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Abstract: Multi-stage hydraulic fracturing (MsHF) is the main technology to improve hydrocarbon
recovery from shale plays. Associated with their rich organic contents and laminated depositional
environments, shales exhibit transverse isotropic (TI) characteristics. In several cases, the lamination
planes are horizontal in shale formations with a symmetric axis that are vertical to the bedding
plane; hence, shale formations are known as transverse isotropic vertical (TIV) rocks. Ignoring the
TIV nature of shale formations leads to erroneous estimates of in situ stresses and consequently
to inefficient designs of fractural geometry, which negatively affects the ultimate recovery. The
goal of this study is to investigate the effects of TIV medium characteristics on fractural geometry,
spacing, and stress shadow development in the Jurassic Tuwaiq Mountain formation (TMF) in the
Jafurah basin, which is a potential unconventional world-class play. This formation is the main source
for prolific Jurassic oil reservoirs in Saudi Arabia. On the basis of a petrophysical evaluation in
the Jafurah basin, TMF exhibited exceptional unconventional gas characteristics, such as high total
organic content (TOC) and low clay content, and it was in the proper maturity window for oil and
gas generation. The unconventional Jafurah field covers a large area that is comparable to the size
of the Eagle Ford shale play in South Texas, and it is planned for development through multi-stage
hydraulic fracturing technology. In this study, analytical modeling was performed to estimate the
fractural geometry and in situ stresses in the anisotropic medium. The results show that the Young’s
modulus anisotropy had a noticeable impact on fractural width, whereas the impact of Poisson’s ratio
was minimal. Moreover, we investigated the impact of stress anisotropy and other rock properties on
the stress shadow, and found that a large stress anisotropy could result in fractures being positioned
close to one another or theoretically without minimal fractural spacing concerns. Additionally, we
estimated the fractural aspect ratio in different propagation regimes and observed that the highest
aspect ratio had occurred in the fractural toughness-dominated regime. This study also compares the
elastic properties and confirms that TMF exhibited greater anisotropic properties than those of Eagle
Ford. These findings have practical implications for field operations, particularly with regard to the
fractural geometry and proppant placement.

Keywords: elastic properties; hydraulic fracturing; elastic anisotropy

1. Introduction

Growing global demands for energy associated with the depletion of conventional hy-
drocarbon reservoirs have shifted the industry to the rapid development of unconventional
resources, namely, geological oil and gas formations that are characterized by low poros-
ity, ultra-low reservoir permeability, poor pore-scale connectivity, and high total organic
content [1,2]. The permeability of unconventional formations is usually less than 0.1 mD
(in the range of micro to nano Darcy), and hydraulic fracturing (HF) stimulation is required
to economically produce hydrocarbons from these resources [3,4]. Hydraulic fracturing
involves the injection of fluids into a wellbore at high pressure, which creates fractures in
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the rock formation. These fractures help in improving fluid flow by increasing permeability,
allowing for greater production rates [5,6]. Additionally, proppants are used to keep the
fractures open, maintaining enhanced permeability and optimizing production [7]. Sev-
eral studies using numerical simulations were conducted to evaluate the performance of
hydraulic fracturing [8]. These simulations enable the analysis of various parameters and
factors that could affect the efficiency of the process [9], such as the injection rate, fluid
viscosity, rock properties, and proppant characteristics [10]. Examples of unconventional
resources include shale gas and oil, tight sands, coal bed methane, and heavy oil and gas
hydrates [11].

Hydraulic fracturing alters the magnitude and orientation of an in situ stress field in the
neighborhood of the fracture. There are three orthogonal principal stresses, namely, vertical
stress (σv), maximal horizontal stress (σH), and minimal horizontal stress (σh) [12,13].
Ideally, a hydraulic fracture (HF) preferentially propagates perpendicular to the minimal
principal stress. The stress perturbation resulting from the opening of propped fractures is
known as the stress shadow, which considerably affects the geometry and propagation of
the subsequent fractures, hindering the well’s productivity. The impact of stress shadows
and the resulting stress anisotropic changes can be minimized by optimizing the fractural
spacing [14,15]

Most of the developed geomechanical modes to study the effect of the stress shadow
are based on the assumption of isotropic formation properties. This means that rock
properties can be defined using the two elastic properties of Young’s modulus and Poisson’s
ratio. However, in most cases, including the case study of this research, shale formations
are transverse isotropic (TI) in which the rock properties are similar in the horizontal plane,
but different in the vertical direction, perpendicular to the bedding [16,17]. As most shale
formations are nearly horizontal with a symmetric vertical axis, these types of formations
are referred to as a vertical TI medium (TIV). For TIV formations, three samples should be
taken in the perpendicular and parallel directions, and at 45 degrees with respect to the
bedding in order to obtain the five elastic properties of such rocks. These elastic properties
are two Young’s moduli, one perpendicular and one parallel to the bedding (Ev, Eh), two
Poisson’s ratios, one perpendicular and one parallel to the bedding (vv, vh), and one shear
modulus (Gvh), [18].

The anisotropy of mechanical properties should be considered for completion and
hydraulic-fracture design [18,19]. Simplifying the anisotropic characteristics of shales
to isotropic conditions has resulted in large errors in the estimation of hydraulic frac-
tural design parameters and led to inappropriate conclusions and poor production strate-
gies [19–21]. Therefore, it is necessary to apply TIV formulations to simulations of shale
formations and HF designs.

Several studies have suggested that elastic anisotropy plays an important role in
controlling the geometry and spacing of hydraulic fractures in shale formations. The
authors in found that the elastic anisotropy influenced the orientation of hydraulic fractures
and the spacing between them. When the elastic anisotropy ratio (i.e., the ratio of Young’s
modulus in the horizontal direction to that in the vertical direction) was low, the fractures
tended to propagate in a perpendicular direction to the minimal stress direction. On the
other hand, when the elastic anisotropy ratio was high, the fractures tended to propagate in
a parallel direction to the minimal stress direction. Recently, the authors in [22] investigated
the role of elastic anisotropy in controlling the hydraulic fractural geometry in shale
reservoirs using a numerical modeling approach. When the elastic anisotropy ratio was
high, the hydraulic fractures tended to propagate along the planes of the maximal horizontal
stress, resulting in long and planar fractures. On the other hand, when the elastic anisotropy
ratio was low, the hydraulic fractures tended to be more complex and irregular in shape,
with multiple branches and nonplanar geometries.

