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Abstract 

Coal Seam Gas (CSG) reservoirs have grown quickly as an important part of 

unconventional gas resources. CSG reservoirs are considered unconventional resources 

because of their unique characteristics. The gas production mechanism and performance in 

CSG are significantly different from conventional resources. Depressurizing by water 

production is a pre-requisite to reduce the pressure in cleat system to a critical desorption 

pressure for commercial gas production. Later, during gas production, the coal matrix shrinks. 

This shrinkage impacts the stress distribution around the producing wells and within the coal 

seam layer. CSG reservoirs typically have low rock strength. The differential stress around the 

wellbore might exceed the coal mechanical strength and result in rock failure. 

Coal failure brings several detrimental consequences which places gas production on the 

margin of economic efficiency. Created fines resulting from the coal failure may move towards 

the well by fluid flow and causes the plugging of downhole pumps. Moreover, the created coal 

particles may plug the cleat system and cause permeability reduction. In addition to downhole 

issues, solid particles can create erosion in surface facilities causing significant economic 

losses. Despite the detrimental effects of coal failure, limited research has been conducted into 

the stress modelling and the prediction of the onset of failure. Also, the details of how matrix 

shrinkage affects coal failure still have remained uncertain. Besides, coal permeability is 

significantly stress-dependent and it changes dynamically throughout the life of the reservoir. 

Furthermore, in the previous studies, less attention has been paid to the impact of desorption 

radius and its expansion on the stress distribution and permeability changes. 

The main aim of this study is to develop comprehensive models to properly understand 

the effect of matrix shrinkage on stress distribution near the wellbore, the complexity of coal 

failure in CSG wells, and to investigate the effect of wellbore trajectory and in situ stress 

regimes on coal failure. A mathematical model is also developed to estimate the stress 
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distribution within the reservoir and evaluate the permeability during production from CSG 

reservoirs. 

The thesis chapters are divided in three parts. In the first part, a new workflow is 

presented to evaluate stress distribution around CSG wells and predicts coal failure by coupling 

the effects of pressure depletion, matrix shrinkage, and wellbore simultaneously. The model 

calculates Maximum Coal Free Drawdown Pressure (MCFDP) by considering the effects of all 

contributing parameters and the Mogi-Coulomb failure criterion. Data from a vertical well in 

the San Juan Basin in the USA is used to evaluate the validity of the developed model. Coal 

failure is investigated in different in situ stress regimes. The results show that there is a high 

possibility of stress regime change from reverse and strike-slip regime to normal stress regime 

during depletion. Therefore, the optimum production trajectory is not static and it will change 

during production. 

In the second part, the mathematical model for stress distribution near the wellbore is 

improved by considering the varying pore pressure. The model is utilized to analyse coal failure 

in Moranbah Coal Measures, in Bowen Basin, Australia. The results reveal that the stress path 

value in CSG reservoirs, is not constant during production and it can even be more than one 

due to the matrix shrinkage. It is shown that the stress differential may increase or decrease, 

depending on shrinkage/swelling magnitude and wellbore trajectory. 

Part three of this study presents a mathematical model to analytically evaluate the 

dynamic stress distribution within the reservoir and accordingly permeability by coupling the 

geomechanics, sorption, and fluid flow in the cleat system. The results indicate that previous 

models, in which either uniform desorption or no desorption was assumed, cannot reflect the 

correct stress distribution in coalbed and accordingly overestimate or underestimate 

permeability, respectively. This is attributed to neglecting the varying desorption radius. The 

proposed model gives a more realistic evaluation of permeability as it only considers the effect 

of matrix shrinkage in the desorption area.  
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1 Contextual Statement 

 Research background 

While conventional energy resources continue to decline, the energy demand is 

increasing significantly. To satisfy the growing energy demand, unconventional gas resources 

have become increasingly important. During the past decades, Coal Seam Gas (CSG) or Coal 

Bed Methane (CBM) reservoirs have grown quickly as an important part of unconventional 

gas resources. The development of CSG has commercially been established in countries such 

as U.S., China, Canada, India, and Australia. Particularly in eastern Australia, CSG is the main 

part of the gas industry, as of 2018, 98% of the natural gas being produced in Queensland is 

coal seam gas. Australia began exporting gas produced from these coal seams, as Liquefied 

Natural Gas (LNG), to Asian markets in January 2015, and 80% of the gas being produced in 

Queensland is being exported as LNG. The total investment in CSG and LNG development to 

2017 was approximately $70 billion (GA and BREE, 2012; Liu et al., 2020; Towler et al., 

2019). Bowen and Surat basins in Queensland are large reserves of coal and 97% of produced 

CSG of Australia is coming from these two basins and the remainder from New South Wales.  

Optimum production from CSG reservoirs is a challenging task as their rock properties 

are highly geomechanical-sensitive. CSG reservoirs are considered unconventional gas 

resources because methane is normally adsorbed on the coal matrix while the coal cleat system 

is saturated with water. Dewatering is initially carried out to deplete the reservoir pressure and 

this causes the progressive desorption of gas.  Gas desorption from the coal matrix causes 

matrix shrinkage which affects material behaviour and leads to a specific stress path and 

permeability evolution during production. This makes the CSG unique in terms of production 

and stress distribution around the well.   As the CSG are naturally fractured rocks and typically 

they have low rock strength compared to conventional reservoir rocks, by pressure depletion 

and matrix shrinkage, the stress concentration around the well might exceed the coal 
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mechanical strength and results in coal failure and coal particle production (Gentzis, 2009; Lu 

and Connell, 2016; Palmer et al., 2005). Coal failure causes serious issues during gas 

production from CSG. Created coal fines may move towards the well by fluid flow or deposit 

at the bottom of the well, and plug the downhole pumps (Moore et al., 2011). In this case, 

frequent workovers are required to clean out the coal particles to ensure proper gas production. 

