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Abstract: In the design of models to optimize the 
production of gas from shale reservoirs, the 
formation boundaries are usually assumed to be 
sufficiently impermeable as to be treated as a no-
flux boundary. However, during hydraulic 
fracturing, there can be re-activation of 
closed/sealed faults and natural fractures in the 
formation, which may lead to changes in the 
boundary conditions. This project seeks to 
investigate this scenario. 
 

For computational tractability, the simulation 
domain is sized around a production stage. A 
novel approach to modeling the fractures in the 
formation by making use of semi-explicit 
representations of horizontal bedding planes and 
hydraulic fractures is implemented in this study. 
The boundary conditions and the effects of the 
changing permeability in the domain are varied. 
The flow equation is solved using COMSOL 
Multiphysics 4.4 
 

This work presents the results of a numerical 
simulation of gas flow in fractured shale gas 
reservoirs. Our results indicate that the 
assumption of a no-flux boundary condition in the 
presence of a fault along the formation boundary, 
leads to an over prediction of wellbore gas 
production values and a non-accounting of the 
leak-off values that may be associated with any 
faults across the boundary. 
 
Keywords: Shale gas production, fracture re-
activation, Semi-explicit fracture representation, 
Boundary effects. 
 
1. Introduction 
 

Natural gas in shale reservoirs is believed to 
be stored as free gas in both shale matrix and 
natural fracture system, and as adsorbed gas on 
the surface of shale matrix. These different 
storage mechanisms affect the speed and 
efficiency of gas production(Song 2010; IEA 
2012). Flow in the reservoir is usually termed 

Dual-Permeability with the natural fractures and 
the tight matrix serving as the different 
permeability pathways through which fluid 
recovery from the reservoir is achieved. However, 
since the matrix is typically a very low 
permeability rock, and most of the natural 
fractures have been sealed-in under high pressure 
compaction of the source rock, practical 
exploitation of the reservoir is only achievable 
after it has been hydraulically fractured. 

 

Research and development into the geological 
controls and production technologies-particularly 
the techniques of horizontal drilling and hydraulic 
fracturing during the past several decades has 
enabled operators in the USA to begin to unlock 
the vast potential associated with these resources. 
There has been a remarkable increase in shale gas 
development and production activities using the 
hydraulic fracturing process. This in turn has 
resulted in significant amount of public concern 
about the environmental effects of the technology.  

 

A frequently expressed concern about shale 
gas development is that during hydraulic 
fracturing operations in deep shale, developers do 
not have complete control over fracture location; 
therefore methane, contaminants naturally 
occurring in formation water, and fracturing 
fluids may migrate from the target formation into 
aquifers and drinking water supplies.(Rao 2012; 
US DOE 2009) Concerns about potential free gas 
migration beyond the boundaries of the reservoir 
however seem to be a more pressing issue in 
recent times. This concern is justified by the fact 
that the gas phase migrates much faster than the 
liquid phase in porous formations and this 
movement can be further enhanced by the 
presence of fractures, as flow in fractures is 
known to be orders of magnitude faster than flow 
in the porous matrix. 

 

To ensure that gas recovery from 
unconventional reservoirs is optimized and 
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carried out in an environmentally safe manner, a 
better understanding of the fluid flow behavior 
and reservoir dynamics in the shale formation is 
essential. 

 

Flow modeling in fractured rocks can be 
difficult to observe and characterize. This is 
because only a trace of the fracture can be 
observed in cases where the whole geometry of 
the fracture isn’t hidden in the subsurface. To 
embark on a study of the fractured rock therefore, 
the fractured system needs to be represented by an 
appropriate conceptual model. The classical 
description of a hydraulic fracture is a single bi-
wing planar crack with the wellbore at the center 
of two wings. However, almost all physical 
fracture verifications performed have proven this 
description to be oversimplified. (Gorocu 2010; 
Osholake 2010; C. Wang and Wu 2014).  In the 
hydraulic fracturing of deviated wells, fractures 
sometimes reorient and interact with natural 
bedding planes and other fractures as they 
propagate. A fracture treatment in a tight shale 
formation is therefore more likely to generate 
complex fracture geometries which are difficult to 
characterize, due to interactions with natural 
fractures. Numerical simulations are thus 
employed to evaluate and predict the extent, 
location and direction of these fractures (Carter, 
2010, Fisher, 2002). 

