen
during the core retrieval from the reservoir to the surface conditions. Appendix A shows
the analytical solution of a PE core with constant and time-dependent boundary
conditions (Abousleiman and Cui 1998). Appendix B also shows the PTE analytical
solutions of a core problem with constant temperature and boundary conditions (Cheng
2016). There are some inevitable shortcomings associated with the available analytical
solutions which are a) fixed values of the input parameters as fluid viscosity, rock
permeability, specific heat, and thermal conductivity, b) availability of time-dependent
boundary condition only for the PE case but not the PTE case, ¢) lack of an exact
solution in time domain and the requirement of numerical approaches towards
determination of their values in time domain, d) availability of the solutions only in the
simplified two-dimensional case of plane-strain. Numerical solutions however, do not
have the above limitations.

In our work, Fast Lagrangian Analysis of Continua in three dimensions
(FLAC3D) developed by Itasca consulting engineers was used for the simulations. In
the FLAC3D numerical code, a discretized form of Eqgs. (4) using finite difference
approximation has been derived which work in both explicit and implicit solution
schemes. It is well-known that implicit finite difference method (FDM) in flow-only
simulators such as Eclipse (Eclipse, 2017) are unconditionally stable, while there are
boundary time steps in the explicit formulations, only below which converging results
are expected. In fluid-mechanically coupled simulations, on the other hand, a limiting
timestep exists for both of the explicit and implicit simulation schemes. Typically, the
explicit method is used earlier in the run or in its perturbed stages, while the implicit
method is preferred for the remainder of the simulation. Alternatively, the implicit
method could be used with the explicit time step value for extra accuracy (FLAC3D
manual, 2012). It is worth mentioning that flow time step in a PE simulation is
dependent on the fluid characteristic time, which is the square of characteristic length
over the fluid diffusivity. The thermal time step is also dependent on the thermal
characteristic time, which is the square of characteristic length over the heat diffusivity.
The concept of characteristic length is defined by the volume of diffusion over the
diffusing surface area. The time step in a coupled porothermoelastic simulation is
dependent not only on the above-mentioned factors (fluid and thermal diffusivities
together with the characteristic length) but on the coupling terms of fluid and thermal
diffusions as well.

In FLAC3D, brick-shaped zones described by eight nodes discretize the flow
domain. The same discretization is used for mechanical and thermal calculations. Both
pore pressure and temperature are assumed to be nodal variables. Internally, each zone
is subdivided into tetrahedra, in which temperature and pore pressure are supposed to
vary linearly. Starting from a mechanical equilibrium state, a coupled poromechanical
static simulation in FLAC3D involves a series of steps. Each step constitutes one or
more flow steps (i.e., flow loop) followed by enough mechanical steps (i.e., mechanical
loop) to maintain quasi-static equilibrium. The increment of pore pressure arising from
fluid flow is analyzed in the flow loop. The contribution related to volumetric strain is
assessed in the mechanical loop as a zone value, which is further distributed to the
nodes. The effect of temperature change on the volumetric change of the saturated



Optimal Core Trip Velocity Ranges for Major US Shale Plays 25

matrix volume affects the coupling between thermal and flow-mechanical mode. For
the application of thermal-fluid flow coupling, the FLAC3D grid requires configuration
of fluid flow and thermal options.

Selection of wedge-and brick-shaped zones was performed for zoning of the core.
Given the importance of grid aspect ratio (AR) in calculation accuracy in FLAC3D, a
logical grid configuration was used with acceptable aspect ratios, small enough for
capturing the high gradient of the fields and coarse enough for the computational
effectiveness. Since the zone-wise sector length diminishes from the core rim to the
core center, zone radial size diminishes in proportion to fulfill aspect ratio restrictions.
Due to a high field gradient around the core surface, and small zone sizes required near
the surface as well, a manually developed zone configuration was created using FISH
programming in FLAC3D in order to consider aspect ratio limits, i.e., aspect ratio
<4.00 around the center and aspect ratio >0.25 around the rim. Having applied this
strategy, the high gradient of different fields was captured near the core surface and the
high density of unnecessary zones was avoided in the core center (Fig. 2). Additionally,
via FISH programming, we applied time-dependent boundary conditions, i.e., pore
pressure, radial stress, temperature, and assignment of stress-, pore pressure-, and
temperature-dependent properties.

In order to check the validity of the applied simulation method, it was necessary
to model fundamental problems with existing analytical solutions. In this paper, two
fundamental problems, i.e., PE cylinder with time-dependent stress and pore pressure
boundary conditions (see Abousleiman and Cui 1998; Appendix A), and PTE cylinder
problem with a constant temperature change on the core rim (see Cheng 2016;
Appendix B) have been used for the simulations. The input parameters for the
verification problems have been summarized in Table 5.