There are wide reported issues while drilling and production from CSG around the world, 

particularly in depleted deviated and horizontal wells. Moreover, in some cases, a sudden drop 

in coal reservoir permeability was observed, which was coincided with coal fines production 

after several years of production (Espinoza et al., 2015; Moore et al., 2011; Okotie and Moore, 

2011). The created coal particles plug the cleat system and cause permeability reduction (Bai 

et al., 2017; Wei et al., 2015).  For support of high volumes of gas demand for the LNG and 

domestic markets in Australia, there was intense drilling activity, peaking at over 350 wells per 

quarter and it continued at 136 wells in the January to March 2018 quarter (Towler et al., 2019). 

Some of the recently drilled horizontal wells in the Moranbah Coal Measures, Bowen Basin, 

and Surat Basin have experienced unexpected solid production during production from coal 

layers (Alboub et al., 2013; Mazumder et al., 2012; Puspitasari et al., 2014). 

Palmer et al. (2005) investigated the coal failure mechanism and its consequences. They 

used a conventional sanding onset model to predict coal failure but did not consider the 

shrinkage effect and its induced stress path on coal failure. Liu and Harpalani (2014) carried 

out a qualitative analysis of coal failure by illustrating Mohr’s circle and considered gas 

depletion. They noticed that methane desorption had a significant effect on in situ stress state 

and as a result, shear failure takes place earlier than a conventional reservoir where there is no 

shrinkage effect. Recently, Espinoza et al. (2015) and Connell et al. (2016) developed an 

analytical model to consider the effect of desorption on coal failure. However, the effect of the 

wellbore trajectory on stress redistribution around the wellbore was not considered.  
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In stress-sensitive unconventional reservoirs such as CSG, permeability changes 

dynamically throughout the life of the reservoir, depending on the stress distribution around 

the well and within the reservoir. Dewatering and accordingly depressurizing during 

production result in the expansion of the desorption area outward. The significance of 

desorption area has been presented in the literature and analytical models have been developed 

to evaluate desorption area expansion during production from CSG reservoirs (Sun et al., 2017; 

Xu et al., 2013). Previously developed permeability models have neglected the effect of 

desorption radius, and therefore the stress distribution as a result of the matrix shrinkage and 

depletion is explained by the same equation from the wellbore to the reservoir boundary, 

regardless of water-gas ratio. There exists a large number of experimental and theoretical 

studies that have evaluated the coal permeability by including the effective stress and matrix 

shrinkage effect (Connell et al., 2016; Liu and Harpalani, 2013; Liu et al., 2020; Mitra et al., 

2012; Palmer, 2009; Saurabh and Harpalani, 2018; Wu et al., 2010). In these models, the 

effective stress is not estimated as a function of distance from the wellbore, and therefore the 

permeability only changes by time not by the distance from the wellbore.  Shi and Durucan 

(2004) presented a model to evaluate the effective horizontal stress changes and permeability 

estimation in the field scale. This study indicates the possibility of 10 times permeability 

enhancement around a CSG producing well due to matrix shrinkage and reservoir depletion. 

However, the desorption radius and its expansion were not considered in this study. Moreover, 

the fluid flow was described by the same equation of pressure ( P ) approach for the entire area 

between the wellbore and reservoir boundary rather than the pressure squared ( P 2 ) approach 

for gas flow in the desorption area.  

Although a few studies have been conducted to model coal failure in recent years, the 

role of matrix shrinkage on the stress distribution around the wellbore and coal failure has not 

been fully understood. Moreover, the effect of wellbore trajectory and different stress regimes 
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on coal failure has not been investigated. Besides, in terms of coal permeability evolution 

during production, there is a lack of knowledge about the role of desorption radius and its 

expansion effect on permeability within the reservoir. Therefore, a comprehensive stress 

model, a coal failure analysis, and permeability modelling are necessary for CSG reservoirs.  

 Research objectives 

Significant CSG productivity declines have been observed due to coal failure-associated 

issues. The main aim of this study is to develop comprehensive models to properly understand 

the effect of matrix shrinkage on stress distribution, complexity of coal failure in CSG wells, 

and to estimate permeability evolution during production from CSG reservoirs. Specifically, 

mathematical models will be established by considering the influences of geomechanics, fluid 

flow, and wellbore effects. To facilitate this goal, the following research objectives will be 

addressed: 

a) Developing the analytical model for stress distribution around CSG wells; 

b) Presenting a new workflow to predict coal failure by coupling the effects of pressure 

depletion, matrix shrinkage, and wellbore simultaneously. 

c) Validating the developed analytical model by real field data application from San Juan 

Basin, USA; 

d) Investigating the effect of in situ stress regimes on coal failure; 

e) Coal failure analysis in Bowen Basin, Australia; 

f) Investigating the effect of wellbore trajectory on coal failure; 

g) Developing a mathematical stress-permeability model to describe the permeability 

changes during production from CSG reservoirs.  

h) Investigating the effect of desorption radius expansion on stress and permeability 

evolution. 
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 Structure of thesis 

This is a PhD thesis by publication. Five papers are included in the thesis, of which three 

papers have been published in peer-reviewed journals and two were presented at conferences. 

The PhD student is the first author in all of the papers. Table 1 summarizes all the publications 

included in this thesis.  

The thesis body is formed by six chapters. Chapter one has the contextual statement, the 

research background, research objectives, structure of the thesis, and how the papers fulfil the 

aim of the thesis. The main contextual statement in chapter one is to describe the goal of the 

PhD study. The second chapter provides a literature review of CSG reservoir fundamentals 

and coal failure situation, involving mathematical models, experimental investigations, and 

field observations. Observed coal failure challenges in different CSG reservoirs around the 

world are studied. Experimental and theoretical works on stress path, wellbore stress 

distribution, and permeability evaluation are reviewed and the gaps in the current literature in 

stress and permeability modelling in CSG are highlighted. The effect of matrix shrinkage and 

desorption radius on stress distribution and gas production in CSG is studied. Chapter three 

presents the derivation of the mathematical model and validation for stress distribution near 

the CSG wells. Based on the presented stress model, the analytical coal failure model is derived 

and validated by real field observation. This chapter also provides the effect of different stress 

regimes on coal failure. Chapter four includes the improved mathematical model for stress 

distribution by considering the varying pore pressure and its application for coal failure analysis 

in a case study from Bowen Basin, Australia. The effect of matrix shrinkage on coal failure in 

different wellbore trajectories is presented in this chapter. This chapter presents two papers 

including one journal paper and one peer‐reviewed conference paper. The conference paper was 

written at the early stage of the model development and, therefore, the paper in section 4.1 (journal 

paper) is more comprehensive and thorough of this particular study. The order of the papers in the 
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chapter is based on the quantity of work done in each paper. Chapter five includes the derivation 

of a mathematical model for stress and permeability evolution during CSG reservoir 

production. As the permeability is not limited to the area around the wellbore, this chapter 

focuses on the stress-permeability model for two distinct areas around the wellbore and within 

the reservoirs. The effect of desorption radius and its expansion by production is considered 

for permeability modelling. Chapter six summarizes the main results and findings of this 

research. 

