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Abstract 4 

Shale has been usually recognized as a transverse isotropic (TI) medium in conventional geomechanical 5 

log interpretation due to its laminated nature. However, when natural fractures exist in the shale rock, 6 

additional elastic anisotropy is introduced, converting laminated Shale to an orthorhombic (OB) medium. 7 

Previous studies illustrate that neglecting the natural fracture induced anisotropy in shale geomechanical 8 

log interpretation could lead to inaccurate evaluations of elastic moduli and in-situ stresses.  9 

In this paper, a new method is developed to account for the natural fracture induced anisotropy in 10 

geomechanical log interpretation based upon the TI acoustic model developed by the author and a 11 

characterization technique of elastic wave anisotropy (Sayers, 1991). The new OB model incorporates the 12 

four acoustic log data inputs and five modeling constraints in a nonlinear optimization algorithm to solve 13 

for the nine independent stiffness coefficients of an OB rock, and further to solve for the geomechanical 14 

properties and in-situ stress profiles in an OB formation.  15 

The new method was validated with a Marcellus Gas Shale field case. Both the new OB model and the 16 

conventional TI model were applied to interpret the minimum horizontal stress profile for the same 17 

formation. By comparing the results, the OB model is more robust than the TI from two aspects. First, the 18 

average stress magnitude predicted by the OB model is closer to the one measured by the Diagnostic 19 

Fracture Injection Test (DFIT). Second, the OB model predicts a more obvious stress barrier between the 20 

lower Marcellus and upper Onondaga Limestone than the TI model does. The predicted stress barrier is 21 

consistent with the observation of the microseismic events of a horizontal well drilled and completed 22 

nearby, which reveals that no hydraulic fracture propagates downward through the bottom boundary of 23 

Marcellus Shale into the underlying Onondaga Limestone.            24 
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1. Introduction 1 

Shales, owing to their lamination nature, have different geomechanical properties at directions parallel 2 

and perpendicular to their bedding planes. Because bedding planes are usually horizontal (perpendicular 3 

to the gravitational direction), such lamination induced anisotropy is known as vertical transverse isotropy 4 

(VTI).  5 

If natural fractures (NFs) exist in a rock body, a transverse isotropy that has an axis of rotational 6 

symmetry perpendicular to the natural fracture plane is introduced. For a laminated shale rock containing 7 

vertical natural fractures, the combination of both transverse isotropies makes the shale an orthorhombic 8 

(OB) medium, as illustrated in Figure 1 (Gu, 2018). In the figure, the three axes 1, 2, 3 or v, H, h of a 3D 9 

Cartesian coordinate system strand for the three principle stress directions, which are vertical stress 10 

direction, maximal horizontal stress direction, and minimum horizontal stress direction, respectively.  11 

  12 

           13 

Figure1. The simplest orthorhombic model with one set of transverse natural fractures perpendicular to the bedding layers1. 14 

By assuming rock as a linear elastic material, Hooke’s law illustrates that the stress vector σij is linearly 15 

correlated to the strain vector εij through a fourth-order stiffness tensor Cijkl. Using Voigt’s notation (Nye, 16 

1985), the fourth-order stiffness tensor (9-by-9) with 81 stiffness elements can be reduced to a 6-by-6 17 

stiffness tensor with 36 stiffness elements.  18 

Among the 36 stiffness coefficients in the tensor, there are only two independent coefficients for an 19 

isotropic medium, five for a TI medium, and nine for an OB medium (Musgrave, 1970; Auld, 1973; 20 

Winterstein, 1990). Equations (1)-(3) are examples of stiffness tensor for the isotropic (ISO), TI, and OB 21 

rock models.  22 
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In order to characterize the rock elastic behavior, the acoustic and density log data combined with some 1 

empirical models are usually applied to interpret the rock stiffness tensor, which can be further utilized to 2 

predict commonly used elastic moduli (i.e., Young’s modulus, Shear modulus, Bulk modulus, Poisson’s 3 

ratio, UCS, brittleness, and etc.) and in-situ principal stresses. For ISO rock like sandstone or carbonate, 4 

the measured compressional and shear wave slowness (DTC and DTS) provide enough constraints to 5 

solve for the two independent stiffness coefficients, C33 and C44. For TI rock model, sonic log data DTC, 6 

DTS, and DTStoneley (Stoneley wave slowness) provide three constraints, which can be used to solve for 7 

three independent stiffness coefficients. In order to solve for the remaining two coefficients, different 8 

empirical models, such as ANNIE, M-ANNIE 1 & 2, and Velocity Regression model, have been 9 

proposed for different application circumstances (Schoenberg et al., 1996; Quirein et al., 2014; Gu et al., 10 

2016). In regard to the OB model, dipole acoustic log data DTC, DTSslow (slow shear wave slowness), 11 