Table 5. Porothermoelastic data for the verification problems

Category Parameter name Symbol | Unit Value
. Porosity [0} — 0.15
Physical Density p Kg/m® | 2450
Elastic You_ng's Modu_lus E GPa 15.0
Poisson's Ratio v — 0.25
Undrained Poisson's Ratio vy - 0.31
Fluid and Biqt Coefficient a — 0.57
Poroelastic qut I\/I.Odu|l_JS M GPa 10.7
Fluid viscosity u Pa.s 0.001
Absolute Permeability k m? 108
Specific Heat Capacity C, |KgJK 919
porother- Thermal Conductivity kT |W/m'K| 1.70
moelastic Volumetric Expansion Coefficient B, —  |31.4x10°
Undrained Thermal Expansion Coefficient By — 39.7x10°

Table 5 shows three PE constants of the rock. The input parameters have been
used for the two aforementioned cylinder problems, the analytical solutions of which
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are available in the literature. The core radius was assumed as R=0.05 m. The assumed
boundary conditions (BCs) for the two examples are as follows:

PE Cylinder with time-dependent BCs PTE Cylinder with a constant BC
p(t) =015t t=0-100s oo, t=0—100s
{ar(t)=0.15t' r=R AT = 20°C; r=R

The results of the simulations are shown in Fig. 3, which shows that the pore
pressure and stress fields (radial and tangential) match the analytical solutions well.
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Figure 3. Verification of the induced pore pressure and stresses (radial and tangential)
for two different problems; a, b) poroelastic cylinder problem with a time-variable
boundary condition; ¢, d) porothermoelastic cylinder problem with temperature
boundary condition (R=0.05 m)

3.3. Trip velocity estimation method
The initial assumptions for simulation of core retrieval are a) negligible effect of coring
operation (i.e., core-rock bit collision, core attachment to the bottom of the wellbore,
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permeability change of the core rim), b) balanced drilling mode, c) core oriented normal
to the bedding plane and with a diameter of 0.1 m, d) plain strain condition with no
effect of plasticity and convection in the thermal-fluid logic.

Trip velocity determination is highly dependent on the tensile strength of the
reservoir rock. It is obvious that with higher tensile strength of the core, the tripping
velocity can consequently be higher as well. It is worth mentioning that a factor of
safety of 1.2 was considered for the tensile strength. The highest stress state which may
cause tensile failure is the tangential stress which peaks at the core rim (Taghichian et
al. 2018). Therefore, the tangential stress on the core rim obtained from the numerical
simulations was compared with the tensile strength of the core divided by the safety
factor. The trip velocity which results in this equality is taken as the optimized trip
velocity, which is high enough to take the core to the surface in the shortest time and is
slow enough to prevent damages.

Because of the large variations in the magnitudes of each parameter, to optimize
the trip velocities, it was first required to determine which combination of parameters
for a shale play results in the most conservative, the mean, and the least conservative
cases. Therefore, a magnitude range for each parameter was required. Depending on
the direct/inverse relationship between the input variable and the induced stresses (see
Taghichian et al. 2018), three sets of simulations were performed for the the most
conservative, the mean, and the least conservative magnitudes.

This work has been executed with the following objectives for all the above-
mentioned shale plays: a) Perform geomechanical characterization resulting in the MV
and SD for each property; b) perform coupled PTE simulation of the core tripping job
in the six shale plays using the least, mean, and most conservative scenarios; c) find
core-tripping velocity range for each shale play utilizing the presented scenarios in a
PTE simulation scheme.

4. Probabilistic PTE characterization of the reservoir rocks
The probabilistic estimation of the PTE properties for the reservoir rock and the pore-
filling gas was respectively performed using MC-VRH and MC simulation methods.

4.1. Gas properties

The gas constituents for mentioned shale reservoirs are reported in Table 3.
Deterministic methods for calculation of gas properties presented by Kareem et al.
(2014) for specific heat capacity, Lee et al. (1966) for gas viscosity, Jarrahian and
Heidarian (2014) for gas thermal conductivity, and Ezekwe (2011) for compressibility
and gas bulk modulus were used in the probabilistic MC method. The outcome was to
determine the pseudo-critical pressures and temperatures (py., Tpc) and then the
reduced pressures and temperatures (p,,, T, ). Thereafter, the ideal and residual
specific heats were calculated, using which the actual specific heats were determined.
The results of these simulations are shown in Table 6; rows 3-8. The initial temperatures
and pore pressures of these shale reservoirs were used for the determination of gas
properties (See Table 3; Appendix C).
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It is observable from Table 6; row 6 that the mean values for the bulk modulus of
pure gas in the pore spaces of the shale plays under study lie between 0.04 to 0.29 GPa
for the valid range of temperature and in-situ pore pressure. The bulk modulus of water
is 2.4 GPa. The bulk moduli of oil and condensates lie in between those of gas and
water. The range of bulk modulus for the fluid content in the shale plays is important
in the determination of Biot modulus.

Table 6. Porothermoelastic characterization of six major unconventional shale plays in

the US.
No.| Property Unit | Marcellus | Woodford | Barnett |Haynesville| Eagle Ford| Bakken
la CZE#SIﬁ;Ed kg/m® 2438157 2472157 2478+40 2366155 2436184 2297197
2b Rdeepn(;ritt;d gricm?® | 2.27-2.66 | 2.2-27 | 2.42-2.64 | 22-2.7 | 2.33-2.49 | 2.01-2.23
Gas
3 Specific
a heat JIKg/K | 50234230 | 4640+138 | 4662+109 | 4474+22.8 | 5112+455 | 4799+229
capacity
Gas
4a| Thermal W/m °K (0.059+0.006/0.076+0.009(0.062+0.004/0.115+0.006/|0.076+0.013|0.070+0.004
conductivity
5a Gas %107 psil| 18.48+6.84 | 10.85+4.68 | 16.67+4.06 | 2.52+0.64 | 8.95+5.46 | 8.890+1.60
compressibility
Gas
6a bulk x102 GPa| 4.25+1.52 | 7.55+3.08 | 4.38+1.03 | 29.34+8.10 | 10.76+6.58 | 8.00+1.45
modulus
7a de?qzisty gr/cm® |0.192+0.037|0.209+0.036|0.190+0.025(0.233+0.011|0.336+0.067|0.322+0.028
8a Vis%g; ty cP  ]0.023+0.003|0.026+0.004(0.023+0.002(0.031+0.001(0.044+0.013(0.039+0.005
Reservoir
9b thickness m 0-290 38-274 30-152 30-107 8-152 15-76
True
10b|  Vertical m 1372-2591 | 1829-4267 | 1646-2896 | 3200-4267 | 1524-3962 | 2438-3353
Depth
11p|  Vertical MPa 59 57.5 65 85 80 54
stress
Max.
12b| horizontal MPa 49.8 60 64-85 83 85 42
stress
Minimum
13b| horizontal MPa 34.2 52 44-47 80 70 29
stress
Initial
14b pore MPa 30 27.6 30 70 60 28
pressure
Vertical
15b stress KPa/m 23.98 23.98 24.20 23.07 23.98 22.85
gradient
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No.