Table 1. Publications list 

Chapter Title Paper Status 

Chapter 3 
Analytical modelling of coal failure in coal seam 

gas reservoirs in different stress regimes 
1 Published 

Chapter 4 

Effect of matrix shrinkage on wellbore stresses 

in coal seam gas: An example from Bowen 

Basin, east Australia 

2 Published 

Stress Changes and Coal Failure Analysis in 

Coal Seam Gas Wells Accounting for Matrix 

Shrinkage: An Example from Bowen Basin, East 

Australia 

3 Published 

Chapter 5 

Stress distribution and permeability modelling in 

coalbed methane reservoirs by considering 

desorption radius expansion 

4 Published 

Appendix 

1D mechanical earth model in a carbonate 

reservoir of the Abadan plain: implications for 

wellbore stability 

5 Published 

 

 How publications are related to the thesis 

In the paper “Analytical modelling of coal failure in coal seam gas reservoirs in different 

stress regimes” the first four objectives of the thesis (section 1.2) are addressed. A 

mathematical model is derived to evaluate the stress distribution around the wellbore by 

coupling the effect of depletion, matrix shrinkage, and the wellbore. An analytical model is 

developed to calculate the Critical Coal Free Bottom-hole Pressure (CCFBP) and Maximum 

Coal Free Drawdown Pressure (MCFDP). The model is validated by field data in the San Juan 

javascript:void(0)
javascript:void(0)
javascript:void(0)
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Basin. Moreover, the developed model is utilized to investigate the effect of different in situ 

stress regimes, and pressure depletion on coal failure. The results of this paper indicate that 

pressure depletion and matrix shrinkage have a significant effect on coal failure in all stress 

regimes. In the case of strike-slip and reverse stress regimes, pressure depletion and matrix 

shrinkage may cause the change of stress regime and therefore, the optimum wellbore 

trajectory can change significantly during the life of the reservoir. Additionally, it is found that 

in the normal stress regime the depletion and matrix shrinkage reduces the MCFDP of 

horizontal wellbores more than the vertical wells. However, in the reverse stress regime, 

depletion and shrinkage cause more reduction of MCFDP in vertical wellbores compared to 

horizontal wells. It should be noticed because the rock failure starts near the wellbore, the 

presented model in this paper focuses only on the stress distribution around the wellbore where 

there is matrix shrinkage effect and it does not consider the stress distribution within the 

reservoirs.  

The developed mathematical model in paper one for stress distribution around the 

wellbore is improved in the next two papers (section 4.1 and section 4.2). In the developed 

model in paper one, only the values of wellbore pressure and reservoir pressure were 

considered, and the pore pressure profile versus distance from the wellbore was not considered. 

In the second paper entitled “Effect of matrix shrinkage on wellbore stresses in coal seam gas: 

An example from Bowen Basin, east Australia”, an analytical model is developed for stress 

distribution around CSG wells by considering the varying pressure profile versus distance from 

the wellbore. Paper three “Stress Changes and Coal Failure Analysis in Coal Seam Gas Wells 

Accounting for Matrix Shrinkage: An Example from Bowen Basin, East Australia” also 

presents the improved model application in Bowen Basin. This paper was written at the early 

stage of the model development and, therefore, the journal paper in section 4.1 is more 

comprehensive and thorough of this particular study. The order of the papers in chapter 4 is 
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based on the quantity of work done in each paper. The developed model in these two papers is 

applied to investigate the stress distribution around both vertical and horizontal wells in 

Moranbah Coal Measures, in the Bowen Basin eastern Australia. The developed model is used 

to analyse the observed coal failure in the Bowen Basin. The results reveal that the stress path 

value in CSG reservoirs, is not constant during production and it can even be more than one 

due to the matrix shrinkage. The shrinkage effect can significantly alter the effective horizontal 

stresses which accordingly can cause a considerable change to the near-wellbore stress 

distribution. For the CSG wells in Bowen Basin, the matrix shrinkage decreases stress 

differential on the wellbore wall in vertical wells and consequently, reduces the coal failure 

potentials. However, in highly deviated and horizontal wells, the matrix shrinkage causes an 

extra increase of the tangential stress and reduction of radial stress on the wellbore wall (i.e., 

greater stress differentials on the wellbore wall). This increases the coal failure risks with 

depletion. Therefore, this paper fulfils the objective of coal failure analysis in Bowen Basin 

and investigating the effect of well trajectory on failure (objectives e and f, section 1.2). 

The derived analytical stress solution in the previous paper is applicable for coal failure 

as they focus on stress distribution near the wellbore. However, these models are not applicable 

for permeability evaluation as they do not consider the desorption radius effect and its 

expansion by production; the desorption area and non-desorption area were not differentiated. 