DTSfast (fast shear wave slowness), and DTStoneley can only provide four independent constraints to solve 12 

for the four independent stiffness coefficients among the nine.  13 

The orthorhombic model usually eliminates being applied in geomechanical modeling during 14 

drilling/completion/hydraulic fracturing due to difficulty solving the nine independent stiffness 15 

coefficients for an OB rock. As a result, the TI model is the first and sometimes the best option for many 16 

studies, even though it is believed that naturally fractured shales are better approximated as an 17 

orthorhombic medium. To the best of authors’ knowledge, although some research studies have been 18 

done to understand the anisotropic elastic behavior of OB rocks, no acoustic interpretation algorithms are 19 

proposed to solve for the nine independent stiffness coefficients of an OB rock from well logging data 20 

measured in the field. In nowadays oil and gas industry, naturally fractured shale formations are usually 21 

approximated as TI media for simplicity by ignoring natural fracture induced anisotropy in 22 

geomechanical log interpretations. Previous research studies (Gu, 2018; Dundar et al., 2019) illustrated 23 

that neglecting the additional natural fracture anisotropy can result in inaccurate estimations of elastic 24 

moduli and in-situ stress from acoustic log data, which can further lead to suboptimal operational designs 25 

in shale and tight fields with substantial natural fractures. 26 

Pan and Zhang (2017) built a shale anisotropic rock-physics model with orthorhombic symmetry. The 27 

model was mainly based upon a rock physics effective model for shale proposed by Chen et al., (2014). 28 

To better simulate the shale. A detailed analysis was carried out on the characteristics of the shale 29 

formation (Chen et al., 2014). The analysis includes the characterization of shale minerals, organic 30 

matters, pores, and fluids contained in pores. The clay was regarded as the background medium, to which 31 

the mixture of quartz and calcite, organic matter, and micro pores are added to form a “dry” skeleton. 32 

Different types of connected micro pores, such as intergranular pore and fracture, are simulated by 33 

adjusting the pore aspect ratios. Gassmann equation is then used to add fluid to the “dry” skeleton to form 34 

the saturated rock. The density, elastic parameters, and P-, S-wave velocities can be calculated from the 35 

saturated rock model. Pan and Zhang (2017) extended Chen’s shale model by adding the vertical and 36 

horizontal fractures/cracks into the “dry” skeleton model to successfully estimate the acoustic velocities 37 

and minimum/ maximum horizontal stress parameters for orthorhombic rocks.   38 
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Far et al. (2015, 2016) mentioned that although nine independent stiffness parameters are needed to 1 

define the elastic behavior of orthorhombic media, only six of them are required for computing 2 

anisotropic mechanical properties and horizontal stresses. Based on that, they proposed a simplified stress 3 

model for computing anisotropic stresses for an orthorhombic medium. The model was tested in a dataset 4 

theoretically created for fractured shales with two sets of rectangular, vertical fractures. According to their 5 

results, the magnitude of stress anisotropy induced by natural fractures can be accurately computed using 6 

the simplified stress model and the simplified model converges to the exact values as fracture densities 7 

increase.   8 

No matter Chen’s work (2014), or Pan and Zhang’s work (2017), the detailed analysis for each shale 9 

sample may be required to apply their anisotropic rock-physics models.  Besides, the inputs to their 10 

models are obtained in laboratory conditions instead of reservoir conditions, which could lead to errors in 11 

in-situ property characterization. Instead of adopting the shale sample analysis from the lab for rock 12 

geomechanics study, the current work will fully rely on the field measured log data to evaluate the OB 13 

rock geomechanical properties. In Far’s work (2015, 2016), a theoretical study was conducted to 14 

understand what the least independent elastic parameters are needed to fully characterize the anisotropic 15 

mechanical properties for orthorhombic media. However, the theoretical study from his work can not be 16 

directly applied to interpret those anisotropic rock elastic properties from the acoustic log data.  17 

The current study proposes a new acoustic log interpretation algorithm to improve the evaluation of the 18 

geomechanical properties of OB rocks (such as naturally fractured shale). The algorithm is tested and 19 

validated with a field case to exhibit the importance of taking natural fracture induced anisotropy into 20 

account when performing geomechanical log interpretation. The new algorithm is more robust in 21 

geomechanical characterization of naturally fracture shale formations, and hence improve drilling plans 22 

and completion/stimulation designs for operators working in unconventional fields with natural fractures.  23 

2. Methodologies 24 

2.1 Geomechanical Properties and Principal Stresses of the OB Rock 25 

According to Hooke’s law (Eq. (4)), the second order stress tensor and the strain tensor are linearly 26 

correlated by a fourth-order stiffness tensor Cijkl. 27 

"#$ � �#$%& × (%&     where i, j, k ,l = 1, 2, 3 (4) 