Property

Unit

Marcellus

Woodford

Barnett

Haynesville

Eagle Ford

Bakken

16b

Max.
horizontal
stress

KPa/m

20.13

20.36-25.11

23.98-31.9

22.62

25.34

17.64

17b

gradient
Min.
horizontal
stress
gradient

KPa/m

13.80

17.42-21.72

16.51-17.64

21.72

20.81

12.22

18b

pore
pressure
gradient

KPa/m

9.05-18.55

10.18-15.38

11.31-21.04

19.23

9.05-19.23

11.31-13.57

193

Initial
Pore
pressure

MPa

24.65+5.90

38.94+10.15

26.71+4.25

75.17+6.51

38.79+12.98

36.03+3.79

20b

Initial
Temperature

38-66

66-107

66-88

138-193

66-177

88-116

21a

Grain
Bulk
Modulus

GPa

37.5+2.27

36.5+1.72

36.5+2.19

47.0£2.25

41.4+4.84

34.8+3.28

22a

Grain
Shear
Modulus

GPa

18.1+1.83

21.1+1.64

24.7+1.40

25.5%1.34

18.0+2.02

19.842.24

23b

Dry
Young's
Modulus

GPa

8.31-20.8

16.6-33.3

24.9-41.6

8.31-12.5

4.16-16.6

8.31-24.9

24b

Dry
Poisson's
Ratio

0.19-0.23

0.15-0.25

0.13-0.25

0.23-0.27

0.20-0.27

0.2-0.25

25a

Dry
Bulk
Modulus

GPa

8.38+2.10

14.0+3.04

18.1+3.34

6.95+0.87

6.57+2.33

10.09+2.96

26a

Dry
Shear
Modulus

GPa

6.01+1.49

10.4+2.03

13.98+2.07

4.16+0.49

4.21+1.46

6.78+1.96

27a

Reported
Biot
Coef.

0.6

0.74-0.81

1.0

0.97

0.95

0.45-0.53

28b

Calculated
Biot
Coef.

0.78+0.06

0.62+0.09

0.5+0.1

0.85+0.02

0.84+0.06

0.71+0.09

29a

Calculated
Biot
Mod.

GPa

8.87+4.53

12.64+7.16

14.31+7.41

5.242.71

8.33+4.70

9.01+5.13

30a

Skempton
coefficient,
B

0.48+0.17

0.39+0.18

0.32+0.15

0.39+0.14

0.53+0.19

0.41+0.19

3la

Undrained
Bulk
modulus,
Ky

GPa

13.68+2.93

18.80+3.48

21.77+2.96

10.67+1.93

12.40+3.79

14.64+3.45

32a

Poisson's
ratio diff.
(v-v)

0.10+0.04

0.064+0.038

0.044+0.028

0.074+0.028

0.109+0.048

0.073+0.041
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No.| Property Unit | Marcellus | Woodford | Barnett |Haynesville| Eagle Ford| Bakken
33b|  Porosity % 3.0-8.0 1.0-8.0 1.5-6.0 8.0-15.0 3.0-15.0 2.0-12.0
Specific
34a heat JKg/IK | 927440 893+43 876+26 1004+45 960+64 988+69
capacity
Linear
35a| expansion | x10%°C | 9.81+0.42 |10.06+0.35 |10.57+0.60 | 11.39£0.60 | 13.34+1.19 | 12.84+1.13
coefficient

Volumetric
36al expansion | x10°°C |31.34+1.27 | 32.61+1.07 | 35.07+1.74 | 36.65+1.66 | 41.10+3.44 | 41.56+2.97
coefficient
Reported
37b|  Thermal W/m °K 1.70 1.77 1.78 1.72 15 1.74
conductivity

Estimated
38a] Thermal W/m °K | 1.71+0.17 | 1.99+0.17 | 2.3740.12 | 1.94+0.12 | 1.75+0.19 | 1.92+0.21

conductivity

39b Pe"r'gif]agi"'ty ud 0.2-2.0 | 0.05-0.40 | 0.05-0.40 [0.001-0.005| 400-1200 | 20-500
Effective
40b|  stress - 0.15 0.65 0.68 0.40 0.82 0.46
coefficient, y
Permeability
41b|  at lower nd 56 250 159 40 53 724
Stress, Kopax
Permeability
42b|  at higher nd 20 15 65 3 10 326
stress, koin
Lowest
43b| measurement | psi 1865 1010 1330 4877 1580 851
Stress, Gemin
Highest
44b| measurement psi 6534 3006 5283 10724 6400 2335
Sress, Opmax
asp| Coefficient - 5.223 19.860 2.045 0.277 68.946 0.472
a Eq. (9)
agp| Coefficient - 0.186 0.057 0.472 3.282 0.009 2.116
b, Eq. (9)
a7p| Coefficient - 0.105 -0.712 -0.277 -3.050 0.333 -1.262
¢, Eq. (9)
agp|  Tensile MPa 41 6.5 6.6 46 44 125
strength