Therefore, in paper four, “Stress distribution and permeability modelling in coalbed methane 

reservoirs by considering desorption radius expansion”, a more complicated mathematical 

model is derived. The developed model evaluates the dynamic stress distribution and 

accordingly permeability by coupling the geomechanics, sorption, and fluid flow in the cleat 

system. In this approach, the coalbed is divided into two regions: desorption area and non-

desorption area. The desorption area represents the region with a low water–gas ratio, where 

the pressure squared (P2) approach is applied for flow modelling. The non-desorption area 
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represents the region with a high water-gas ratio with almost no desorption effect, where 

Darcy’s equation (P approach) is used for flow modelling. The results indicate that previous 

models, in which either uniform desorption or no desorption was assumed, cannot reflect the 

correct stress distribution in coalbed and accordingly overestimate or underestimate 

permeability, respectively. This is attributed to neglecting the varying desorption radius. The 

results demonstrate that this has a significant effect on stress distribution. The proposed model 

gives a more realistic evaluation of stress distribution and permeability as it only considers the 

effect of matrix shrinkage in the desorption area. Therefore, this paper fulfils the objective of 

the realistic permeability model in CSG and investigates the effect of desorption radius 

expansion on permeability (g and h part of section 1.2.). 

The paper in the appendix titled “1D mechanical earth model in a carbonate reservoir of 

the Abadan plain: implications for wellbore stability”, presents the workflow and case study 

for constructing the mechanical earth model. 1D mechanical earth model of studied well is 

required for rock failure analysis or solid production. 

  

javascript:void(0)
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2 Literature Review 

 Coal seam gas reservoir 

Coal seam gas is a naturally fractured reservoir that consists of two sets of fractures called 

cleats (Figure 1). The dominant fracture system is face cleats and the secondary fracture system 

is butt cleats. Face cleats are well-developed, long, and continuous fractures that are nearly 

parallel fissures. Butt cleats are less well-developed, short and discontinuous fractures 

perpendicular to the face cleats which usually terminate at the intersection with them. Cleats 

are the primary flow conduits in a coal seam and contain most of the moveable water but little 

sorbed gas (Seidle, 2011). 

 

Figure 1. A schematic of fracture system in coal seam gas reservoirs(Shi and Durucan, 2005) 

CSG reservoirs are considered unconventional gas resources as methane is not trapped 

by overlying seals and usually is adsorbed on the pore surface of the coal matrix. Physical 

adsorption is the primary gas storage mechanism and it accounts for about 98% of the gas in a 

CSG, depending on the pressure at which gas is adsorbed (Gray, 1987). The surface area of the 

coal on which the methane is adsorbed is very large (20–200 m2/g) and, if saturated, coalbed 
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methane reservoirs can have five times the volume of gas contained in a conventional sandstone 

gas reservoir of comparable size(Shi and Durucan, 2004). The adsorption capacity of coal has 

widely been studied in the literature and it can be described approximately with the Langmuir 

equation: 

L

L

P
V V

P P



           (1) 

Where VL and PL are Langmuir volume and Langmuir pressure of adsorption 

respectively. P is pressure and V is absorption volume. 

As most coal seam gas reservoirs are completely water-saturated, dewatering is the first 

production stage in these reservoirs.  By producing water from the reservoir, depressurizing is 

carried out as a common method for the commercial production of gas from CSG reservoirs. 

The reservoir pressure depletion causes progressively desorbing of the adsorbed gas from the 

coal matrix which comes up with matrix shrinkage (Day et al., 2008; Fan and Liu, 2018).  

 Matrix swelling/shrinkage in CSG 

Coal exhibits a unique behaviour which is called matrix swelling/shrinkage. In sorptive 

gas, coal matrix swells due to the adsorption of sorptive gas with pressures increasing and it 

shrinks due to desorption of sorptive gas with pressures decreasing. Sorption-induced coal 

matrix shrinkage has been widely studied in the literature and the matrix shrinkage was 

measured as a function of pressure in the laboratory. The adsorption-induce swelling and 

desorption-induce matrix shrinkage of coal results in an additional volumetric strain. Since 

there is an additional volumetric strain from matrix shrinkage, the poroelastic process, stress 

distribution, and permeability of CSG reservoirs are different from conventional oil and gas 

reservoirs (Liu and Harpalani, 2014).  
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During depletion of CSG reservoirs, matrix shrinkage results in opening up the cleats 

(Cui and Bustin, 2005; Cui et al., 2007; Gray, 1987; Pan and Connell, 2012; Saurabh and 

Harpalani, 2018; Shi and Durucan, 2004). Thus there are two competing effects on coal 

permeability; decreasing the pressure during production acts to increase the effective stress 

(same as conventional reservoirs) which is called the poromechanical effect and thus decreases 

the permeability due to cleat compression. However, the pressure reduction also results in 

desorption-induced matrix shrinkage and consequent increasing of coal cleat apertures and thus 

permeability (Connell et al., 2013). If the shrinkage is great enough, then it can counteract any 

decrease in permeability from dewatering (poromechanical effect) and cleat closure. Some 

researchers (Harpalani and Chen, 1995; Levine, 1996; Seidle and Huitt, 1995) measured the 

matrix shrinkage in the laboratory and related it to adsorption pressures with the Langmuir type 

equation as: 

s l

p

p p

 


           (2) 

Where εs is volumetric matrix strain, εl is referred to the maximum volumetric strain that 

would be induced when the coal is fully saturated with gas, and pε is the gas pressure at which 

the matrix strain is half of its maximum value.  

Several researchers have investigated coal matrix swelling/shrinkage due to methane and 

carbon dioxide adsorption/desorption. In most of the studies, the shrinkage/swelling coefficient 

was calculated based on changes in the volume with pressure (Table 2).  
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Table 2. Reported coal matrix shrinkage coefficient in the literature 

Gas Shrinkage coefficient, psia
-1

 Reference 

CO2 6.55E-05 Reucroft and Patel (1986) 

Methane 8.618E-07 Gray (1987) 

CO2 1.25 E-05 Gray (1987) 

Methane 6.21E-06 Harpalani and Schraufnagel (1990) 

Methane 1.59E-06 Harpalani and Chen (1995) 

Methane 1.80E-03 Levine (1996) 

Methane 7.38E-06 Mitra and Harpalani (2007) 

CO2 2.67E-05 Mitra and Harpalani (2007) 

 

 Permeability evaluation in coal seam gas 

Coal seam gas permeability is one of the main factors controlling gas production from 