As presented in the above examples, shale formations are inherently anisotropic in
which elastic mechanical properties vary with the direction. This anisotropic behavior of
mechanical properties impacts the estimation of local in situ stress, fractural geometry, and
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stress-shadow development in shale formations. Hence, the complete characterization
of anisotropic geomechanical properties is essential for the successful development of
shale formations. The goal of this study is to investigate the effects of TIV medium
characteristics on fractural spacing, geometry, and stress-shadow development. Theory-
based TIV analytical modeling was performed to estimate the fractural geometry and in
situ stresses in an anisotropic medium using data from the Jafurah shale play.

2. Source of Data

The liquid-rich Jafurah shale play is located east of the greater Ghawar field, which
is the world’s largest conventional oil field located in the eastern region of Saudi Arabia
(see Figure 1) [23,24]. On the basis of exploration and appraisal programs, the ultimate
recovery of natural gas and liquids from the play is estimated to be around 200 trillion cubic
ft equivalent (tcfe), and the first commercial production is to start in 2025 [25,26]. On the
basis of a petrophysical evaluation in the Jafurah basin, the primary target formation is the
Jurassic Tuwaiq Mountain (TMF), which is the principal rock source of the prolific Arab-D
carbonate reservoir [25,26]. TMF exhibits exceptional unconventional gas characteristics,
such as a high total organic content (TOC) and low clay content, and it is in the proper
maturity window for oil and gas generation. The thickness of the TMF interval ranges from
110 to 150 ft across the Jafurah basin [23–25].
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2.1. Geological Setting

Throughout the Mesozoic period, the northeastern passive margin of the Afro-Arabian
plate evolved into an extensive continental shelf. During the Jurassic period, deposition in
the Arabian Gulf region was mainly dominated by platform carbonates. Local structuring
within the shelf associated with differential subsidence resulted in the formation of intra-
shelf basins. These intra-shelf basins formed within the interior of an extensive shallow-
water carbonate platform that had been separated from the open ocean by a high energy
platform margin [24,27].

The Jurassic successions of the Arabian plate mainly consist of marine carbonates
deposited on the Arabian carbonate platform. The targeted Jurassic source rocks are
calcareous and interpreted as having been deposited in a restricted marine environment
within these intra-shelf basins. Organic-rich sediments were deposited into a starved
shallow intra-shelf basin at the distal end of a broad carbonate ramp. It is composed of
cycles of laminated organic-rich lime–mud wackestones. Figure 2 presents a generalized
geological setting of the Middle and Upper Jurassic stratigraphy in Jafurah basin [24,27].
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Figure 2. Generalized geological column of the Jurassic period in Jafurah basin, including the Tuwaiq
Mountain formation [27].

2.2. Petrophysical Evaluation

Wireline logs were acquired from several vertical pilot wells in Jafurah basin that
included calipers, sonic, density, neutron porosity, and spectral gamma ray logs [28].
Figure 3 illustrates a representative calibrated petrophysical evaluation of TMF [27]. TMF
was divided into three tiers on the basis of a petrophysical evaluation of the source rock
quality: total organic carbon (TOC), porosity, and permeability and hydrocarbon saturation.
Tier 1, at the bottom, represents the most organic-rich interval (high maturity) with an
average TOC of 7.4% and the best shale characteristics, with high porosity, low clay content,
and high hydrocarbon saturation. As illustrated in Figure 3, these excellent properties
render Tier 1 the optimal target to place lateral wells. Tier 2 represents intermediate
source rock quality with an average TOC of 5.9%, while Tier 3 represents the lowest source
rock quality with an average TOC of 3.2%. Isopach maps of the TMF indicate that Tier 3
occupies most of the thickness of the TMF, which is in the range of 110–150 ft TMF, while
Tiers 2 and 1 possessed a comparable thickness in the range from 30 to about 40 ft across
Jafurah basin [23].
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Figure 3. Typical petrophysical model of the Tuwaiq Mountain formation (TMF) in Jafurah basin.
The TMF was divided into three units, with Tier 1 exhibiting the best reservoir characteristics. Red
dots represent calibration points with available cores [23].

2.3. Mineralogical Composition

X-ray diffraction (XRD) technology was used to identify the rock composition and
morphology of TMF. As illustrated in Figure 4, The TMF is mainly composed of organic-rich
laminated lime–mud rocks. Calcite is the dominant component with an average of 74% by
volume, with a low amount of dolomite, averaging 11% by volume, and a relatively low
quartz content, averaging 3% by volume. The total clay content is extremely low, with an
average of 5%. The high brittle calcite content and low ductile clay content rendered the
TMF the ideal lithology for effective multi-stage hydraulic fracturing [23,27].
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Scanning electron microscopy (SEM) technology was utilized to characterize the pore
types of the TMF. As illustrated in Figure 5, the internal texture of the organic matter is
mainly composed of nanopores. This type of porosity system is the major pore type in
shale gas plays, such as the Eagle Ford. SEM images revealed a well-connected organic
pore system in the matrix of the TMF with interconnected porosity averages of around 10%.
The pores were mostly irregular polygonal to spherical, with pore sizes of mainly less than
1 µm; the remaining fraction had micropores greater than 1 µm [25,27].
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2.4. Geomechanics Properties

Understanding geomechanical properties of shale formations is vital for the opti-
mal design of hydraulic fracturing treatments. Experimental studies performed on the
elastic and deformational mechanical properties of shale rocks revealed that this type of
rock demonstrates a wide range of anisotropic mechanical properties associated with its
complicated material composition. Anisotropic mechanical rock tests were completed on
representative core samples from Tier 1 of the Tuwaiq Mountain formation [27]. The results
show that this zone exhibits a medium level of anisotropy when compared to other highly
argillaceous shales. The average static Young’s modulus in the horizontal direction (Eh) was
4.81 Mpsi, whereas in the vertical direction (Ev) it was 2.92 Mpsi; hence, the static Young’s
modulus ratio (Eh/Ev) was about 1.65. The rock exhibited a 0.29 static Poisson’s ratio in
the horizontal direction (νh), and 0.21 in the vertical direction (νv); the static anisotropic
Poisson ratio (νh/νv) was about 1.38 [27].