4.2. Reservoir in-situ properties

In order to perform precise and acceptable porothermoelastic simulations, apart from
the required porothermoelastic parameters of the reservoir rock, in-situ variables of the
shale plays are of paramount importance as well. The in-situ properties of a reservoir
include reservoir thickness, lateral extent, true vertical depth (TVD), stresses, initial
pressure, and temperature. Reservoir thickness and its lateral extent provide an idea
about the potential hydrocarbon content. They are also important in determining the
effective fracture height during hydraulic fracturing jobs. TVD provides information
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about the type of hydrocarbon, i.e., rocks at lower depths may be immature or oil prone,
while those at higher depths may be gas prone due to overcooking. TVD also provides
an idea of the expected stresses, pore pressure, and temperatures if the general stress,
pressure, and temperature gradients are known. Having an estimate of the reservoir
depth is also important for the optimization of the core tripping velocity (See
Taghichian et al., 2018). Reservoir depth plays a decisive role with respect to core
damage due to its effect on diffusion time and thermal contraction while tripping. The
above-mentioned in-situ properties are reported in Table 6; rows 9-20.

In-situ properties of the Marcellus Shale are reported from Han and Yin (2018),
EIA (2017a), Zagorski et al. (2011), and Zagorski (2016); Woodford Shale from Hair
(2014), Abousleiman et al. (2014), McKeon (2011), McCullough (2014), Wickstrom
(2008), and Ghosh (2017); Barnett Shale from Sone and Zoback (2014), Bammidi
(2011), McKeon (2011), and World Oil (2015); Haynesville from LeCompte et al.
(2009), and Chun (2013); Debrick (2017), EIA (2017b), Eagle Ford from
Suppachoknirun and Tutuncu (2017), Stidham (2011), EIA (2014a), and McKeon
(2011); and Bakken from Havens (2012), EIA (2014b), Redlinger (2015). We obtained
the initial pore pressure via pore pressure gradient and TVD range mentioned in Table
6; row 19 as inputs to MC. Comparing the values expressed in Table 6; rows 14b and
19a, one can see that the reported values in the literature are only single values, while
the values obtained in the MC simulations provide give range of pore pressure variation
for the shale plays.

4.3. Poroelastic properties

To estimate the mechanical (grain bulk- and shear moduli) and PE properties of the
shale plays, the MC-VRH technique was used. Thereafter, the range of dry Young's
modulus and dry Poisson's ratio (see Table 6; rows 23, 24) were used for determining
the drained bulk modulus. It is noteworthy that using MC method, K, distribution can
be determined using Eq. (6). The MC-VRH method was then used with the distribution
of K,; in order to determine Biot coefficient using Eq. (7). Finally, the distribution of
por05|ty, Biot coefficient, fluid bulk modulus, and grain modulus were used for Biot
modulus distribution.

K, = Eq 6
47 3(1-2v) ©)
Kq
=10—— 7
: K, (M
1 ¢ a—¢
WK T ®

The Biot coefficient of Marcellus Shale was assumed by Kowan and Ong (2016)
as 0.6. For Woodford Shale it was reported by Abousleiman et al. (2008) as 0.74-0.81
and between 0.75-0.97 by Ghosh et al. (2019). For Barnett Shale it was assumed by
Rutqvist et al. (2013) and Sone and Zoback (2014) as 1.0. For Haynesville Shale it was
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assumed by Chun (2013) as 0.97. For Eagle Ford Shale it was assumed by
Suppachoknirun and Tutuncu (2017) as 0.95, and for Bakken Shale it was reported by
Havens (2012) in the range of 0.45-0.53.

Upon comparing the reported and the estimated Biot coefficients, one can see that
the reported values are reasonably well in or close to the range of (MV+3 SD), within
which 99.7% of the total dataset volume. The reported Biot coefficient of Barnett Shale,
however shows the highest difference, which is 20% out of the presented range. It is
implied from Rutqvist et al. (2013) that the considered Biot coefficient is an assumed
value rather than a laboratory measured value. Sone and Zoback (2014) mentioned that
the value of Biot coefficient in theBarnett Shale is an assumed value.

According to Eq. (7), Biot coefficient is influenced by grain moduli and dry bulk
moduli. Since, in this study, we have used static bulk moduli in Eq. (7), we should also
use static dry moduli in the MC-VRH method for Biot modulus estimation (Eq. (8)).
However, for most cases, the available moduli of the mentioned shale plays were
derived from well logs and may be considered dynamic moduli. There are several
relationships between static and dynamic moduli developed by researchers (e.g., Willis,
2013). We have used an equation developed by Hall (2010) as E; = 0.6029E; in which
Eg and E; are the static and dynamic moduli of the rock respectively. For Poisson's
ratio, no well-defined dynamic to static relationship exists. Barree et al. (2009)
concluded that the dynamic Poisson’s ratio can suitably approximate the static value
irrespective of the stress state. We have reported the estimated range of elastic and PE
properties in Table 6; rows 21-33.

Considering Eq. (8), one can realize that fluid bulk modulus highly influences the
Biot modulus. According to Loucks et al. (2012) and William (2012), gas is not the
only phase that exists in all pore spaces of shales, i.e., water, oil, gas, and condensates
can coexist in the pores. This phenomenon highly influences the compressibility of the
pore fluid (reverse of fluid bulk modulus). Dadashpour et al. (2009) stated that the fluid
bulk moduli in shales are in the range of 0.1-1 GPa which can be considered a
combination of bulk moduli of water, oil, and shale gas (see Table 6; rows 3-8).
Therefore, using Eq. (8), the range of Biot coefficient obtained from Eq. (7), the range
of porosity for each shale play, and the range of fluid bulk moduli from Dadashpour et
al. (2009), we can obtain the range of Biot modulus for each shale play.