CSG reservoirs. CSG reservoirs are naturally fractured and cleats are the main path of fluid 

flow. As a naturally fractured reservoir, CSG often exhibits a strong contrast between matrix 

and fracture permeability. Coal matrix permeability is on the order of microdarcies or 

nanodarcies, while coal cleat permeability range from 0.1 to 1,000 md. However, unlike 

conventional naturally fractured reservoirs, where matrix permeability often dominates 

reservoir performance, coal cleat permeability plays a significant role in the fluid movement in 

CSG reservoirs (Palmer, 2010; Seidle, 2011). The cleats are significantly sensitive to stress 

changes and they may undertake most of the deformation upon a stress change (Cui et al., 

2007).  
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Depressurizing by water production is a pre-requisite to reduce the cleat pressure to a 

critical desorption pressure for commercial gas production from CSG reservoirs. During the 

dewatering phase and the CSG depletion, the decrease of the pore pressure leads to an increase 

of the effective stress (poromechanical effect). The increase of the effective stress causes the 

reduction of cleat width and negatively contributes to the permeability; a relationship supported 

by extensive laboratory and field studies (Seidle et al., 1992; Somerton et al., 1975; Sparks et 

al., 1995). On the other hand, the matrix shrinkage due to gas desorption plays an opposite role 

and increases cleat width, increasing permeability (Cui and Bustin, 2005; Cui et al., 2007; Gray, 

1987; Pan and Connell, 2012; Saurabh and Harpalani, 2018; Shi and Durucan, 2004). The 

permeability rebound and enhancement during CSG production were identified in many 

studies.  A strong permeability increase of 10 fold increase was identified over 300 psi of 

depletion in Bowen Basin, Australia (Gouth et al., 2014). Figure 2 shows the history matching 

of production data for a Fruitland coal, Fairway CBM well. It indicates a 10 fold increase of 

the gas effective permeability from 932 psi to approximately 100 psi (Clarkson et al., 2007; 

Clarkson et al., 2008a; Clarkson et al., 2008b). 

Hence, a complication with coal permeability is that it can vary significantly during gas 

production in response to decreases in pore pressure and gas desorption-induced coal matrix 

shrinkage (Gray, 1987; Liu et al., 2020; Pan and Connell, 2012). 
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Figure 2. Gas permeability evaluation in Fairway CBM(Pan and Connell, 2012) 

The developed permeability models for conventional reservoirs are not applicable to 

CSG as they do not consider the coal swelling/shrinkage effect on permeability. In the 

literature, many models have been presented to describe coal permeability by including the 

impact of effective stress and coal swelling/shrinkage. These models including Gray (1987), 

Seidle et al. (1992), Seidle and Huitt (1995), Ian Palmer (1998), Shi and Durucan (2004), Shi 

and Durucan (2005), Palmer (2009), Mitra et al. (2012), Espinoza et al. (2014), Connell et al. 

(2016), (Shi et al., 2019), and Liu et al. (2020).   

Among these models, the permeability models presented by Ian Palmer (1998), and Shi 

and Durucan (2004) are the two most popular and have seen the extensive practical application. 

These models consider the uniaxial strain condiction and constant vertical stress assumption 

which is widely accepted during depletion of CSG (Espinoza et al., 2015; Geertsma, 1957; Liu 

and Harpalani, 2014; Olson et al., 2009). The uniaxial strain means zero lateral strain and 

associated inconstant horizontal stresses (Figure 3). They also assume matchstick like 

geometry for the coal matrix and cleat system (Figure 4). 
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Figure 3. Uniaxial strain condition in CSG reservoirs (Liu et al., 2020) 

 

 

Figure 4. Matchstick geometry showing flow through cleats in CSG reservoirs (Harpalani and Chen, 

1995)  

Ian Palmer (1998) relate the coal permeability to the porosity and then describe the 

change in porosity with respect to the pressure decrease and matrix shrinkage: 
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φ Porosity at pressure p 

φ0 Initial porosity 

k Permeability at pressure p 

k0 Initial permeability 

휀s Volumetric matrix strain at pressure p 

K Bulk modulus 

M Constrained axial modulus 

f Fraction from 0 to 1 

cr Grain compressibility 

E Young’s modulus 

v Poisson’s ratio 

 

Shi and Durucan (2004) model relates the coal permeability to the effective horizontal 

stress instead of porosity: 
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k Permeability at pressure p 

k0 Initial permeability 

cf Cleat volume compressibility 

p Pressure 

p0 Initial pressure 

휀l Maximum matrix shrinkage strain 

p휀 Langmuir pressure 

E Young’s modulus 

v Poisson’s ratio 

 

 Coal failure issues during CSG production 

As the CSG are naturally fractured rocks and typically they have low rock strength 

compared to conventional reservoir rocks, by pressure depletion and matrix shrinkage, the 

stress concentration around the well might exceed the coal mechanical strength and results in 

coal failure and coal particle production (Lu and Connell, 2016; Palmer et al., 2005; Seidle, 

2011). Coal failure may cause serious issues during gas production from CSG (Gentzis, 2009; 

Lu and Connell, 2016). The created coal may move towards the well by fluid flow or deposit 

at the bottom of the well, and plug the downhole pumps (Moore et al., 2011). Figure 5 shows 
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the produced coal particles in a visualized surface container on the left photo and coal fines in 

a plugged pump on the right. In this case, frequent workovers are required to clean out the coal 

particles to ensure proper gas production. There are wide reported issues while drilling and 

production from CSG, particularly in depleted deviated and horizontal wells.  

    

Figure 5. Produced/Plugged coal fines (Okotie and Moore, 2011). 

It has been reported that 40 percent of drilled horizontal CSG wells in the Qinshui basin 

in China have serious instability problems during drilling and production (Yang et al., 2014). 