 

In the past decade, there has been an increased 
drive towards research aimed at identifying and 
understanding the  complicated flow behaviors 
and physics associated with shale-gas flow 
modeling (Cipolla et al. 2009; Li et al. 2013; 
Leahy-Dios et al. 2011; X. Wang and Ghassemi 
2012; Ding et al. 2014) , however the number of 
studies and effective reservoir simulators that are 
currently available are still relatively small. These 
models are generally intended to study conditions 
for optimized gas recovery from the reservoir to 
the wellbore, and so the formation boundaries are 
assumed to be sufficiently impermeable as to be 
treated as a no-flux barrier to fluid movement out 
of the formation. However, during the hydraulic 
fracturing process, re-activation of sealed faults 
that extend beyond the reservoir boundaries and 
natural fractures at the formation boundary 
sometimes occur. When this occurs, a no-flux 
boundary can no longer be specified at that 
boundary of the domain, and this study seeks to 

study the effect of this change on the flux out of 
the formation. 
 
2. Governing Equations 
 

The mathematical equations that describe 
fluid flow and transport processes in porous 
media may be developed from the fundamental 
principle of conservation of mass of fluid or of 
solute and Newton’s second law of motion 
(Lapcevic et al, 2006).  

 

A simplified statement of the laws is 
presented below: 

 
ݒ	 ൌ െ



ఓ
 (1)																																																													

 
 డఘ
డ௧
	. ሺݒߩሻ ൌ 0       (2) 

 
where v is the velocity of the fluid in the 
formation, k is the permeability of the  rock, ρ is 
the fluid density, µ is the fluid viscosity, સ is the 

pressure gradient, and the term 
࣋ࣔ

࢚ࣔ
 represents the 

rate of change in mass in the control volume. 
 

Depending on if the formation been studied is 
a dry-gas reservoir or one with significant water 
content, a single phase or two-phase flow model 
is considered as the conceptual flow model for in 
shale, however, since we are most concerned with 
the migration pattern of the gas in the formation, 
we assume that the water in our system is at 
residual saturation and immobile. This reduces 
our flow model to a single phase flow 
formulation.  
 

This single flow equation can be specified in 
two ways: 
 

a. Without accounting for the adsorbed 
phase- as specified in (3a) 

b. Accounting for desorption of adsorbed 
gas- equation (3b) 

 
 డ
డ௧
൫	ܯ	൯ ൌ 	െ. ሺݒߩሻ               (3a) 

 
  డ
డ௧
൫ܯ௦	 	ܯ	൯ ൌ 	െ. ሺݒߩሻ             (3b) 

 
where ܯ௦	represents the amount of mass present 
in the adsorbed state and ܯ	is the amount of gas 
present in the pores in the formation. 
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To account for the adsorbed gas within the 
solid phase of the rock, the mass conservation 
equation is modified as shown in equation (3b). 
The mass of adsorbed gas in the formation can be 
expressed by the relationship in equation (4) 

  
	௦ܯ ൌ ߩߩ	 ܸௗ௦                                           (4) 

 
where ߩ	is the bulk density of the rock, ߩ is the 
gas density at standard conditions and ܸௗ௦ is the 
volume of adsorbed gas.	 ܸௗ௦ is specified by 
making use of the Langmuir adsorption isotherm 
function(Leahy-Dios et al. 2011; Wu et al. 2013).  
 