As it shown in Table 6; rows 21-33, all the PE parameters were implemented
inside and derived from determination of grain moduli using the MC-VRH technique.
It is obvious that the presented results are highly dependent on the percentage of each
mineral constituent, which is subject to lateral and vertical changes in addition to its
association with the reservoir type (Appendix D-I). As seen in Table 6; rows 30-32, the
highest difference between drained and undrained Poisson's ratio exists in the Marcellus
and Eagle Ford Shales and the least in the Woodford Shale.

Numerous researchers have shown that shale permeability changes with confining
pressure. However, in order to have a robust equation for relating the permeability and
confining pressure, an effective stress coefficient () is used. The effective stress
coefficient is used for the determination of the effective confining stress as P — yp, in
which P is the confining stress and p is pore pressure. The effective stress coefficients
(see Table 6; row 40b) and the permeability values k(P — yp) have been reported by
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Heller et al. (2014) for Eagle Ford and Marcellus Shale, Cho et al. (2013) for Bakken
Shale, Vermylen (2011) for Barnett Shale, Bustin et al. (2008) for Woodford Shale, and
Hosseini Boosari et al. (2016), LeCompte et al. (2009) for Haynesville Shale. All the
k(P — yxp) data follow an exponentially decreasing trend shown by Eq. (9) developed
by the authors (see Taghichian et al. 2018). Therefore, the following intrinsic function
of permeability can be used for the six shales.

kmax Oe < Oemin
k(O'e) = kminab(ae/aemax) (Ge/aemax)c Oemin < O¢ < Oemax (9)
kmin Oe = Oemax

where k,,;, is the permeability at the highest confinement tested, 6omax = Prax —
XPmax 1S the highest effective confinement at which the permeability was determined,
k is the permeability to be determined under the specific effective stress g, = P — yp,
and a, b, c are the coefficients of the presented relationship (see Table 6; rows 41-47).

4.4. Thermoelastic properties

The thermoelastic (TE) property values, together with their range of variation, were
also determined using MC-VRH technique and are reported in Table 6-rows 34-38 (See
also Appendix D-I). The reported thermal conductivities of the shale plays have also
been reported from Perry et al. (2014). Comparing the estimated MC-VRH values and
the reported values of thermal conductivity, one can see that all the reported data are
well in the range of (MV+3 SD), within which 99.7% of the data should be placed,
except for the Barnett shale, which comes with 13% of error outside of the range.

5. Coupled PTE and TE simulations

Based on the reported MVs (see Table 6), two series of simulations, one with the PTE
approach and the other with the thermoelastic (TE) approach, were performed.
According to Taghichian et al. (2018), the behavior of PE and PTE induced stresses in
the core was significantly different. The noticeable difference was attributed to the
effect of temperature, which existed in the PTE but not in the PE approach. In addition,
the induced stresses in the PTE scheme was more critical compared to those in the PE
approach. The results of the simulations are presented and compared herein for five
different simulation times in the range of t,, = 0.2 — 1.0, where t,, is the normalized
time and is defined as the simulation time over the travel time from reservoir depth to
the surface (Fig. 4). As pore pressure exists for the case of PTE scenario, the effective
stresses were calculated based on the values of the Biot coefficient, the pore pressure,
and the total stresses.

As it is evident in Fig. 4, effective tangential stresses in the core have been
depicted that are the most critical induced stresses which may cause failure. Although
the global trend of the induced stresses in the two approaches (PTE and TE) is the same,
a significant difference exists between the stress values for t,, < 1. The PTE stress
curves have less compressive states and are more close to each other compared to those
from the TE approach. The reason for this observation is that stresses in the TE core
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are directly controlled by temperature and confining stresses. In case of PTE core, on
the other hand, the stresses are controlled by temperature, confining stress, and pore
pressure as well. Therefore, the present pore pressure in the core highly reduces the
difference between the effective stresses in the PTE scheme.
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Figure 4. Evolution of effective tangential stress during tripping in two different
schemes, i.e., porothermoelastic (PTE) and thermoelastic (TE) in a) Marcellus, b)
Woodford, ¢) Barnett, d) Haynesville, ) Eagle Ford, and f) Bakken Shales.
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It is also observed that the effective tangential stresses at t,, = 1.0 nearly coincide
with each other for the two approaches of PTE and TE except for Haynesville shale.
The main reason of this coincidence is that there are two controlling mechanisms in
reducing the pore pressure in the core. The first mechanism is the reduction of pore
pressure because of fluid diffusion as a result of lower pore pressure on the core rim.
The second mechanism is the instant reduction of pore pressure as a result of confining
stress decrease and Skempton's effect which was explained by Taghichian et al. (2018).
Therefore, since confining stresses no longer exist on the core surface, pore pressure
vanishes because of diffusion and Skempton's effect. Only the thermal stresses still
exist in the core, which have also been simulated in the TE scheme. Under these
conditions, the results from PTE and TE approaches are comparable. For the case of
Haynesville shale however, a lower permeability level exists with respect to the other
shales, thereby raising the required fluid diffusion time. This behavior proves that TE
and PTE simulation results are not always the same at surface conditions (t,, = 1.0).
Therefore, to obtain the tripping velocity range, the PTE simulation scheme was used
for investigating the mechanism of effective stress evolution during tripping.