Figure 6 illustrates the influence of soft material (clay and kerogen) content on the
static anisotropy Eh/Ev of various shale gas plays [29]. This work shows that the static
anisotropy for Young’s modulus (Eh/Ev) was directly related to the content of the soft
material (clay and kerogen). The measurement for Tier 1 of the Tuwaiq Mountain formation
is relatively comparable to that of the Eagle Ford play.

On the basis of diagnostic fractural injectivity tests (DFITs), pore pressure in the
TMF was about 0.7 psi/ft at reservoir target depth of 10,000 ft. The local stress regime
was characterized by strike–slip conditions, with σv = 1.1 psi/ft, σHmax = 1.2 psi/ft, and
σhmin = 0.96 psi/ft. The direction of the minimal regional stress was NW, prompting for
field development with lateral wells extending in the NW–SE direction [28]. The average
elastic properties of the TMF are presented in Table 1 [27].
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Table 1. Average static Young’s modulus and Poisson’s ratio.

Average Static Young’s Modulus

Horizontal direction (Eh) 4.81 Mpsi

Vertical direction (Ev) 2.92 Mpsi

Static Young’s modulus ratio (Eh/Ev) 1.65

Average Static Poisson’s ratio

Horizontal direction (vh) 0.29

Vertical direction (vv) 0.21

Static anisotropic Poisson ratio (νh/νv) is 1.38

3. Analytical Modeling
3.1. Stress Shadow—Isotropic Model

Li and Guo (2014) presented an analytical model to predict the stress alteration induced
by a hydraulic fracture in isotropic formations. The main assumptions behind this model
are as follows:

(1) The rock is elastic and homogeneous with constant Young’s modulus and Poison’s ratio.
(2) The rock volume is infinitely large compared to the fractural width, which is assumed

to be constant.
(3) The pressure-propped fracture causes rock stress to increase only in the fracture-

opening direction.
(4) Instant stress equilibrium is achieved during fracturing with a constant net pressure.

On the basis of this model, the stress alteration in the direction normal to the fractural
surface can be expressed as follows:

∆σx = Pnete
−2Pnet
E w f

x
(1)

The stress alteration along the fractural propagation direction is given by

∆σy = ∆σx
v w f E

2L f Pnet
(2)
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In above equations, Pnet is the net pressure (psi), E is the Young’s modulus of the rock
(psi), v is the Poisson’s ratio of the rock (dimensionless), w f is the fractural width (in), and
x is the distance from the fractural surface (ft).

As in normal stress regimes, for wellbore stability purposes, the horizontal wellbore is
drilled along the direction of minimal horizontal stress, and fractures are transverse and
propagating perpendicular to the least principal stress. Therefore, as depicted schematically
in Figure 7, ∆σx = ∆σh and ∆σy = ∆σH .
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stress direction.

As represented by the above equations, stress alteration decays exponentially with
distance. The decline rate is directly proportional to the net closure pressure, and inversely
proportional to the Young’s modulus and fractural width.

In isotropic formations, the PKN model [30] is commonly used to calculate the width
of a vertically contained fracture (wISO), with a larger length than height as follows:

wISO =
2h
(
1− v2)

E
Pnet (3)

where h is the fractural height (ft).
The new normal principal stresses to the fractural surface and along the fracture-

propagation direction can be expressed with the following equations, respectively:

σx = σh + ∆σx (4)

σy = σH + ∆σy (5)

where σh and σH are the minimal and maximal horizontal in situ stresses, respectively.
The authors in [12] used the input data of Table 2 to predict the stress alteration and new
principal stresses.

Table 2. Reservoir and fractural parameters used to predict stress alteration [12].

Parameter Value

Young’s modulus (psi) 7.3 × 106

Fractural half-length (ft) 500
Fractural half-height (ft) 150

Fractural width (in) 0.1575
Net closure pressure (psi) 167

Maximal horizontal stress (psi) 6400
Minimal horizontal stress (psi) 6300

Poisson’s ratio 0.20
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The results presenting the normalized stress alteration to the net pressure versus
the normalized distance from the fracture are shown in Figure 8. As expected, since the
fracture propagated perpendicular to the minimal stress direction, the magnitude of the
stress alteration along the minimal stress direction was greater than that of the maximal
stress direction.
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distance from a hydraulic fracture (after [18]).

Figure 9 presents the new principal stresses after the fracture opening as a function of
the distance from the fracture. The intersectional point of the two curves represents the
point of the isotropic stress condition where σh = σH , which gives the minimal fractural
spacing required to prevent fractural merging. To the left of this point, σH , was less than σh
because of the stress shadow. This point of isotropic stress is mathematically given by:

x = −
EpW f

2Pnet
ln

 σH − σh(
1− w f Epµ

2L f Pnet

)
Pnet

 (6)
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For a positive value of the minimal fractural spacing, it is required that the expression
of the natural logarithm be less than 1.0, which implies this condition:

Pnet >
σH − σh

1− W f EP µ

2L f Pnet

(7)

As discussed previously, the stress regime in the Jafurah basin and within the TMF
reservoir is strike-slip. The order gradient of stresses was σH = 1.2 psi/ft > σv = 1.1 psi/ft >
σh = 0.96 psi/ft. At an average reservoir depth of 10,000 ft, the order and magnitude of the
stresses were σH = 12,000 psi > σv = 11,000 psi > σh = 9600 psi.

Applying the above stress values, and average Young’s modulus of E = 3.8 × 106 psi
and Poisson’s ratio of v = 0.25 into Equation (7) resulted in minimal net pressure of
Pnet > 2400 psi in order to obtain larger fractural spacing than zero. In a real situation,
the net pressure is much less than this. This means that there is no minimal spacing concern
from the stress-shadow point of view. Referring to the discussion of the previous subsection,
it is evident that the large horizontal stress anisotropy of σH − σh = 2400 psi is the reason for
this result. In fact, in strike-slip stress regime fields, such as in Jafurah, one of the horizontal
stresses exceeds the vertical stress, and this increases the anisotropy of horizontal stresses.
This impacts the fractural geometry and, as was shown, reduces the minimal fractural
spacing to avoid stress shadows.