The Langmuir isotherm gives the dependency 
of the adsorbed gas volume on the reservoir 
pressure at any point in time. The relationship is 
stated as 
 

ܸௗ௦ ൌ 	


ା	ಽ
ܸ                                                 (5) 

 
where ࡼ	is the reservoir pressure, ࡸࡼ	is the 
pressure at which 50% of the gas is desorbed and 
is referred to as the Langmuir pressure and ࡸࢂ is 
the gas content, which is also known as the 
Langmuir volume and is specified in scf/ton. Thus 
we can rewrite equation (4) as  
 

	௦ܯ ൌ ߩߩ	
ܲ

ܲ	ܲܮ
 (6)                                           ܮܸ
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Therefore 
 
డ

డ௧
ሺܯ௦	ሻ ൌ ݃ߩ	

݇ߩ∗ܮܲ∗ܮܸ
ሺܲ	ܲܮሻ

2 	
డ

డ௧
                  (10) 

 
The mass of gas in the reservoir pore volume can 
be expressed as a function of the porosity of the 
reservoir and the density of the fluid in the 
reservoir. 
i.e. 
 

	ܯ ൌ  (11)                                                        ߠߩ	
 

where ߠ	is the porosity of the reservoir. 

డ
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The isothermal compressibility of a gas ܥ is 

defined as 


࣋

࣋ࣔ

ࡼࣔ
  so that 

 
డఘ

డ
ൌ                                            (14)ܥߩ	

 
and 

 
డ
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                                     (15) 

 
therefore 
 
డ

డ௧
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డ

డ௧
	ߩ	ܥ	ߠ	

డ

డ௧
  (16) 

 
Re-writing equation 3a and 3b in the expanded 
form gives 
 

ߩ 	
డ

డ௧
൫		ܥߠ൯ ൌ 	െ. ሺݒߩ	ሻ																													(17a) 

 
 

ߩ 	
డ

డ௧
ቀ	
ಽ∗ಽ∗ఘೖ
ሺା	ಽሻమ

	ܥߠቁ ൌ 	െ. ሺݒߩ	ሻ										(17b) 

  
which specifies the governing equation for fluid 
flow in shale. 
 
3. Description of Numerical Model 
 

The development of predictive models for 
flow and transport in shale formations is still an 
active area of research. While reservoir 
production rates and completion data are 
becoming available for the validation of 
deterministic models, the number of reservoir 
parameters with inherent uncertainties are still 
sizeable enough, that the  use of synthetic models 
based on available information forms the basis for 
most studies.  

Completion methods in shale gas formations 
involves inducing hydraulic fractures into a 
naturally fractured domain (See Figure 1). Most 
models in literature (Cipolla et al. 2009; Rubin 
2010; Li et al. 2013; Ding et al. 2014) make use 
of the conventional orthogonal transverse 
fractures as a way to account for natural fracture 
in the formation. However shale formations have 
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been observed to be made up of mostly horizontal 
layers of laminated bedrock. It therefore seems 
that a suitable conceptual model for a shale 
reservoir should have horizontal fracturing 
network elements (bedding planes) built into the 
simulation.  

In this study, we present a hybrid approach to 
modeling shale reservoirs by making use of a 
single porosity model with semi-explicit 
representations of horizontal bedding planes and 
hydraulic fractures. 

 

      
 

Figure. 1—Schematic of a typical completion 
arrangement in shale gas production sites which 

makes use of transverse fractures in a horizontal well. 
 

A conceptual model is set up based on 
published average reservoir data for a producing 
shale formation(C. Wang, Ding, and Wu 2013) 
and published well completion data (Harpel et al. 
2012; Ramakrishnan et al. 2011). The detailed list 
of the reservoir and hydraulic fracture parameters 
used for the simulation is presented in Table 1. 
For computational tractability the model is sized 
around one production stage with 2 foot 
perforated sections located at 80 foot intervals.  
 

The following assumptions are implemented 
in our study: 
 

i. The formation is homogenous and 
rectangular. 

ii. The formation is completed using 
multiple transverse fractures originating 
at perforations and intersecting the 
horizontal well.  

iii. The hydraulic fractures fully penetrate 
the formation. 

iv. The boundaries of the formation are 
considered to be impermeable, except in 
the case where it intersects a pre-existing 
fault or fracture –in which case a 
pressure boundary condition is specified. 

v. The effects of desorption are not 
modeled in this study. 

vi. Gas in the reservoir flows into the 
wellbore only through the perforated 
intervals. 
 