The sub-indices i, j, k, and l represent one of the three principle directions 1, 2, or 3. Thus, we have 81 28 

stiffness elements in a full stiffness tensor. To simplify the stiffness tensor, the Voigt notation and 29 

symmetry assumption has been applied to the stiffness tensor in Eq. (4). With Voigt notation, the sub-30 

indices 11, 22, and 33 becomes 1, 2 and 3, respectively. And the sub-indices 23 (32), 13(31), and 12 (21) 31 

becomes 4, 5 and 6, respectively.  32 

The OB rock stiffness tensor can be substituted in the equation (4) to derive the two principal horizontal 33 

stresses, σ1 and σ2, as a function of stiffness coefficients and vertical stress σ3. In the equations (5) and (6), 34 

ε1 and ε2 are two principal strains caused by tectonic events.  35 

"� � ������ "� + *��� � ���
�

��� + (� + ,��� � ��������� - (� (5) 

"� � ������ "� + *��� � ���
�

��� + (� + ,��� � ��������� - (� (6) 



  5 

For porous rock with pore pressure pp, the stress terms in Equations (5) and (6) should be the effective 1 

stresses considering the pore elasticity effect. The effective stress can be expressed as Eq. (7), where α is 2 

the Biot coefficient typically varying from 0.7 to 1.0 based on the rock cementation degree. 3 

"#. � "# � / × 01 (7) 

Based on the relation between three principal stresses and strains (Eq. (4)), the three independent Young’s 4 

moduli of different principal directions are derived as a function of stiffness coefficients, as shown by 5 

Eqs. (8)-(10). 6 

2� � "�(� � ��� + ��������� � ������������� � ���� + ��������� � ������������� � ����  (8) 

2� � "�(� � ��� + ��������� � ������������� � ���� + ��������� � ������������� � ����  
(9) 

2� � "�(� � ��� + ��������� � ������������� � ���� + ��������� � ������������� � ����  
(10) 

The same equations (5)-(10) can be applied for TI rock cases by setting C11=C22, C13=C23, C44=C55, and 7 

C12=C11-2C66, while they can be reduced for ISO rock cases by setting C11=C22=C33, C12=C13=C23, 8 

C44=C55=C66, and C12=C11-2C66. 9 

According to Equations (5)-(10), the prediction of rock Young’s moduli and principal stresses requires 10 

fully characterizing all nine independent t stiffness coefficients of the OB rocks stiffness tensor.   11 

2.2 Stiffness Tensor of Different OB Rock Types 12 

The current study is focusing on the vertical fractures with a fracture dipping angle around or less than 13 

20o (the angle between the fracture plane and the axis perpendicular to the lamination), since these 14 

constitute a large fraction of the cases of interest and the algebra is much simpler than the general cases 15 

with a dipping angle more than 20o. Regarding those cases of non-vertical fractures (dipping angle>20o), 16 

the current model is not established. The only exception is that there are two identical sets of conjugate 17 

fractures with dip angles of θ and – θ in either isotropic or VIT background rocks (Sayers, 2001, 2002). If 18 

that is the case, the orthorhombic symmetry is still formed. Thus, the methodology proposed in this paper 19 

can still be applied by some modifications. 20 

The orthorhombic rock model can be formed by embedding one set of parallel vertical fractures in a VTI 21 

background rock (rock Type I in Figure 2-a), or by embedding two sets of orthogonal vertical fractures in 22 

either ISO (rock Type II in Figure 2-b) or VTI ( rock Type III in Figure 2-c) background rocks (Far, 23 

2011). As shown in Equation (3), characterizing an OB rock elastic behavior requires to solve for nine 24 

independent stiffness coefficients. For most of the shale rocks with embedded natural fractures, rock types 25 

I and III are an appropriate approximation to describe the rock elastic behavior.     26 

If the two vertical and non-orthogonal sets of fractures are embedded in an ISO or VTI background rock 27 

(rock Type IV in Figure 2-d), the rock becomes a monoclinic medium, which has five more non-diagonal 28 

independent stiffness coefficients than the orthorhombic model (Tsvankin, 2001). The monoclinic rock 29 

type is out of scope for the current study.    30 
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 1 

Figure 2. (a). OB rock formed by 1 set of vertical fractures embedded in a VTI background rock (OB rock Type I). (b). OB rock formed by 2 sets 2 
of vertical and orthogonal fractures embedded in an ISO background rock (OB rock Type II). (c). OB rock formed by 2 sets of vertical and 3 
orthogonal fractures embedded in a VTI background rock (OB rock Type III). (d). Monoclinic rock formed by 2 sets of vertical and non-4 

orthogonal fractures embedded in either an ISO or a VTI background rock (OB rock Type IV). 5 