Assuming net pressures Pnet = 250 psi and Pnet = 1000 psi, the corresponding fractural
widths based on Equation (3) were wiso = 0.22 inch and wiso = 0.87 inch, respectively.
The stress anisotropy had no effect on fractural width, but the minimal horizontal stress
controlled it, as the net pressure was the difference between the fractural pressure and the
minimal stress that acted perpendicular to the fractural plane (Pnet = Pf − σh).

3.2. Stress Shadow—Anisotropic Model

The assumptions in the analytical model of [31,32], which was presented in the pre-
ceding section, or any similar models based on a constant-width fracture propagating in a
homogeneous isotropic medium with constant values of Young’s modulus and Poisson’s
ratio are not valid for formations with inherent anisotropic properties.

An example of an analytical model to estimate the width of a propagating hydraulic
fracture in a TIV medium was presented by [31]. According to this model, the TIV width
(wTIV) is calculated as follows:

wTIV = h

√
1− v2

H
2GVHEH

(√
g1 − h1 +

√
g1 + h1

)
Pnet (8)

where

g1 =

(
1− 2GVH

EV
(1 + vH)vV

)
(9)

h1 =

√
1− 4GVH

EV
(1 + vH)vV −

4G2
VH

EV EH
(1 + vH)

(
1− vH − 2

EH
EV

v2
V

)
(10)

In the above equations Ev and EH are the Young’s modulus in the perpendicular and
parallel directions with respect to the bedding (psi). Corresponding Poisson’s ratios in
similar directions are shown as υv and υh; GvH is the shear modulus, given by

GvH =
E45

2 (1 + v45)
(11)

where E45 and v45 are the Young’s modulus and Poisson’s ratios measured on a sample
oriented at 45◦ to the bedding plane.
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This analytical approach was adopted in this work to investigate the effect of anisotropic
fractural width (wTIV) on stress-shadow development and fractural-spacing determination.
Anisotropic fractural width Equation (8) was simplified into Equation (3) for the isotropic
case if we replaced Ev = EH = E and vv = vH = v, and

GvH = G =
E

2 (1 + v)
(12)

The commonly observed characteristic of TIV formations is that Young’s modulus in the
horizontal direction is higher than the vertical counterpart and can be as high as 3.5 [31,32].

The anisotropic elastic properties of TMF were used to estimate the anisotropic width
of a hydraulic fracture. As we did not have the Young’ modulus and Poisson’s ratio
corresponding to samples at 45◦ with respect to the bedding (E45 and v45), to calculate
GvH from Equation (12), we used the upscaling approach proposed by to estimate the
anisotropic shear moduli. The relationship is expressed as follows:

GvH =
EH

2(1 + υH)
−
[

1 +
1− υH

(1 + υH)(1− 2υH)

(
EH
Ev
− 1
)]−1

(13)

This model is based on upscaling a periodically layered material characterized by
equal-height layers with different Young’s moduli and the same Poisson’s ratio [17]. When
EH
Ev

= 1, i.e., in the case of isotropic formations, Equation (13) converges into Equation (12),
as expected. On the basis of Equation (13), GvH = 1.0× 106 psi. Assuming Pnet = 250 psi and
Pnet = 1000 psi, the corresponding anisotropic fractural widths are wTIV = 0.149 inches and
wTIV = 0.770 inches, respectively. Comparing these results with the corresponding isotropic
fractural width values in the previous section shows that the anisotropic fractural widths
tended to be lower than the isotropic ones. This means that, considering the TIV nature of
TMF, similar to other shale formations, fractural width is reduced, which, in turn, requires
less fractural spacing. This reduces the concern with regard to the minimal fractural spacing
requirements from geomechanical perspective, which facilitates design purposes.

In addition to the effect of the TIV nature of the TMF on fractural width, its impact
on the horizontal stresses should also be taken into consideration. This effect additionally
impacts fractural width and spacing, as is discussed in the next section.

3.3. In Situ Stresses in Transverse Isotropic Formations

Poroelastic equations are mostly used to calculate the magnitude of horizontal stresses.
These equations, assuming isotropic rock properties, are expressed as follows [33]:

SH =
ν

1− ν

(
Sv − αPp

)
+ αPp +

EεH

1− ν2 +
νEεh

1− ν2 (14)

Sh =
ν

1− ν

(
Sv − αPp

)
+ αPp +

Eεh
1− ν2 +

νEεH

1− ν2 (15)

In the above equations, Sv is the vertical or overburden stress that has a typical gradient
of 1 psi/ft, Pp is the pore pressure, α is Biot’s coefficient that is usually considered 1.0 for
applications in drilling, and εH and εh are tectonic strains in the directions of maximal and
minimal horizontal stresses. These equations basically state that horizontal stresses are a
function of vertical stress (first term) affected by pore pressure (second term) and tectonics
(third term).

Modified poroelastic Equations (14) and (15) assuming TIV properties for the formation
are expressed as follows [34]:

SH =
EH
Ev

νv

1− νH

(
Sv − αPp

)
+ αPp +

EHεH

1− υ2
H
+

νHEHεh

1− υ2
H

(16)
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Sh =
EH
Ev

νv

1− νH

(
Sv − αPp

)
+ αPp +

EHεh

1− υ2
H
+

νHEHεH

1− υ2
H

(17)

The anisotropic coefficient in the above equations is presented as follows:

Kaniso =
EH
Ev

νv

1− νH
(18)

In TIV formations, in the horizontal direction (parallel to bedding), the properties are
similar but different to those in the vertical direction (perpendicular to the bedding).