 

Table 1—Model Input Parameters 

Parameter Value Units 

Matrix permeability  1.0×10-4  mD 
Porosity of the matrix 5 % 
Initial Reservoir pressure  3800 psi 

Well-bore pressure 500 psi 

Well-bore radius 0.25 ft 

Reservoir thickness 250 ft 
Reservoir width 2000 ft 

Reservoir length 500 ft

Number of fractures 6  

Number of bedding planes 2  

Hydraulic fracture spacing 82 ft 

Hydraulic fracture length 1.0×105 mD 
Hydraulic fracture 
porosity 

50 % 

Hydraulic fracture length 500 ft 
Hydraulic fracture height 250 ft 

Bedding plane 
permeability 

2.0×103 mD 

Bedding plane porosity 50 % 

Bedding plane length 1950 ft 

Bedding plane depth 495 ft 

Fracture/Fault Aperture 0.02 ft 

Fault permeability 2.0×103 mD 

Fault length 495 ft 

Fault width 20 ft 

Fluid Viscosity 0.0184 cP 

Fluid Density 0.66 kg/m3 

Fluid compressibility 2.5×10-4 psi-1 

 
4. Use of COMSOL Multiphysics 

 

The solution to the flow equations was obtained 
using the Subsurface Flow Module of COMSOL 
Multiphysics 4.4. The flow in the domain was 
specified using the Darcy’s Law interface which 
combines equation (3a) with the continuity 
equation as described in the equation section. 
Flow through the fractures is modeled using 
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COMSOL’s Semi-Explicit Fracture Flow 
Boundary condition. The fracture flow interface 
uses the tangential version of Darcy’s law. It 
increases the computational efficiency of the 
simulation as it makes use of a reduced 
dimensionality for the fracture domain, i.e. a 3D 
fully explicit fracture is modeled as a 2D planar 
geometry. The collapsed dimension is accounted 
for in a re-formulated equation for flow (equation 
(10)), which makes use of tangential derivatives 
to the pressure gradient to solve for pressure 
distribution within the fracture. 
 

ݍ    ൌ െ

ఓ
݀ሺ்ߘሻ																														(10) 

 

Here ݍ is the volume flow rate per unit length in 
the fracture, ݇is the fracture’s permeability, ߤ is 
the fluid dynamic viscosity, ݀ is the thickness of 
the fracture, ்ߘ denotes the gradient operator 
restricted to the fracture’s tangential plane and p 
is the pressure. 
 
5. Results & Discussion 
The results presented in this section are based on 
the comparison of three different reservoir states 
shown in Figure 2 below: 
 

I. The formation with no natural bedding 
planes and a pre-existing fault (Pre-frac 1). 

II. The formation with natural bedding planes 
and a pre-existing fault (Pre-frac 2) 

III. Hydraulically fractured formation with 
natural bedding planes and pre-existing fault 
(Post-frac). 

 

The simulations were conducted using the no- 
flux boundary conditions as a base case and 
subsequently revising the boundary conditions 
at the edge of the fault to incorporate the 
pressure changes associated with time. 
 

                       
              (a)                                   (b)    
 

                       
                                         (c) 
 

Figure. 2—Reservoir geometry showing Pre-
fracturing states (a) and (b), and Post-fracturing state 

(c) utilized for simulations 
 
 
In Figures 3(a), 4(a), and 5(a), the pressure distribution on the cross-section of the reservoir through the fault 
boundary for conceptual models I, II and III after a 1-year period is presented. There is no significant pressure 
dissipation from the initial reservoir condition for cases I and II. In contrast, Figure 5(a) shows a marked 
pressure dissipation in the formation, which can be attributed to the network of interconnected fractures made 
available by the hydraulic fracturing process. 
 
        

              

 
 

Figure. 3— Conceptual Model I - Pre-frac1 (a) Pressure distribution and Arrow surface plots for cut-plane sections 
through plane containing boundary fault (b) Predicted leak-off rates at the fault boundary. 