Fracture compliance, intensity (fracture number per unit length), and distribution (number and orientation 6 

of fracture sets) are the most important properties that affect the natural fracture induced elastic 7 

anisotropy in a background rock matrix.  8 

The effective normal and tangential fracture compliances are denoted by BN and BT, respectively, with a 9 

dimension of length/stress. The fluid, pore structure, and mineralogy in the fractures are usually different 10 

from the outside rock matrix. When applying external stresses, there exist displacement discontinuities in 11 

the direction normal and parallel to the fracture plane because of the aforementioned property differences 12 

between natural fractures and background rock matrix. Thus, BN and BT are defined to account for the 13 

displacement discontinuity caused by the fractures. BN represents the displacement discontinuity in the 14 

direction normal to the fracture for a unit normal traction, while BT represents the displacement 15 

discontinuity parallel to the fracture plane for unit shear traction. Their values are dependent upon the 16 

fluid and mineralogy contents inside the natural fracture, the presence of other natural fractures, as well as 17 

the fracture dimension scale. They can be determined by the lab or field measurements. Figure 3 18 

concludes typical values of the two fracture compliance parameters BN and BT measured by earlier 19 

researches (Worthington, 2008; Far et al., 2014). In the workflow proposed by the current paper (Fig. 4), 20 

the two compliance parameters are two key unknown variables that need to be solved though a nonlinear 21 

optimization algorithm. To initiate the nonlinear optimization, the values of BN and BT need to be guessed 22 

at the beginning. Thus, Figure 3 provides us rational initial guess of the compliance parameter values as 23 

well as the constraints for nonlinear optimization. Additionally, after solving for the values of BN and BT 24 

from the workflow, the reliability of the solved values of BN and BT can be checked using Fig. 3. 25 
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 1 

Figure 3. Compilation of laboratory and field measured dynamic normal and shear fracture compliance data. modified from Worthington (2008) 2 
and Far et al. (2014). 3 

The effective additional compliance matrix due to fractures with rotationally invariant shear compliance 4 

is derived by (Sayers and Kachanov, 1991, 1995), 5 

∆�#$%& � 14 67#%/$& + 7#&/$% + 7$%/#& + 7$&/#%8 + 9#$%& (11) 

where all sub-indices (i, j, k, and l) denote the three principal directions (1, 2, and 3), 7 is the Kronecker 6 

delta, / is a second-rank tensor, while 9 is a fourth-rank tensor. The aforementioned parameters are 7 

further defined by (Sayers and Kachanov, 1991, 1995), 8 

7#$ � 0	:� ; <=	
�	1	:� � <= (12) 

/#$ � 1>?@�A�#A�$ABA  
(13) 

9#$%& � 1>?:@CD � @	D=��D�<D�ED�FDBD (14) 

where the sum is over all fractures in volume V. Variable GHI is the xth component of the normal to the xth 9 

fracture, while Ax is the area of the xth fracture. Assuming vertical fractures are all fully expanded in the 10 

matrix volume, the equations (13) and (14) can be altered from the sum per volume to the sum per length. 11 

Based on the divergence theorem and Hooke’s law (Hill, 1963; Sayers and Kachanov, 1995), the elastic 12 

compliance tensor of a fractured medium (JHKLM) can be expressed as a summation of background rock 13 

compliance tensor (JHKLMN ) and effective additional fracture-induced compliance tensor given by Equation 14 

(11). 15 

�#$%& � �#$%&O + ∆�#$%& (15) 

If the effective excess compliance ∆Sijkl is much smaller as compared with background rock compliance, a 16 

simplified equation (Eq. (16)) can be applied to directly calculate the OB rock stiffness tensor (Sayers, 17 

2009). 18 

�#$%& � �#$%&O � �#$%&O ∆��#$%&O  (16) 
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For the first OB rock type shown as Fig 2. (a), by aligning fractures with the coordinate system (direction 1 

2), the OB rock stiffness tensor given by Equations (11) – (16) is, 2 

�� 	PQ1R	S �
TU
UU
UU
UV
�110 � @CW���110 2 �120 � @CW���110 �120 �130 � @CW���110 �130 0 0 0
�120 � @CW���110 �120 �110 � @CW���120 2 �130 � @CW���120 �130 0 0 0
�130 � @CW���110 �130 �130 � @CW���120 �130 �330 � @CW���130 2 0 0 00 0 0 �440 0 00 0 0 0 �440 � @	W���440 2 00 0 0 0 0 �660 � @	W���660 2Z[
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 (17) 

For the third OB rock type shown as Fig 2. (c), by aligning the two sets of orthogonal fractures with the 3 

coordinate system, the OB rock stiffness tensor is,  4 

�� 	PQ1R	] 	� 

 

 
 