To obtain a reasonable range of tripping velocity for the six aforementioned shale
plays, the most conservative, the mean, and the least conservative simulations have
been performed based on the ranges of data reported in Table 6. Taghichian et al. (2018)
performed a comprehensive sensitivity analysis in which the PTE properties were
changed by some percentage (decreasing/increasing) and their influence on the induced
stresses were investigated. The resultant relationships have been mentioned in Table 7.
Therefore, using the relationship between the input variables and the resultant stresses,
one can easily choose between boundary values to obtain the most conservative, the
mean, or the least conservative scenario.

Table 7. Direct and reverse relationship between input parameters and the induced
stresses

Parameter Simulation method | Relationship
Biot's coefficient a direct
Rock Young's Modulus, E reverse
Fluid Mobility, k ) reverse
: - Poroelastic -

Poisson's Ratio, v direct
Tripping velocity, V direct
Undrained Poisson's Ratio, vy reverse
Biot's coefficient o -

Rock Young's Modulus, E direct
Fluid Mobility, Porothermoelastic -

Poisson's Ratio, v direct
Tripping velocity, V direct
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Undrained Poisson's Ratio, vy direct
Linear Expansion Coefficient, o direct
Rock Density, p direct
Specific Heat Capacity, Cp direct
Temperature, T direct
Undrained Expansion Coefficient, direct
Thermal conductivity of Rock, A reverse

The effective induced stresses versus the tripping velocities of the core using the
most, the mean, and the least conservative input values are shown in Fig. 5. As
demonstrated in Fig. 5, the increase of the induced stresses in the core versus the applied
trip velocity highly varies between different shale plays. Fig. 5 shows that there is a
wide range of stress variation due to different values of trip velocity. The values of
stresses are in the range of 1.0-18.0 MPa, 1.8-8.6 MPa, and 0.5-5.5 MPa for the most,
the mean, and the least conservative scenarios. It is also worth mentioning that in the
mean scenario, the velocity-tangential stress curves follow a certain trend for all the
simulated shale plays except for the Marcellus Shale.
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Figure 5. Induced stresses as a result of trip velocity change for the a) most, b) mean,
and c) least conservative scenarios in different shales.
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For the given mineral compositions in the six shale plays (Table 2), the values of
tensile strengths (Table 6; row 48b), and the assumed factor of safety (=1.2), the range
of safe trip velocities were estimated and reported in Table 8. As observed in Table 8,
for the most conservative scenario, Marcellus, Woodford, Barnett, and Haynesville
shales have trip velocities in the order of 0.64-0.75 m/s, but Eagle Ford and Bakken
have trip velocities of 0.18 and 1.17 m/s respectively. The small trip velocity of the
Eagle Ford is because of the combined effect of high linear thermal expansion
coefficient, low thermal conductivity, high reservoir temperature level, and low tensile
strength. The high trip velocity of Bakken shale, on the other hand, comes from its high
tensile strength. There are some scenarios in which the tripping velocities could not be
estimated because the induced stresses were much lower than the tensile strength of the
rock, even for the tripping velocities as high as 3.5 m/s. Therefore, the tripping job for
these scenarios were assumed as safe for a normal tripping velocity. In the mean
scenario, Marcellus shale has lower stress levels compared to the other shales, which
comes from the combining effect of low linear thermal expansion coefficient and low
reservoir temperature level. In the least conservative scenario, Haynesville shale has
the highest stress levels, which comes from very high reservoir temperature levels. It is
quite evident that the most critical stress levels in each of the three scenarios occur
because of thermal effects. As mentioned previously, the main reason for this
phenomenon is the rapid fluid diffusion in the core due to Skempton's effect and the
decreasing pore pressure boundary condition.

Table 8. The optimized trip velocity for the most, the mean, and the least conservative
scenarios of the shale play

Ca_se_z Unit| Marcellus | Woodford | Barnett | Haynesville =
condition Ford

The most
conservative | m/s 0.75 0.71 0.64 0.71 0.18 1.17
scenario
The mean
scenario
The least

conservative | m/s - - - 1.79 - -
scenario

Bakken

m/s - 1.84 1.79 1.30 1.21 -

The average diffusion times for fluid and thermal phases have been calculated and
their ratios have been reported in Table 9. As observed in Table 9, the ratio of thermal
diffusion time over fluid diffusion times is always larger than unity and can vary from
7.51t0 290. As mentioned in the previous sections, fluid and thermal characteristic times
are characteristic length over the fluid and thermal diffusivities, and have been
calculated independent of the initial conditions. In Table 9, despite the fact that fluid
characteristic time in Haynesville Shale is smaller than that in Eagle Ford Shale, its
remaining pore pressure is larger than that in Eagle Ford, and results in larger PTE
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(compared to TE stresses) at surface conditions (see Fig. 4). The possible reason for
this observation is the high value of remaining pore pressure in Haynesville Shale
compared to those in the other shales.