Some of the recently drilled horizontal and multi-lateral wells in Bowen Basin, Australia have 

experienced unintended fines and solid production after drilling and during production from 

coal layers (Puspitasari et al., 2014). Rajora et al. (2019) reported that the majority of artificial 

lift failures (75%) in Surat Basin, Australia were due to solids production into the wellbore. In 

the San Juan basin, USA, massive coal fine production was observed at the late production 

stage when the reservoir pressure was decreased to a specific value of around 300 psi. It was 

noticed that the matrix shrinkage and desorption-induced horizontal stress change were the 

driven forces of this geomechanical failure (Espinoza et al., 2015; Fan and Liu, 2018; Moore 

et al., 2011). Moreover in Arkoma basin, Oklahoma where the horizontal wells are commonly 

drilled in CBM, several borehole failure and coal fine production were experienced in depleted 

coal (Palmer et al., 2005).  
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In recent years, many researchers noticed that after an exponential increase in 

permeability (because of desorption-induce shrinkage), in some cases there is a sudden drop in 

coal reservoir permeability (Figure 6), which is coincided with coal fines production after 

several years of production (Espinoza et al., 2015; Moore et al., 2011; Okotie and Moore, 

2011). It was concluded that the sudden decrease in permeability and accompanied coal fines 

production were results of coal failure caused by matrix shrinkage and stress change within the 

reservoir. The created coal particles plug the cleat system and cause permeability reduction 

(Bai et al., 2017; Wei et al., 2015). Therefore, maintaining the wellbore stable during drilling 

and preventing coal failure during production, particularly in depleted CSG reservoirs, is one 

of the most challenging problems in CSG. Palmer et al. (2005) investigated the coal failure 

mechanism and its consequences. They used a conventional sanding onset model to predict 

coal failure but did not consider the shrinkage effect and its induced stress path on coal failure. 

Liu and Harpalani (2014) carried out a qualitative analysis of coal failure by illustrating Mohr’s 

circle and considered gas depletion. They noticed that methane desorption had a significant 

effect on in situ stress state and as a result, shear failure takes place earlier than a conventional 

reservoir where there is no shrinkage effect. Recently, Espinoza et al. (2015) and Connell et al. 

(2016) developed an analytical model to consider the effect of desorption on coal failure. 

However, the effect of the wellbore trajectory on stress redistribution around the wellbore was 

not considered. Although a few studies have been conducted in recent years, the roles of matrix 

shrinkage on the stress distribution around the wellbore and coal failure, the effective stress 

path, the effect of wellbore trajectory, and the change of permeability have not been fully 

understood.  
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Figure 6. Permeability changes during production (Okotie and Moore, 2011) 

 Reservoir depletion and stress path 

2.5.1 Stress path in conventional reservoirs  

It has been well known that by fluid withdrawal from the reservoir, the reservoir pressure 

gradually decreases and it results in the changing of in situ stresses. The uniaxial strain 

condition is widely accepted during depletion in laterally extensive reservoirs, which means 

the constant vertical stress, zero lateral strain, and associated inconstant horizontal stresses 

(Espinoza et al., 2015; Geertsma, 1957; Liu and Harpalani, 2014; Olson et al., 2009). The stress 

variations are quantified by reservoir stress path which is defined as the changes in total 

horizontal stresses per unit change of pore pressure during production from the reservoir as 

following: 

1 2

1

S v
K

P v


 
 

 
          (10) 

h h oS P             (11) 



24 

 

1

h v

P v





 

 
           (12) 

Where the S is total stress and σ indicates effective stress. Sh is the total minimum 

horizontal stress, 𝜎ℎ is the effective minimum horizontal stress, Po is initial pore pressure, P is 

current pore pressure, α is Biot’s coefficient, and ν is Poisson’s ratio.  

These equations reveal that the reservoir depletion is expected to be accompanied by 

reduction of total horizontal stresses and hereby, increase of effective horizontal stress which 

has been confirmed by field observations in conventional reservoirs (Addis, 1997b; Teufel et 

al., 1991; Zoback and Zinke, 2002). By the increase of the effective stress during pressure 

depletion, the reservoir permeability will decrease. Figure 7 shows the observed changes of 

total horizontal stress by pore pressure depletion in Ekofisk and Valhall field in the North Sea 

respectively. As the Poisson’s ratio of the rock is less than 0.5, the stress path in different points 

of the reservoir is less than one for different conventional reservoirs. This is consistent with the 

measured data in different reservoirs around the world in Table 3.  

 

Figure 7. Total horizontal stress path with depletion in conventional reservoirs. Data points in (a) from 

(Teufel et al., 1991) and data points in (b) from (Zoback and Zinke, 2002). 
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Table 3. Stress Path measurement within different conventional reservoirs after (Addis, 1997a) 

Field Measured Stress Path 

Ekofisk, central North sea 0.8 

Magnus, UK sector of North Sea 0.68 

Venture, Colorado 0.56 

Vicksburg Fm., South Texas 0.53 

Waskom, East Texas 0.57 

Wytch Farm, England 0.55 

Valhall, central North sea 0.8 

Gulf Coast, Texas 0.46 

Lake Maracaibo, Venezuela 0.56 

Brunei, Brunei 0.49 

 

One may plot the effective in situ stress profile during depletion in conventional 

reservoirs by considering uniaxial strain condition and constant vertical stress. As the total 

vertical stress is constant, therefore the change in effective vertical stress by depletion is given 

by Δ𝜎𝑉=- αΔ𝑃 > 0, and for the effective horizontal stress it would be Δ𝜎ℎ = −𝛼
𝜗

1−𝜗
Δ𝑃 > 0. 

However, as Figure 8 indicates the increasing rate of effective vertical stress (red line) is more 

than effective horizontal stress (green line) which results in the increase of deviatoric stress 

with production. The blue line represents the effective horizontal stress without considering the 

depletion effect. Figure 8 shows that by continuous depletion, a significant stress anisotropy 

may occur at the late time of production. As Figure 8.b indicates this stress anisotropy becomes 

larger by time and it may lead the rock failure around the wellbore. This failure is the cause of 
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fine production in conventional reservoirs and has widely been studied in the literature for sand 

production (Behnoud far et al., 2016; Kaffash and Zare-Reisabadi, 2013; Zhang et al., 2016).  