If we consider the reported stress gradients for the Jafurah basin (σH = 1.2 psi
ft >

σv = 1.1 psi/ft > σh = 0.96 psi/ft) correct, inputting these values together with Pp = 0.7 psi/ft,
an average Young’s modulus of E = 3.8 × 106 psi, and a Poisson’s ratio of v = 0.25 into
Equations (14) and (15), we could back calculate the tectonic strains, which are εH = 0.88
and εh = 0.10. This means that the field is under compressional tectonic stresses that create a
strain ratio of εH

εh
= 0.88

0.10 = 8.8
1.0 . This large compressional anisotropy is indeed the reason for

the strike-slip stress regime of the field [27,28]. If we now input tectonic strains εH = 0.88
and εh = 0.10 that we calculated earlier and similar values for the other parameters into
Equations (16) and (17), we can calculate the stress gradients with the assumption that the
formation is TIV. Thus, we obtain:

σH = 1.37 psi/ft > σv = 1.1 psi/ft > σh = 1.08 psi/ft (19)

The above results show that the TIV assumption for the formation increases the
magnitude of the horizontal stresses. These findings are in a good agreement with in-situ
stress results based on anisotropic modeling studies presented in the literature [16,21,34].
In the case of the Jafurah basin, this increase corresponds to σH from 1.2 to 1.37 psi/ft and
for σh is from 0.96 to 1.08 psi/ft.

With the TIV assumption, the minimal horizontal stress gradient becomes very close
to the vertical stress gradient, which means that the stress regime in the field becomes very
close to the reverse fault regime. In a reverse fault regime, a fracture tends to propagate
horizontally, which is not favorable for stimulations in horizontal drilling, as it creates a
longitudinal (axial) fracture. Due to a lack of enough data and evidence, it was difficult
to confirm this; however, this is something to consider in future stimulation operations,
especially if the propagation of twisted fractures is reported.

The anisotropy of horizontal stresses assuming a TIV medium at a depth of 10,000 ft is
13,700− 10,800 = 2900 psi. This is larger than the 2400 psi for the case of isotropic formation
assumption. This means that, with larger horizontal stresses that are expected due to a
TIV assumption, there is even less concern about the minimal fractural spacing due to
higher stress anisotropy. In addition, due to the larger minimal horizontal stress values,
the fractural width was less than that in the isotropic case, which leads to a smaller stress
shadow and hence lesser fractural spacing.

In conclusion, ignoring the effect of the TIV nature of shales results in larger frac-
tural width and lesser horizontal stress anisotropy. This means the overestimation of
fractural spacing (conservative design), which could lead to ineffective stimulation and
production [16,17,31]

4. Effect of Young’s Modulus Anisotropy

As discussed in the previous sections, for TIV formations, the horizontal Young’s
modulus is usually higher than the vertical one. This ratio for Jafurah shale was EH

Ev
= 1.65

or Ev
EH

= 0.61. Figure 10 shows the changes in fractural width as a function of formation’s
Young’s modulus for TMF data that were calculated using Equations (8)–(10). Here, we
set Ev = 2.92 × 106 psi, which is the value for TMF, and changed EH from EH = 2.92 × 106

psi (i.e., the initial minimal horizontal stress value of TMF) to the maximal value of EH .
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The corresponding isotropic width of wiso = 0.1754 inch was calculated on the basis of the
assumption of E = 2.92 × 106 psi.
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The results of Figure 10 demonstrate how changing from an isotropic assumption for
TMF into an anisotropic ratio of EH

Ev
= 1.65 changed the fractural width from 0.1944 to

0.15 inch. Adding to this, the further reduction in fractural width due to the increased mini-
mal horizontal stress value shows the importance of considering the formation anisotropy
into the fractural geometry design.

Figure 11 shows the effect of the magnitude of Young’s modulus on fractural width,
while the Young’s modulus anisotropy ratio was constant. Here, we used a TMF stiffness
anisotropy ratio of EH

Ev
= 1.65 and calculated the change in fractural width as the horizontal

Young’s modulus was increasing.
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The results show a change in TIV fractural width from 0.78 to 0.15 inch when the
horizontal Young’s modulus increased from 0.83 × 106 to 4.81 × 106 psi. This was a
significant change in fractural width [31,32].

Figure 12 shows the stress shadow calculated for the TMF in directions of the maximal
and minimal horizontal stresses. It is evident that the stress disturbance zone around the
propagated fracture and the magnitude of stress change were much larger than those of
the maximal stress direction. This was because the fracture opened perpendicular to the
minimal stress direction, so it had more of an effect along the minimal stress direction. As
was expected from Equation (1), the maximal stress change next to the fractural wall in the
minimal horizontal stress direction was equivalent to the net pressure, i.e., ∆σh

Pnet
= 1. Moving

away from the fractural wall approximately five times its height, the stresses returned to
the original pre-fractural state.
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The effect of Young’s modulus anisotropy on the stress shadow along the minimal
stress direction is plotted in Figure 13. The results show that, in all cases, the stress changes
are rapidly reduced as they move away from the fracture and return to the pre-fracture-
propagation time at a distance of approximately three to five times the fractural height.
However, as the anisotropy ratio increased, the effect of the stress shadow was reduced
because the increase in horizontal stiffness reduced the fractural width; thereby, fewer areas
around the fracture were affected [21].

The change in Young’s modulus anisotropy in this example was from 1 to 5, while
its impact on stress-shadow development may not look to be significant. This effect is
less when the maximal stiffness anisotropy of TIV formations is generally not expected
to exceed 3; in the case of the TMF, it was 1.65. To observe the effect of this amount of
stress change on the stress redistribution around the fracture, we plotted the change in the
magnitude of σh as a function of distance from the fracture. The results of Figure 14 indicate
that the fractural propagation had a maximal impact of 250 psi on pre σh magnitude, but
the stress shadow developed to approximately 400 ft away from the fractural wall before
its effect was diminished. This shows that the areas within 100 ft from the fractural wall
experience a relatively large changes in stress magnitude [35]. If we consider the stress
calculations based on anisotropic poroelastic Equations (16) and (17), stress anisotropy was
2200 psi, which is slightly less than 2400 psi, i.e., the reported values of the stresses that
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were used in Figure 14, which means that the TIV nature of the TMF may increase the
minimal fractural spacing requirements; however, in the case of TMF, it is insignificant.
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5. Fractural Geometry and Homogenization in TIV Medium

The authors in [17] considered a periodically layered material with two types of layers,
characterized by Young’s modulus Ei, Poisson’s ratio υi, and thickness hi. For simplicity,
both layers were assumed to have the same thickness and Poisson’s ratio (i.e., h1 = h2
and υ1 = υ2). Applying Backus averaging [36], solutions were presented for the elastic
constants of the equivalent TIV material, which included horizontal and vertical Young’s
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moduli (Ev and EH), Poisson’s ratios (υv and υH) and vertical shear modulus GvH . This
approach is also known as homogenization and is depicted in Figure 15.
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The components of the stiffness matrix (C), compliance matrix (S), and compliance
matrix and TI parameters can be found from the relations presented in Table 3 [17]:

Table 3. Components of the stiffness and compliance matrices, and their relationship with TI parameters [17].