Table 9. The comparison of fluid and thermal diffusion processes

Eagle

Variable |Symbol|Unit|Marcellus|Woodford |Barnett|Haynesville Ford Bakken
Confining |, |\ipal  34.20 52.00 | 44.00 | 80.00 | 70.00 | 29.00
stress
Skempton B - 0.48 0.39 0.32 0.39 053 | 041
coefficient
Pore

pressure Ap |MPa| 16.42 20.28 14.08 31.20 37.10 | 11.89
change
Initial pore
pressure

remained
pore . |MPa| 1358 732 | 1592 | 3880 | 2290 | 16.11
pressure
Perml\gz:lrl])ility kpim | nd | 20.00 15.00 | 65.00 | 3.00 | 10.00 |326.00

Max
Permeability

pe’mgﬁﬁty kawg | nd | 3800 | 13250 |112.00| 2150 | 31.50 |525.00

fluid
characteristic| ¢/ S 154.92 39.30 42 .93 411.41 526.12 | 11.36
time
Thermal
characteristic|  t] s | 3311.10 | 3186.19 |3056.54| 3437.88 [3952.67|3294.83
time
Ratio of
characteristic tf/t? - 21.37 81.07 71.19 8.36 7.51 | 289.91
times

p; |MPa| 30.00 27.60 30.00 70.00 60.00 | 28.00

kmax | N 56.00 250.00 | 159.00 40.00 53.00 | 724.00

6. Conclusion

This work proposes an optimization method presenting a safe core tripping velocity
range. The presented method was consisted of a coupled PTE simulation with time-
varying thermal, pore pressure, and stress boundary conditions, which were performed
based on a probabilistic PTE characterization founded on the available data from
literature. This characterization resulted in pinpointing mean value and the standard
deviation for the required parameters in the PTE numerical simulations. The presented
characterization methodology provides several practical benefits. First, it presents a
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methodology of combining field data with the mineral constituents of the reservoir rock
and different mineral properties to estimate, verify, and present probabilistically
determined meaningful/in-range data. The provided data can be used for later referrals
when performing laboratory- or industry-related work. In other words, it provides
researchers reasonable data ranges of the reservoir rocks, which are more accurate
assumed arbitrary values with no experimental or field background. Second, it provides
a comparison of the properties for six US shale plays, i.e., Marcellus, Woodford,
Barnett, Haynesville, Eagle Ford, and Bakken, which can also be reobtained based on
the specific mineralogy ranges of the different shales. Third, it creates the opportunity
of performing PTE and TE simulations based on comparable/reasonable input
parameters and feasibility study of less intense/fast TE simulations as a substitute for
the complex, time-consuming, and expensive PTE simulations. The simulations
themselves also resulted in a number of fundamental key points regarding the core
tripping jobs in unconventional shales. First, TE simulations result in similar results for
the case of t,, = 1.0 (i.e. when the core reaches to the surface). However, care should
be taken for this analogy because for some cases, the remaining pore pressure inside
the core is large and requires more time to dissipate. In such cases, one table similar to
Table 9 should be produced for the rock core and the results should be analyzed
accordingly. Second, the gradual changes of the effective stresses in the two simulation
approaches of TE and PTE are not comparable and TE simulations cannot be used as a
substitute for PTE simulations. Third, the estimated trip velocities based on the
assumption of the most, the mean, and the least conservative scenarios can result in
completely different judgments of safe tripping velocities. Therefore, it is
recommended that the data which is to be used for the simulations be examined,
analyzed, and validated. Fourth, in case of analyzing similar shale plays as the ones
presented in this study, in combination with the knowledge of the mineral contents for
the shale under study, a MC and MC-VRH analysis can be used. Then, a comparison
can be made between the properties of the shale under study and those of the most, the
mean, and the least conservative scenarios. Finally, a reasonable core trip velocity can
be estimated for the shale under study, considering the initial conditions of the reservoir
and the required factor of safety.
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Appendix A. Analytical solution of a poroelastic cylinder

Poroelastic rock cylinder can be subjected to different modes of application of boundary
conditions, such as pore pressure, flow rate, hydrostatic and deviatoric stress for drained
and undrained conditions. However, for the case of a tripping core, only two modes of
pore pressure and radial stress application suffice for understanding the behavior of a
tripping poroelastic core. Having time-dependent boundary conditions is also a
privilege. Abousleiman and Cui (1998) have solved this problem and presented the pore
pressure and stress fields in Laplace domain as follows:

M
P =—=Alo(§) — 2aM4, (A-D)
Grr L(§) M+ My, +2a°M
o A-2
G Ay 3 + °C A (A-2)
G L)Y Mg+ My, +2a°M
9 _ _ - A-3
G Ay <Io(f) 3 + G A, (A-3)
For mode | loading, at r = R:
My, + My, +2a?°M B
= t) AL =D A-4
p = po(t) 1= Do 26 C.L(B) (A-4)
=0 A= (A5)
C1
My; + My, + 2a*M My BIo(B)
=0 = — A-6
Trg C: >0 « L) 2aM (A-6)
For mode Il loading, at r = R:
P, a’M
p=0 A= G () (A1)
3411 O(B)
Py
O = —Py(t) Ay = ——— (A-8)
”" 0 27 726G,
My, + My; + 2a*M  2a°M 1
T-r-g — 0 C3 — 11 12 _ l(ﬁ) (A-9)

2G My Blo(B)
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Appendix B. Analytical solution of a porothermoelastic core problem with
constant boundary conditions

The analytical solution of a porothermoelastic core problem was solved by Cheng
(2016). The initial condition is given asT = 0 and p = 0. The boundary conditions
for the problem of a step rise in temperature on the cylinder surface are as follows:

oy =0, p=0T=T;atr =r,

By solving the governing equations with the associated boundary and initial conditions,
different fields are

2(agS + aa,S,) - ]
SSa(1— apa,) A41(s) (D)

Cy(c = cqa = Co)Io(24VsT) N Cy(c = cq + Co)lo(2,v/sT) _2(aS, + aqaeS)

T = Cllo(/ll\/gr) + Czlo(lz\/gr) -

p= 2ca, 2ca, SSa(l _ apae) Ay (s) (B'Z)