 (18) 

where the sub-indices 1 and 2 represent the natural fracture set 1 (in direction 2) and natural fracture set 2 5 

(in direction 1). And the terms ^_`aGb` and ^c`aGb` are equal to the summation of the compliance 6 

multiplied by the intensity of fracture set 1 and fracture set 2, ^_`aGb` � ^_daGbd + ^_eaGbe and 7 ^c`aGb` � ^cdaGbd +^ceaGbe, respectively.  8 

Comparing Equations (17) and (18), the OB rock stiffness tensor in Equation (17) is a special case of the 9 

OB rock stiffness tensor in Equation (18). By assuming zero fracture density for fracture set 2, Equation 10 

(18) is reduced to Equation (17). Additionally, by setting the background stiffness coefficients C11
0=C33

0, 11 

C12
0=C13

0, and C44
0=C66

0, the equations (17) and (18) are altered to describe the stiffness tensor of the OB 12 

rock formed by embedding fractures in an ISO background rock, such as rock Type II show in Figure 13 

2(b).  14 

2.3 New Algorithm to Interpret OB Rock Stiffness Tensor from Geomechanical Logs 15 

A new interpretation algorithm is proposed to predict the full OB rock stiffness tensor shown in Equations 16 

(17) and (18) from acoustic and density log data. The essential assumption for the current algorithm is 17 

that the ratio between the effective normal and shear compliances: BN/BT is a constant or varies little 18 

within the target zone. The ratio of the fracture compliances is an intrinsic fracture property, which is 19 

mainly dependent upon the fluid and mineralogy contents inside the fracture. According to our 20 

experiences, for a significant fraction of the cases of interest, it is appropriate to assume that the filling 21 

fluid and mineralogy contents vary insignificantly within a target shale formation. Another important 22 

assumption is that the elastic anisotropy induced by tectonic stress is small as compared with the 23 

anisotropy induced by the natural fractures, which holds true for the fields with non-significant tectonic 24 

activities.  25 

Figure 4 illustrates the workflow chart of the interpretation algorithm. The current workflow chart is 26 

developed to interpret the full OB rock stiffness tensor of Equation (17) for the first OB rock type (Type 27 
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I) in Figure 2. In the workflow, the inputs of known parameters are measured acoustic wave slowness, 1 

such as compressional wave slowness DTC, fast shear wave slowness DTSfast, slow shear wave slowness 2 

DTSslow, and Stoneley wave slowness DTstoneley. The other input parameters include the mud fluid density 3 

ρmud, mud fluid slowness DTmud, and rock bulk density ρbulk.  4 

In Step 1, the OB rock stiffness coefficient C44OB and C55OB can be expressed as a function of the two 5 

measured shear wave slowness, respectively, as shown in the equations (19) and (20).  6 

���� � Wfg&%h	�iSjP�  (19) 

�!!� � Wfg&%h	�j&kl�  (20) 

 7 

Because the natural fracture is parallel to the principal maximum horizontal stress (OB rock Type I), the 8 

OB rock stiffness coefficient C44OB is equal to the stiffness coefficient C44
0 of the TI background rock. 9 

Based on the relation of the OB rock stiffness coefficients and TI background rock stiffness coefficients 10 

shown in Eq. (17), the stiffness coefficient C44
0 (C55

0)of the TI background rock and the natural fracture 11 

property term (BTρnf) can be further expressed as a function of measured wave slowness, as shown in the 12 

equations (21) and (22).  13 

���k � �!!k � Wfg&%h	�iSjP�  (21) 

@�Wmi � h	�iSjP�
Wfg&% *1 � h	�iSjP�

h	�j&kl� + (22) 

In Step 2, the OB rock stiffness coefficient C66OB is calculated from the measured slowness of the 14 

Stoneley wave slowness DTstoneley and the mud fluid slowness DTmud (Eq. (23)). Based on the relation of 15 

C66OB and C66
0 shown in Eq. (17), we can further solve for the second stiffness coefficient of the TI 16 

background rock, C66
0, as shown in the equation (24). Because the natural fracture property term (BTρnf) is 17 

much smaller than the magnitude of the stiffness coefficient, C66
0 is slightly above C66OB. With this 18 

constraint, the right answer of C66
0 can be selected from the two quadratic equation solutions shown in Eq. 19 

(24).  20 

���� � Wngoh	
PkmR&RQ� �h	ngo�  (23) 

���k � 1 p q1� 4@�Wmi���� 2@�Wmi  (24) 

In Step 3, based on the coefficients obtained in Step 1 and 2, the MANNIE 2 model (Gu et al., 2016) for 21 

the TI background rock is applied to solve for the remaining TI background rock stiffness coefficients 22 