Stiffness Matrix Components (C) Compliance Matrix Components (C) TI Parameters

C11 = 1
(1−υ2)

< E > + υ2

(1−υ2)(1−2υ)
< E−1 >

−1

C12 = υ
(1−υ2)

< E > + υ2

(1−υ2)(1−2υ)
< E−1 >

−1

C13 = υ
(1+υ)(1−2υ)

< E−1 >
−1

C33 = (1−υ)
(1+υ)(1−2υ)

< E−1 >
−1

C44 = 1
2(1+υ)

< E−1 >
−1

S11 = 1
∆

C11−C2
13/C33

C11−C12

S12 = − 1
∆

C12−C2
13/C33

C11−C12

S13 = − 1
∆

C13
C33

S33 = 1
∆

C11+C12
C33

S44 = 1
C44

∆ = C11 + C12 − 2C2
13/C33

S11 = 1
EH

S12 = − vH
EH

S13 = − vv
Ev

S33 = 1
Ev

S44 = 1
GvH

In the above equations, < · > denotes the average of a quantity over a unit cell of
the periodic material. This average was reduced to the mean since the layers had the
same thickness.

The Thomsen parameters are commonly used to capture the anisotropy of a TIV
medium. These are three non-dimensional combinations that are reduced to zero in
isotropic cases and are defined as follows [37]:

εT =
C11 − C33

2C33
(20)

γT =
C66 − C44

2C44
(21)

δT =
(C13 + C44)

2 − (C33 − C44)
2

2C33(C33 − C44)
(22)

where parameters εT and γT show the compressional and shear anisotropy, respectively.
Parameter δT is more difficult to understand physically, but it is easy to measure, and
captures the relationship between the required velocity to flatten gathers (the NMO velocity)
and the zero-offset average velocity as recorded with check shots [37]. Alternatively, if the
elastic moduli and Poisson’s ratios of the TI medium are known, the harmonic average of
the Young’s modulus, shear moduli, and vertical Poisson’s ratio of the TI medium can be
found from the relations of Table 4 [17].
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Table 4. Elastic moduli and Poisson’s ratios of the TI medium [17].

Harmonic average of Young’s modulus

< E−1 >
−1

= (1+vH)(1−2vH)
(1−υH)

[
1

Ev
− 2v2

H
(1−υH)EH

]−1

Shear moduli of TI medium

GvH = EH
2(1+υH)

−
[
1 + 1−υH

(1+υH)(1−2υH)

(
EH
Ev
− 1

)]−1

Vertical Poisson’s ratio if < E >= Eh and v = vh

vv = vh
Ev
EH

The aspect ratio of the uniformly pressurized crack can be estimated from the ratio of
the apparent compliances of the horizontal and vertical fractural tips [17]:

γ =
HH
Hv

(23)

HH=
1

2π

√
C33

C11C33 − C2
13

(
1

C44
+

2
C13 +

√
C11C33

)
(24)

Hv=
1
π

C11

C2
11 − C2

12
(25)

The apparent Young’s moduli of the crack tip propagating in the horizontal (φ = 0)
and vertical (φ = π/2) directions is presented as follows [17]:

E′0=
1

πHH
E′π/2=

1
πHv

(26)

Hence, the aspect ratio of the uniformly pressurized crack can then be written in terms
of these moduli as follows [17].

γ =
E′π/2

E′0
(27)

6. Fractural Geometry versus Fracture-Propagation Regimes

The propagation of a hydraulic fracture with zero lag is governed by two compet-
ing dissipative processes associated with fluid viscosity and solid toughness, and two
competing components of the fluid balance associated with fluid storage in the fracture
and fluid storage in the surrounding rock (leak-off), as described by Peirce and in [38].
Consequently, limiting propagation regimes can be associated with the dominance of one of
the two dissipative processes and/or the dominance of one of the two fluid storage mech-
anisms. Thus, we could identify four primary asymptotic regimes of hydraulic-fracture
propagation (with zero lag) where one of the two dissipative mechanisms and one of the
two fluid storage components vanish: storage-viscosity (M), storage-toughness (K), leak-
off-viscosity (M̃), and leak-off-toughness (K̃)-dominated regimes [39]. For example, in the
storage-viscosity-dominated regime (M), fluid leak-off is negligible compared to fluid stor-
age in the fracture, and the expended energy in fracturing the rock is negligible compared
to viscous dissipation. The solution in the limiting storage-viscosity-dominated regime is
given by zero-toughness, zero-leak-off solution K′= C′= 0 [39]. The evolution parameters
can take the meaning of a toughness (Km, Km̃), viscosity

(
Mk,Mk̃

)
, storage

(
Pm̃,Pk̃

)
,

or leak-off (Lm, Lk) coefficient. These four solution regimes are shown in Figure 16 in a
rectangular phase diagram [39].

For each of the four primary regimes of hydraulic-fracture propagation corresponding
to the vertices of the diagram, both P1 and P2 for that scaling are zero. For example, at the
M-vertex, only viscous dissipation takes place, and all the injected fluid is contained in the
fracture (so that Km = 0 and Lm = 0). In a small-scale laboratory test considering the case
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of a penny-shaped fracture, it is most likely that toughness controls the fracture-propagation
regime at the final stage of propagation after a specific period of time. However, almost all
the field-scale hydraulic fractures over nearly their entire propagation history are viscosity-
dominated [38]. For this purpose, a set of dimensionless groups of physical parameters that
describe a specific fracturing process are defined in a way that they become identical using
laboratory and field parameters. These dimensionless variables are driven from fluid-flow
(mass and momentum conservation laws) and rock-behavior (rock deformation, crack
opening and extension) partial differential equations [38]. In this investigation, we used the
near-tip asymptotic solutions for the fracture driven by Herschel–Bulkley fluid [17]. The
shear stress (τ) for this fluid depends on the shear strain rate (

.
γ) as follows:

τ = τ0 + k
.
γ

n (28)
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Figure 16. Parametric space diagram for fracture-propagation regimes [39].