5 1 5 1 - -

O = —an—zj rp(r, t)dr — 2n4 r—zf rT(r,t)dr + =7y A, (s) (B-3)
1 1 - . ~

Gog = Zr]r—zf rp(r, t)dr + 2ng r—zf rT(r,t)dr — 2np — 2n4T + T 21/Al(s) (B-4)

Utilizing the temperature and pore pressure boundary conditions, C; and C, are
obtained as:

1
C, =
1 25088, (1 — apae)lo(A1sTy)
X {2s[(c = ca + Co)(Sag + Sgaay) — 2ca,(S,a + Sagay)]|4;(s)
+8S,Ty(c — ca + Co)(1 — apa,)}
1
Cz =

" 25C,5S4(1 — apae)Io(Asmo)
X {2s[(c — ¢y — Co)(Say + Sqaay,) — 2ca, (S,a + Saga.)|4; (s)
+ SSaTl(c —Cq — CQ)(l — apae)}

The integrals are:

- Cirly(AVsr)  Crl(ApVsr)  rH(agS + aayS,) -
T(r,s)dr = + — A
f rir.s)dr Vs Vs §S.(1— aya,) ()
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Al (s) = SSaTi(1—2v)(1 — apa,)
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D
X {4 (c —cg = Co)[n(c —ca + Cp) + 2cayny]

X Io(A1Vs10) 11 (AVsTy)

- Az(c —Cq + CQ)[n(c —Cq — CQ) + anpnd]

x Io(AzVsmo) 11 (A1Vsmy)}

D =2s(1- Zv){/'lz[(c —cq+ CQ)(adS + aapSa) — 2ca,(aS, + adaeS)]
X [T](C — Cq — CQ) + anpnd]lo(/12\/57'0)11(/11\/57'0)
—M4[(c—cq — Co)(aaS + aa,S,) — 2cay(aS, + aga,S)]
— 4cCoayTodiA35%/%{GSS, (1 — apa,)
+ (1 -2v) [adS(aen +1n4) + aSa(n + apnd)]}

X Io(A1Vs10)1o(A2VsT0)

All the required variables are defined as follows:

Drained thermoelastic constitutive
constant

Adiabatic drained bulk modulus

Adiabatic drained thermal storage
coefficient

Poroelastic effective stress coefficient in
thermal diffusion equation

Thermoelastic effective stress coefficient
in pore pressure diffusion equation

Storage coefficient (constant stress
uniaxial strain)

Drained thermoelastic effective stress
coefficient

Thermoelastic stress coefficient

pc
mg =—= (B-5)
To
ag
K,=K+—-=% (B-6)
mg
_ ma(3K, +46) (B-7)
a 3K + 4G
B
a, = S—; (B-8)
0, = '% (B-9)
3K, + 4G
—_—uw T B-10
S = MGK+40) (B-10)
aqg = KBq (B-11)
_ag(1—2v) (B-12)

4=
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Appendix C. Formulation for determination of gas properties

In order to determine the properties of the gas in the pore spaces of a shale play, it is
first required to determine the critical pressure and temperature of the gas mixture from
the critical pressure and temperature of the gas constituents as methane to butane (C1
to C4), nitrogen (N.), carbon dioxide (COz), etc. This can be performed by weight
averaging of the gas constituents or with specific gravity of the gas (See Kareem et al.,
2014). Thereafter, by determining four coefficients of A, to D, one can determine gas
compressibility factor. It is also possible to numerically determine the gradient of gas
compressibility factor with respect to pressure. After that, via this gradient, gas
compressibility and bulk modulus are estimated. Finally, gas viscosity is calculated by
determining the viscosity coefficients, A, to C,. It is worth mentioning that all these
parameters are pressure and temperature dependent. Therefore, upon change in pore
pressure or temperature these parameters also change.

Z=A,+(1—A,)xexp(—B,) + C, X pp? (C-1)
where,

A, = 1.39(T,, — 0.92)%5 — 0.36T,, — 0.101 (C-1a)

B, = p,,(0.62 — 0.23T,,,.) + p2, % —0.037| + exp(zo(?f;:(’zipr ) ) (C-1b)

C, =0.132 — 0.321log T, (C-1c)

D, = exp(0.715 — 1.128T,, + 0.42T2) (C-1d)

Here, T, = T /T, have both of temperatures in °R; p,,, = p/p,. have both pressures
in psi; ¢, Dy are pseudo-critical temperature and pressure, respectively and T, ppyr
are the corresponding reduced ones.

In addition, specific gravity of the gas is determined as:

Yg = (Mg/Mair) (C-2)

where, M is molecular weight.
Gas density is determined as follows:

pg = 0.0433py,/ZT (C-3)
The viscosity of the gas is determined by the following equation:
Hg = A, X 10™*exp(B,p") (C-4)

where the coefficients are defined as follows:
(9.4 +0.02M,)T*>

= (C-4a)
(209 4+ 19M, +T)
986
By = 3.5+ 0.01M +—— (C-4b)

C, = 2.4 —0.2B, (C-4c)
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Appendix D. Distribution curves for porothermomechanical properties of
Marcellus shale
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Appendix E. Distribution curves for porothermomechanical properties of
Woodford shale
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Appendix F. Distribution curves for porothermomechanical properties of Barnett
shale
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Appendix G. Distribution curves for porothermomechanical properties of
Haynesville shale
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Appendix H. Distribution curves for porothermomechanical properties of Eagle
Ford shale
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Appendix I. Distribution curves for porothermomechanical properties of Bakken
shale
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