 

   

Figure 8. The effective stress profile during depletion a) the vertical and horizontal stress change 

during depletion b) rock failure in reservoir scale during production   

2.5.2 Stress path in CSG Reservoirs 

Depressurizing and depletion is a common method is carried out for the commercial 

production of gas from CSG reservoirs. The uniaxial strain condition is widely accepted during 

depletion of CSG, which means the constant vertical stress, zero lateral strain, and associated 

inconstant horizontal stresses (Espinoza et al., 2015; Geertsma, 1957; Liu and Harpalani, 2014; 

Olson et al., 2009). Based on uniaxial strain condition and as the same as conventional 

reservoirs, the effective stress will increase. Conversely, the methane desorption from the coal 

is associated with matrix shrinkage and hereby the effective horizontal stress will reduce (Day 

et al., 2008; Feng et al., 2018; Shi and Durucan, 2004). These two opposing effects make the 

CSG unique in the aspect of stress path during depletion.  

Recently some researchers have investigated the stress path profile during depletion in 

CSG reservoirs. Many experimental studies reveal that the stress path in CSG reservoirs is 

more than 1 (Espinoza et al., 2015; Liu and Harpalani, 2014; Mitra et al., 2012; Saurabh and 
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Harpalani, 2018; Saurabh et al., 2016). The conventional value of the stress path for any 

combination of Poisson’s ratio and Biot’s constant would be less than 1.Therefore, it was 

noticed that the theoretical conventional stress path (values in Table 3) cannot describe the 

stress profile of CSG reservoirs during depletion.  Shi and Durucan (2004) utilized the elastic 

theory of stress and strain relation and analogy between thermal contraction and matrix 

shrinkage to develop effective stress change during depletion: 

 1 1 2 3 1
ij ij b ij s ij
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       (13) 

Where E is Modulus of elasticity, 휀𝑖𝑗 is poromechanical strain, 𝛿𝑖𝑗 is the Kronecker delta, 휀𝑏 is 

volumetric strain and 휀𝑠 is the volumetric matrix shrinkage strain. 

By considering uniaxial strain condition and fitting the matrix shrinkage strain to the 

Langmuir type curves the horizontal effective stress is as following: 
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Where 휀𝑙 and  𝑃𝜀 are Langmuir-type matrix shrinkage parameters. 

The first term on the right-hand side of the equation is poromechanical effect which is 

the same as conventional reservoirs and the second term is shrinkage effect with is just 

observed in unconventional reservoirs consist adsorbed gas. Shi and Durucan (2004) didn’t 

consider the effect of poroelasticity and Biot’s constant in their model. Cui and Bustin (2005) 

found through experimental tests that matrix shrinkage volumetric strain is proportional to the 

volume of adsorbed gas (Figure 9). They also determined the adsorbed gas volume based on 

Langmuir isotherm equation: 

v g gV             (15) 
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Where 𝑉𝑔  is the volume of adsorbate is gas, and 휀𝑣 is the sorption-induced volumetric strain, 

휀𝑔 is the coefficient of sorption induced volumetric strain and 𝑉𝐿  and 𝑃𝐿 are the Langmuir 

constants. 

By considering the equations 13, 15, and 16 one may determine the effective horizontal 

stress as follows: 
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Figure 9. The experimental volumetric strain (a) and the predicted volumetric strain induced by CH4 

adsorption, Piceance basin, Canada (b) (Cui and Bustin, 2005).  

Mitra et al. (2012) did the first laboratory test on the coal samples under the uniaxial 

strain condition to investigate the stress path and its accompanied permeability change. They 

used coal samples from San Juan Basin and they observed the stress path of around 1.57 for 

coal. Liu and Harpalani (2014) carried out experimental tests on coal samples to measure the 

horizontal stress changes under reservoir depletion. The samples were saturated with helium 

as non-adsorptive gas, methane, and CO2. Figure 10 indicates in the case of helium saturated 

core, where there is no dispersion, the stress path was less than 1 (same as conventional 
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reservoirs). However, in the case of methane and CO2 as adsorptive gases, there are additional 

strains from coal shrinkage, and the gradient of the straight line is greater than unity (Figure 

11). It indicates that there is a greater loss in horizontal stress compare to the corresponding 

reduction in pore pressure. Figure 11 shows the rate of horizontal stress loss with CO2 is larger 

than methane. 

Saturated with helium,       𝑆h = 0.8𝑃 + 3.1        (18) 

Saturated with methane,    𝑆h = 1.2𝑃 + 0.8            (19)    

Saturated with CO2,          𝑆h = 1.3𝑃 + 1                (20) 

 

Figure 10. Horizontal and vertical stresses change with helium depletion (Liu and Harpalani, 2014). 

  

Figure 11. Horizontal and vertical stresses change with a) methane depletion, b) CO2 depletion (Liu 

and Harpalani, 2014). 
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Espinoza et al. (2015) carried out a laboratory test to investigate the effective stress 

reduction induced by desorption. They also developed a double porosity poroelastic model to 

estimate the horizontal stress changes: 
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Where b is Biot’s coefficient, Pc is pressure in the cleats, Pm is the equilibrium pressure in the 

coal matrix and 𝑠𝑎  is the adsorption stress. 

Saurabh et al. (2016) also performed the same test on coal samples and they also find the 

following stress path for helium and methane saturated samples: 

Saturated with helium,         𝑆h = 0.54𝑃 + 0.8                   (22) 

Saturated with methane,       𝑆h = 1.17𝑃 + 0.8                      (23) 

Then they utilized equation 21 and develop a Biot-like coefficient to determine effective 

horizontal stress reduction by considering depletion and desorption effect: 
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Table 4 summarized the developed models for stress path in CSG reservoirs.  
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Table 4. Stress path modelling in CSG reservoirs 

Authors Correlations Comment 

Shi & 

Durucan, 

(2004) 

𝑆𝑖𝑗 =
𝐸

1 + 𝜐
(휀𝑖𝑗 +

𝜈

1 − 2𝜐
휀𝑏𝛿𝑖𝑗) + 𝛼𝑃𝛿𝑖𝑗+ 

𝐸

3(1 − 𝜐)
휀𝑠𝛿𝑖𝑗 

휀𝑠 =
휀𝑙𝑃

𝑃 + 𝑃𝜀
 

𝛥𝜎h =
−𝜈

1−𝜐
𝛥𝑃 + 

𝐸

3(1−𝜐)
휀𝑙(

𝑃

𝑃+𝑃𝜀
 - 

𝑃𝑜

𝑃𝑜+𝑃𝜀
) 