C33
0, C11

0, C12
0, and C13

0, as shown in the equations (25), (26), (27), and (28), respectively.   23 

 24 

���k � 2E�:���k � ���k =E�:���k /���k = � E� � E� + 1 (25) 
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���k � E�:2���k � 2���k + ���k = (26) 

���k � ���k � 2���k  (27) 

���k � E����k  (28) 

In this MANNIE 2 model, the empirical parameters k1, k2, and k3 are associated with the rock intrinsic 1 

mechanical properties and are usually determined from the core lab test. Without lab data, an initial guess 2 

of the three parameters is required. The generic values of the three parameters 1.1, 0.8, and 1.07, which 3 

are proposed in the previous published paper (Gu et al., 2016), are recommended as the initial guess for 4 

k1, k2, and k3, respectively. A value of the ratio of BN/BT is also guessed according to Figure 3. Based on 5 

the parameter values, C33 of the OB rock is predicted for each depth, and then is compared with the 6 

reference C33 predicted by the measured compressional sonic wave slowness, DTC. Generalized Reduced 7 

Gradient (GRG) method is applied for optimizing the objective error function by updating the ratio of 8 

BN/BT and the three empirical MANNIE coefficients k1, k2, and k3 in each iteration guided by the direction 9 

and curvature of the objective function and constraints until the desired error is reached. Once the desired 10 

error is achieved, the iteration stops, and the background TI rock stiffness coefficients are obtained.  11 

In Step 4, by inserting the solved background TI rock stiffness coefficients (Cij
0), three empirical 12 

MANNIE model coefficients (k1, k2, k3), natural fracture property term BTρnf, and BN/BT ratio back in 13 

Equation (17), the full stiffness tensor of the OB rock can be generated. The nine OB rock stiffness 14 

coefficients in Equation (17) can be further substituted in Equations (8)-(10) and (5)-(6) to evaluate the 15 

three principal Young’s moduli and two principal horizontal stresses for the target OB formation.  16 

 17 

Figure 4. The workflow to interpret the stiffness tensor of the OB rock (Type I) from geomechanical logs. 18 

A similar workflow can be applied to the OB rock Type III by adding two more ratios, BT1/BT2 and 19 

ρnf1/ρnf2, as two extra optimization parameters, in the nonlinear optimization algorithm in Step 3. The 20 
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equations in each step are modified according to the stiffness tensor of the OB rock Type III, which will 1 

not be further discussed in the current paper.  2 

3. Results 3 

In this study, a Marcellus Shale field case has been selected to validate the newly proposed OB 4 

geomechanical interpretation algorithm. The target zone is located in Monongalia County, West Virginia, 5 

and is a part of the Marcellus Energy and Environment Lab (MSEEL). In this location, the Marcellus 6 

Shale reservoir is at a depth of approximately 7455-7555 ft. A horizontal well, MIP3H, was drilled 7 

toward the northwest and monitored with microseismic. The log data of Figure 5 collected from the 8 

vertical pilot well is used to compute the geomechanical properties and in-situ stress profiles. Figure 5 9 

provides the Gamma-Ray log (red curve) in Track 1, P32 fracture density log or area of fracture over 10 

volume (green curve) in Track 2, bulk density log (black curve) in Track 3, acoustic logs (DTC: blue 11 

dashed line, DTSfast: black solid line, DTSslow: red solid line, and DTstoneley: green dash-dot line) in Track 4, 12 

and stereonets in the rightmost track illustrating fracture dip in the last track.  13 

According to the log data, Shale units of the Marcellus Shale and Mahantango Formation are located from 14 

7220 ft to 7555 ft with the overlying Tully Limestone and underlying Onondaga Limestone. According to 15 

Track 2, fracture densities (fracture area per volume) for different depths were identified. It can be 16 

observed that fractures are mostly distributed within the shale units especially Marcellus Shale, where the 17 

rocks can no longer be treated with a transverse isotropic rock model. Few or no fractures were observed 18 

within the top and bottom Limestone units. Thus, they can still be treated with the ISO or TI rock model. 19 

Last but not least, the last track of stereonets illustrates that there is a dominated fracture set with fracture 20 

dip angles mainly distributed from 17 to 4 degrees relative to the vertical direction. Therefore, the Type I 21 

OB rock model of Figure 2 can be applied to analyze the current rocks of the target formation.   22 

 23 

Figure 5. Gamma-Ray log, fracture density (P32), bulk density log, acoustic log, and stereonets for fractures in the different depth ranges of the 24 
Tully Limestone, Mahantango Formation, Marcellus Shale, and Onondaga Limestone. 25 
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In this study, the newly proposed OB model was applied to the naturally fractured shale zones (7250-1 

7555 ft) identified from the figure 5. Figure 6 shows the results of the nine OB rock stiffness coefficients 2 

interpreted from the log data of Figure 5 in conjunction with the new OB geomechanical log 3 

interpretation algorithm proposed in Figure 4. According to the comparison of the three curves in Track 1, 4 

the target formation is stiffer at the orientation parallel to the bedding than perpendicular to the bedding. 5 