Here, τ0 is yield stress, k is the consistency index, and n is the flow index. When τ0 = 0
and n = 1, they represent a Newtonian fluid with viscosity k ≡ µ. Figure 17 shows the
geometry of s vertical elliptical crack with aspect ratio of s vertical to horizontal semi-axis
of the crack ( a

b ) in plane xz and width of w0 in plane yz.
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Figure 17. (a,b) Vertical elliptical crack geometry with semi-axes in a TI material [16].

Table 5 presents the summary of the formulations for a fractural aspect ratio and width
corresponding to the fractural tip asymptotic solutions related to three fracture-propagation
regimes of toughness, viscosity, and τ asymptotes.
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Table 5. Fractural aspect ratio and width corresponding to the fracture’s near tip asymptotic solutions
for different fracture-propagation regimes (after [17]).

Regime. Fractural Geometry Comments

To
ug

hn
es

s-
do

m
in

at
ed

re
gi

m
e Fractural Width

ωk =
√

32
π

KIc
E′ s0.5

E′ = E
1−υ′

s: distance from the fractural tip.
Asymptotic solution is independent of fluid rheology.
KIc: fractural toughness.
E0: plane strain Young’s modulus.
If Kv

Ic = KH
Ic , then:

γK
k =

(
E′π/2
E′0

)2

If fractural energy is direction-independent, i.e., =
(

Kv
Ic

E′π/2

)2
=
(

KH
Ic

E′0

)2
then:

γE
k = E′π/2

E′0

Fractural Aspect Ratio

γk = a
b =

(
KH

Ic
Kv

Ic

E′π/2
E′0

)2

V
is
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si

ty
-d

om
in

at
ed

re
gi

m
e Fractural Width

ωm,n = βn

(
M′vn

E′

) 1
2+n s

2
2+n

βn =

(
2(2+n)2

n tan
(

πn
2+n

)) 1
2+n

M′ = 2n+1(2n+1)n

nn k

v: propagation velocity of the fractural tip.
M′: scaled consistency index.
µ′: scaled fluid viscosity.
For Newtonian fluid: M′ = µ′ = 12µ and βn = βn=1 and:

ωm,n=1 = βn=1

(
µ′v
E′

) 1
3 s

2
3

for Newtonian fluid:

γm,n=1 =
(

E′π/2
E′0

) 1
3

Fractural Aspect Ratio

γm,n =
(

E′π/2
E′0

) 1
2+n

τ
-a

sy
m

pt
ot

e

Fractural Width
ωτ = 2

√
2π
√

τ0
E′ s

Fractural Aspect Ratio

γτ =
(

E′π/2
E′0

) 1
2

The equations of Table 5 suggest that the aspect ratio of the elliptical crack for each
regime of propagation depended on the different powers of the ratio between the effective
plane strain Young’s moduli of the horizontal and the vertical fractural tips (E′π/2/E′0).
The material anisotropy had the most significant influence on the aspect ratio of the crack
for the toughness-dominated regime; the largest value occurred when Kv

Ic = KH
Ic. For the

viscosity-dominated and τ-dominated regimes, the influence of anisotropy was smaller.
The flow index also did not significantly affect the aspect ratio.

Jafurah TMF Data Analysis

In this subsection, we present the results of analytical TIV modeling using TMF data.
Table 6 presents additional data used to investigate the fractural geometry and propagation
in the TIV medium.

Table 6. Additional input data used for fractural geometry analysis corresponding to the TMF.

Fluid Rheological Data Value Unit

Yield stress (τ0) 0.2 Pa
Consistency index (k) 1.0 Pa.sn

Flow index (n) 0.5 -
Distance from fractural tip (s) 100 ft
Fractural propagation velocity (v) 1000 ft/s
Horizontal fractural toughness (KH

IC) 27 psi.in0.5

Vertical fractural toughness (Kv
IC) psi.in0.5 27 psi.in0.5
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Table 7 shows the calculated values for the components of stiffness and compliance
matrices. In Table 8, the Thomsen anisotropic parameters of the TMF are presented.
The results show that the shear anisotropy was larger than compressional anisotropy,
and that formation generally exhibited anisotropic behavior. Table 9 shows the average
elastic properties of the homogenized TI medium. While the Poisson’s ratio for the initial
layers were considered equivalent (i.e., v1 = v2 = vH), the vertical Poisson’s ratio for the
homogenized TI medium was vv = 0.14.

Table 7. Calculated components of stiffness and compliance matrices corresponding to the TMF.

Stiffness Matrix Components (×106), psi Compliance Matrix Components (×106), 1/psi

C11 C12 C13 C33 C44 C66 D S11 S12 S13 S33 S44
5.93 2.13 1.42 3.47 1.03 1.44 6.90 0.20 −0.06 −0.06 0.34 0.97

Table 8. Thomsen anisotropic parameters corresponding to the TMF.

Compressional anisotropy (εT) 0.35

Shear anisotropy (γT) 0.42

Short offset effect (δT) 0.00

Table 9. Average elastic parameters of homogenized TI medium corresponding to the TMF.

Harmonic average Young’s modulus (<E−1>−1) 2.65 psi (×106)

Shear modulus (GvH) 1.03 psi (×106)

Vertical Poisson’s ratio (vv) 0.14 -

Figure 18 shows the plot of EH/Ev versus E1/E2. This plot is insensitive to the
magnitude of the stiffness values but the ratios. Here, the plot was produced with the
assumption of v = 0.29, which corresponds to the horizontal Poisson’s ratio of the TMF.
From this figure, the following relationship exists:

EH/Ev = 0.1668 (E1/E2) + 0.789, (29)

which shows that, for TMF with EH/Ev = 1.65, the equivalent layered formation had a
sequence of formations with a Young’s modulus ratio of E1/E2 = 5.20, which was in large
contrast to the elastic mechanical properties.
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Figure 18. Homogenization concept: TMF TIV formation representation by a layered formation.