                                (a)              (b) 
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Figure. 4— Conceptual Model II - Pre-frac2 (a) Pressure distribution and Arrow surface plots for cut-plane 

sections through plane containing boundary fault (b) Predicted leak-off rates at the fault boundary. 
     
 
 
 

                                 

 
Figure. 5— Conceptual Model III – Post-Frac (a) Pressure distribution and Arrow surface plots for cut-plane 

sections through plane containing boundary fault (b) Predicted leak-off rates at the fault boundary. 
 
 

The arrow surface plots show the direction of fluid migration in the plane boundary. Flow directions in 
the fault which is located in the top 20ft of the boundary is towards the fault in Pre-frac 1 and towards both 
the fault and the horizontal fractures in the Pre-frac 2 case, showing that there is fluid movement towards the 
boundary. This observation can also be explained by the leak-out plots shown in Figures 3(b) and 4(b) i.e. 
the increased rate of the gas leak-off rate in both cases. For the Post-frac case however at the end of the 1 
year simulation period, the flow directions are predominantly in the directions of the interconnected networks 
in the reservoir and not the fault boundary as seen in Figure 5(a). Also, the leak-off rate in the Post-frac case-
while being initially 8 orders of magnitude higher than values observed in the Pre-frac cases at the start of 
production, tapers off and becomes relatively constant as can be seen in Figure 5(b). 

 
 
 
 
 
 
 
 

                                (a)              (b) 

(a)                                      (b) 

Excerpt from the Proceedings of the 2014 COMSOL Conference in Boston



7 
 

 

 
 

    

 
 

Figure. 6— (a) Comparison of cumulative gas production from the reservoir and (b) Comparison of cumulative leak 
off rates to decline in Wellbore production  

- for a 1 year period for the Pre-frac1, Pre-frac 2 and Post frac modeling scenarios. 
 

Figure 6(a) presents a comparison of the gas production values at the wellbore for the three conceptual 
models after a 1-year period. Our simulated results show that the introduction of hydraulic fractures into the 
formation leads to a four orders of magnitude difference in the cumulative gas production values. Also the 
comparison of the value of leak-off at the boundary to the decrease in gas production noticed at the wellbore 
as a result of the changing the no-flux boundary condition at the fault edge is presented in Figure 6(b). In all 
cases, the presence of the fault at the boundary reduces the amount of gas recovered at the wellbore. 

 
 
6. Conclusions 
 

Using numerical simulation, we present 
results that show that the assumption of a no-flux 
boundary condition in the presence of a fault 
along the boundary of a formation leads to an over 
prediction of wellbore gas production values and 
an improper accounting of the leak-off values that 
may be associated with the fault across the 
boundary. While the leak-off values are relatively 
low before the introduction of fractures into a 
formation, a cumulative leak off value of about 
300Mcf – a value eight orders of magnitude 
higher than what is predicted in the pre-fracturing 
state- is the simulated result for the post-fractured 
formation.  

 

To ascertain that this leak-off stream does not 
travel into overlying formations and become a 
contaminant source in gas production areas, 
further investigations and sensitivity analysis 
needs to be carried out on the fault parameters, 
such as its aperture, height and location in the 
reservoir, as well as on the properties 
(permeability and bedrock thickness) of the 
overlying formations. 

 
 

 
 
7. Nomenclature 
 
v  -  fluid velocity 
k  -   permeability of the  rock,  
ρ  –  fluid density 
µ  -   fluid viscosity,  
  pressure   - 
డఘ	

డ௧
	-   rate of mass change 

 - mass associated with adsorption	௦ܯ
 . -  mass contained in pore spaces	ܯ
  reservoir porosity   - 		ߠ
  - isothermal compressibility of fluidܥ
  ,  -  fluid flow rate in the fractureݍ
݇-   fracture permeability, 
 ݀ -   fracture thickness/aperture 
  tangential gradient operator   -  ்ߘ 
 
 
 
 
 

                                (a)              (b) 
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