By comparing C11 and C22 as well as C44 and C55, the formation is slightly stiffer at the orientation parallel 6 

to the fracture plane than perpendicular to the fracture plane because of the softer material (i.e. fluids 7 

and/or clay) within fractures. Additionally, unlike the TI rock with the same values of C11 and C22 or C44 8 

and C55 or C13 and C23, there is a separation of the pair of the stiffness coefficients caused by the 9 

distribution of vertical natural fractures. The separation of C44 and C55 is not as significant as C11 and C22 10 

or C13 and C23, which can only be observed in a smaller X-axis scale as shown in the dashed box in Track 11 

2 of Figure 6.  12 

Taking C11 and C22 as an example, according to Figure 6, the separation of the two coefficients gradually 13 

increases from the upper Mahantango Shale Formation (7250- 7340 ft) to the lower Mahantango Shale 14 

Formation (7340- 7455 ft), and then becomes most significant in the upper Marcellus Shale Formation 15 

(7455- 7515 ft), and finally gradually decreases to zero at the boundary of the lower Marcellus Shale and 16 

Onondaga Limes (7555 ft).  The variation of the C11/C22 separation along the TVD is almost consistent 17 

with the depth distribution of P32 fracture density shown in the rightmost track of Figure 6.          18 

 19 

Figure 6. The nine OB rock stiffness coefficients predicted by the proposed workflow of the new OB acoustic algorithm. 20 

Based on the nine OB rock stiffness coefficients, the three principal Young’s moduli can be calculated 21 

from Equations (8) – (10). Figure 7 compares the horizontal Young’s modulus predicted from the same 22 

acoustic log data using the new OB acoustic interpretation algorithm and the conventional TI algorithm. 23 

Y axis represents the results predicted by the new OB model, while X axis represents the results from the 24 

old TI model. The two symbols, red triangle and black cross, represent the horizontal Young’s modulus 25 
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along the two principal horizontal directions, direction 1 and 2. The dashed line is the 1-1 line. Some 1 

critical points can be made through the observation of Figure 7. First, the Young’s modulus results 2 

predicted by the new OB model are generally lower than the predictions of the TI model, especially E1. In 3 

another word, the TI acoustic interpretation algorithm could lead to an overestimation of horizontal 4 

Young’s modulus as a result of ignoring natural fracture induced anisotropy. Since horizontal Young’s 5 

Modulus is one of the key parameters controlling the hydraulic fracture geometry, mistakenly applying 6 

the TI rock model to interpret the geomechanical properties of a naturally fractured shale can result in an 7 

underestimation of fracture width and overestimation of fracture length, and hence suboptimal design of 8 

hydraulic fracturing. Second, owing to the natural fracture induced anisotropy within the bedding plane, 9 

the two horizontal Young’ moduli are not equal. As shown in the figure, most black crosses are above the 10 

red triangles, which means that the target formation has a greater Young’s modulus at the orientation 11 

parallel to the natural fracture plane. The possible reason is that the materials filling the natural fractures, 12 

such as fluid and clay, usually have Young’s modulus values lower than the background rock matrix. 13 

Additionally, we found that the vertical Young’s modulus results are also overestimated if applying a TI 14 

model to an OB rock. Generally speaking, there is an overestimation bias in Young’s modulus prediction 15 

introduced by applying the TI acoustic interpretation model to the current naturally fractured Marcellus 16 

Shale rock.     17 

 18 

Figure 7. The horizontal Young’s modulus predicted by the OB model vs. the TI model. 19 

The nine OB rock stiffness coefficients can be further inserted in Equations (5) and (6) to evaluate the two 20 

principal horizontal stresses for the target formation. The rightmost track in Figure 8 exhibits the 21 

minimum horizontal stress of the target formation predicted by the OB and TI models. The black solid 22 

line represents the OB model, while the red dashed line represents the TI model. In the same track, the 23 

stress measured by the Diagnostic Fracture Injection Test (DFIT) is shown as a blue square. Comparing 24 

the results of the two models, the OB model yields lower minimum horizontal stresses for the naturally 25 

fractured shale zone as compared with the TI model. If taking the DFIT data as a reference point, the OB 26 

model predicts a more accurate minimum horizontal stress that is closer to the DFIT data than the TI 27 

model. In addition to that, variation of stress values along the depth is different for the two models. More 28 

specifically, comparing with the old TI model, a more prominent stress peak (highlighted by a dashed 29 

oval) at around 7550-7560 ft (the boundary of the lower Marcellus and Onondaga Limes) along with a 30 

higher stress contrast between the bottom stress peak and the above stresses within the Marcellus is 31 

predicted by the OB model.  32 
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 1 