Processes 2023, 11, 1545 21 of 25

Table 10 shows the values of the apparent compliances of the horizontal and the
vertical fractural tips (HH , Hv), apparent Young’s moduli of the crack tip propagating
in the horizontal and vertical directions (E′0, E′π/2), and the fractural aspect ratio. The
aspect ratio suggests that, in the absence of any stress containment barrier, and due to the
anisotropic nature of TMF, the fracture was 1.28 times greater in length than its height.

Table 10. Apparent compliances of the horizontal and the vertical fractural tips corresponding to the TMF.

Apparent compliance of crack tip propagation in the horizontal direction (HH) 0.079 1/psi (×106)

Apparent compliance of crack tip propagation in the vertical direction (Hv ) 0.062 1/psi (×106)

Apparent Young’s moduli of crack tip propagation in the horizontal direction ( E
′
0 ) 4.04 psi (×106)

Apparent Young’s moduli of crack tip propagation in the vertical direction ( E
′
π/2 ) 5.16 psi (×106)

Aspect ratio of uniformly pressurized crack ( δ = HH
Hv

= E
′

π/2

E’
0

) 1.28 -

Following the homogenization concept, Figure 19 shows the ratio of the apparent
Young’s moduli of crack-tip propagation in the vertical to the horizontal directions as a
function of the Young’s moduli ratio of the original layered formation. In this plot, v = 0.29
corresponds to the horizontal Poisson’s ratio of the TMF. The following correlation can be
established from this plot:

E′π/2/E′0 = 0.1668 (E1/E2) + 0.789 (30)
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Figure 19. Ratio of the effective Young’s moduli of the vertical and horizontal fractural tips as a
function of the ratio of Young’s moduli of the original layered medium.

From this correlation, the aspect ratio corresponding to TMF (E1/E2 = 5.20) was
calculated: γ = E′π/2/E′0 = 1.28, which is equal to the value in Table 10.

Table 11 lists the fractural aspect ratios for the TMF assuming different propagation
regimes. The elastic anisotropy of the formation had the greatest impact in the case of
the toughness-dominated regime, while in the field situations, fracture propagation was
primarily viscosity-dominated. In the latter case, the results of Table 11 show that the
change in fluid power index from n = 0.5 to n = 1.0 did not have a noticeable change in the
fractural aspect ratio (it was reduced from 1.14 to 1.12).
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To investigate the effect of the toughness anisotropy on the fractural aspect ratio, we
considered the case of the toughness-dominated regime and plotted the results in Figure 20.
The results show how the fractural aspect ratio increased as the toughness anisotropy grew.
Figure 21 shows the results of the fractural aspect ratio anisotropy for different fracture-
propagation regimes. The results, as discussed earlier, show that the maximal anisotropy
corresponds to the toughness-dominated regime and then the viscosity-dominated regime.
A change in fluid power index (n) also did not show noticeable changes in the fractural
aspect ratio, and the t-dominated regime had the lowest width.
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dominated propagation regime. Data correspond to the TMF.
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Table 11. Fractural aspect ratio corresponding to tip asymptote solutions for different propagation
regimes. Data correspond to the TMF.

Propagation Regime Fracture Aspect Ratio (γ)

Toughness-dominated 1.63
Isotropic fracture energy 1.28

Viscosity-dominated
n = 0.5 1.10
n = 1.0 1.08

τ-dominated 1.13

7. Discussion

The above results provide valuable information regarding the fractural geometry
corresponding to different propagation regimes. As mentioned before, lab-scale simulations
may be more representative in toughness-dominated regimes, whereas in field applications,
the viscosity-dominated regime is dominant [17,40]. In real field applications, in the early
time of fracturing the propagation regime, toughness dominates, and as time progresses,
this changes into a viscosity regime. Hence, a change in the fractural geometry is likely to
happen, and these analytical models provide an initial tool to understand fractural aspect
ratio changes [40]. The results may be calibrated with micro-seismic data where available.

While TIV analytical models such as the one in [31] provide useful insights into
the behavior of hydraulic fractures in anisotropic formations, there are several potential
limitations and criticisms of the proposed solution. One potential limitation of the analytical
solution is that it assumes a simplified fractural geometry and a homogeneous reservoir.
This assumption may not be valid in many shale gas reservoirs where elastic properties
can vary significantly due to the presence of natural fractures, heterogeneity, and layering.
Neglecting these variations can lead to inaccurate predictions of fractural behavior and
width. In addition, the analytical solution assumes that fractures are penny-shaped cracks,
which is a simplified representation of the actual fractural geometry. While this assumption
may be valid for very small fractures, larger fractures can have complex shapes and non-
uniform width distributions. Neglecting these complexities can also result in inaccurate
predictions of fractural behavior. Lastly, the analytical solution assumes that the fluid
pressure inside a fracture is constant, which may not be the case in real-world scenarios
where fluid leak-off, fractural closure, and non-uniform proppant distribution can lead to
significant variations in the fluid pressure distribution inside the fracture. Hence, analytical
methods are simplified models that rely on assumptions and idealizations. While they can
provide useful insights, they should be used in conjunction with more detailed numerical
simulations and field data to verify the accuracy of the predictions and optimize fractural
spacing in actual shale reservoirs.

8. Conclusions

Analytical modeling was employed in this study to estimate fractural geometry and
stresses in an anisotropic medium. The results showed that the Young’s modulus anisotropy
had a noticeable impact on fractural width, whereas the impact of the Poisson’s ratio was
minimal. The effect of the stress anisotropy and other rock properties on stress shadows
was also investigated. In the presence of a large stress anisotropy, the fractures could be
placed close to each other; theoretically, there is no concern regarding minimal fractural
spacing. The fractural aspect ratio was estimated in different propagation regimes, and the
largest occurred in the toughness-dominated regime.

A comparison of the results for the TMF and Eagle Ford showed that the dominant
stress regime in Eagle Ford was normal, whereas it was a strike-slip regime in the TMF.
Stress anisotropy was also larger in the TMF, which means less concern in terms of minimal
fractural spacing compared to for Eagle Ford. The results of a comparison of the elastic
properties also confirmed larger anisotropic properties for TMF than those for Eagle Ford.
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Its implications in field operations should be considered in terms of fractural geometry and
proppant placements.
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