Figure 8. The minimum horizontal stress predicted by the OB model vs. the TI model. 2 

Figure 9 illustrates the side view configuration of microseismic events at different stages of a horizontal 3 

well drilled and completed nearby (9. (a)), and propagated hydraulic fracture geometries at different 4 

stages inferred from the microseismic data (9. (b)). According to the microseismic data, the hydraulic 5 

fractures of all 28 stages, which initiates at the center of the Marcellus Shale, tend to grow upward 6 

through the Mahantango Shale into the Tully limestone instead of growing downward into the Onondaga 7 

limestone. To validate the new OB model, the observations of microseismic data are compared with the 8 

in-situ stress profiles predicted by the OB and TI models. It is not difficult to find out that the fracture 9 

propagation trend inferred from microseismic (Fig. 9) is more consistent with the minimum horizontal 10 

stress profiles predicted by the OB model (Fig. 8). In the stress profile predicted by the OB model, an 11 

obvious stress contrast between the stress barrier at the bottom of Marcellus and the above stresses within 12 

the Marcellus is observed. However, unlike the OB model that successfully predicts a clear stress contrast 13 

at the boundary of Marcellus Shale and Onondaga Limes, the TI model predicts several stress spikes 14 

throughout the entire Marcellus Shale Formation, which leads to difficulty explaining the hydraulic 15 

fracture propagation trend observed from the microseismic data.  16 

According to the validation results, mistaken application of the TI acoustic interpretation model to an OB 17 

rock cannot characterize the correct minimum horizontal stress profile along the depth, which further 18 

leads to inappropriate assessment of fracture propagation trend for hydraulic fracturing analysis and 19 

design.  20 
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 1 

Figure 9. (a). Side view of microseismic events at different stages of the horizontal well, and (b). Propagated hydraulic fracture dimensions at 2 
different stages inferred from microseismic configuration (Morales and Johansen, 2020). 3 

4. Conclusions 4 

The current study develops a new acoustic log interpretation method to account for the natural fracture 5 

induced anisotropy in geomechanical (acoustic) log interpretation. The new OB acoustic model is 6 

developed from the previously proposed TI acoustic model known as M-ANNIE2. In this method, four 7 

measured acoustic log data, including DTC, DTSfast, DTSslow, and DTStoneley, are directly applied as the four 8 

inputs to solve for the nine independent OB stiffness coefficients. Other modeling constraints include the 9 

ratio of effective normal and shear compliances of natural fracture, and a physically reasonable range of 10 

M-ANNIE2 empirical parameters k1, k2, and k3. By running the model with the acoustic log inputs and 11 

modeling constraints in a nonlinear optimization algorithm, the nine stiffness coefficients of an OB rock 12 

are solved for each depth. The OB stiffness coefficient results can be further applied to evaluate the three 13 

Young’s moduli, six Poisson’s ratios, and maximum/minimum horizontal stresses of OB rock formations. 14 

The new OB model and the conventional TI model are both applied to interpret the same geomechanical 15 

log data measured from a Marcellus well. Natural fracture intensity and dipping angle are also measured 16 

in the same well. By comparing the geomechanical interpretation results of the two models, several 17 

important conclusions can be made. First, the Young’s modulus results predicted by the new OB model 18 

are generally lower than the predictions of the TI model, which means that the conventional TI acoustic 19 

interpretation algorithm will overestimate the horizontal Young’s modulus of an OB rock due to the 20 

neglect of natural fracture induced anisotropy. Second, the OB model predicts a more accurate minimum 21 

horizontal stress profile for an OB formation than the TI model does. The magnitude of the horizontal 22 

stress predicted by the OB model is overall lower than the one predicted by the TI model, which is closer 23 

to the DFIT stress value. Furthermore, the OB model successfully predicts a stress barrier at the bottom of 24 

the Marcellus Shale Formation. Such predicted stress barrier is consistent with the observation from the 25 
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microseismic events of a horizontal well “MIP 3H” drilled and completed nearby, which reveals that no 1 

hydraulic fracture along the 6000 ft horizontal well grows downward into the Onondaga Limestone. The 2 

current case study demonstrates that mistaken application of the TI acoustic interpretation model to an 3 

OB rock could lead to inaccurate characterization of the minimum horizontal stress profile, and hence 4 

incorrect prediction of fracture propagation trend for hydraulic fracturing analysis and design.  5 

Overall, the current study not only illustrates the importance of considering natural fracture induced 6 

anisotropy in performing geomechanical log interpretation but also provides a new acoustic log 7 

interpretation algorithm to the operators of the naturally fractured shale fields to better evaluate the 8 

geomechanical properties for their drilling, completion, and hydraulic fracturing designs. 9 
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