Uniaxial Strain 

Condition, α=1 

Cui and Bustin 

(2005) 

휀𝑣 = 휀𝑔𝑉𝑔  ,   𝑉𝑔 =
𝑉𝑙𝑃

𝑃 + 𝑃𝐿
 

𝛥𝜎h =
−𝜈

1−𝜐
𝛥𝑃 + 

𝐸

3(1−𝜐)
휀𝑔𝑉𝑙(

𝑃

𝑃+𝑃𝑙
 - 

𝑃𝑜

𝑃𝑜+𝑃𝑙
) 

Uniaxial Strain, 

Piceance Basin, 

α=1 

Mitra et al., 

(2012) 
𝑆h = 1.57𝑃 

Uniaxial Strain, 

San Juan basin 

Liu and 

Harpalani 

(2014) 

𝑆h = 0.8𝑃 + 3.1,        𝑆h = 1.2𝑃 + 0.8    𝑆h = 1.3𝑃 + 1 
Uniaxial Strain, 

San Juan basin 

Epizona et al., 

(2014) 
𝛥𝑆h = 𝛼

1−2𝜈

1−𝜐
ΔP𝑐  +(1-α) 

1−2𝜈

1−𝜐

𝑑𝑠𝑎

𝑑𝑝𝑚
ΔP𝑚  

Uniaxial Strain, 

Double porosity 

Saurabh et al., 

(2016) 
𝑆h = 0.54𝑃 + 0.8,        𝑆h = 1.17𝑃 + 0.8 

Uniaxial Strain, 

San Juan basin 

Saurabh et al., 

(2016) 
𝛥𝜎h = 𝛼

−𝜈

1−𝜐
𝛥𝑃 + (1-α) (

1−2𝜈

1−𝜐
)(-1.7P+22) 𝛥𝑃 

Uniaxial Strain, 

San Juan basin 

 

Figure 12.a shows the changes in effective horizontal stress caused by poromechanical 

and shrinkage effect during depletion by using equation 14. The poromechanical effect results 

in positive changes of effective horizontal stress whereas the matrix shrinkage effect cause 
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reduction of effective horizontal stress. These two terms are competing with each other. The 

state of effective stress dynamically varies with depletion and its evolution is a complex 

process, depending on the rock mechanical and how sorptive is the coal. The effective in situ 

stress profile versus reservoir pressure has been depicted in Figure 12.b as an example. The 

vertical effective stress changes differently from the trend of horizontal stress by depletion. In 

comparison with conventional reservoirs (Figure 8), CSG shows different stress profiles during 

production, and as Figure 12.b indicates the effective horizontal stress will decrease rather than 

increase. It means that because of as matrix shrinkage effect in CSG reservoirs, the stress 

anisotropy will increase by production which makes the shear failure more susceptible compare 

to the conventional case.  

  

Figure 12. a) The shrinkage and poromechanical effect, b) The effective in situ stresses profile  

Liu and Harpalani (2014) discussed the quantitative coal failure situation through Mohr-

Coulomb circles in CSG reservoirs (Figure 13). The initial state of stress in a CSG reservoir 

has shown in Figure 13.a where there is a normal stress regime. Figure 13.b shows a 

conventional reservoir without any sorption effect. In this case, both vertical and horizontal 

stresses will increase and the Mohr’s circle moves toward the right. For a reservoir with a low 

sorption effect, the effective horizontal does not change significantly, while the vertical stress 

will increase and the Mohr’s circle will move to the right (Figure 13.c). If a reservoir exhibits 
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a medium sorption effect associated with depletion, Mohr’s circle remains at the same position 

as the initial condition but its radius is increased and gets closer to the failure line (Figure 13.d). 

Figure 13.e illustrates a reservoir with a strong sorption effect. It reveals that during depletion, 

the effective horizontal stress is decreasing, whilst the effective vertical stress is increasing. 

Therefore, Mohr’s circle moves to the left while its radius is increasing by gas production and 

it results in coal failure. 

 

 

 

Figure 13. Coal failure situation by Mohr circle diagrams for state of stress evolution with pressure 

depletion (Liu and Harpalani, 2014) 
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 CSG production and desorption radius expansion 

Throughout the production life of a CSG reservoir, three following stages commonly take 

place: First is the dewatering stage; the next stage is the stable production stage, and finally 

there is the decline stage (Figure 14).  

 

Figure 14. Schematic of water and gas production in a CSG reservoir(Moore, 2012) 

During the dewatering stage, since the Bottom-Hole Pressure (BHP) is higher than the 

critical desorption pressure, no gas has been desorbed. Therefore, the water is the only flowing 

fluid and there is no matrix shrinkage. After a period of production, when the BHP drops below 

the critical desorption pressure, the gas desorption starts, and relative permeability to gas will 

start to increase causing WGR to be reduced from very high to a low value. This transition 

period is relatively short which has little influence on the pressure profile, and it can be 

neglected as discussed by Sun et al. (2017). However, continuing the production during the 

stable and decline stage (which are characterized by low WGR) results in the expansion of 

desorption radius from the wellbore towards the reservoir boundary (Figure 15). Recently, a 

few analytical models were developed to predict the expansion of desorption area during 

production (Sun et al., 2017; Xu et al., 2013). They divided the reservoir domain into two 
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different regions, i.e., desorption area and non-desorption area to estimate desorption area 

expansion during CSG production.  

 

Figure 15. Desorption area expansion during production from a CSG well (Xu et al., 2013). 

Our literature review revealed that the desorption radius concept has not been considered 

in the previously developed models for coal permeability estimation. There exists a large 

number of experimental and theoretical studies that have evaluated the coal permeability by 

including the effective stress and matrix shrinkage effect (Connell et al., 2016; Liu and 

Harpalani, 2013; Liu et al., 2020; Palmer, 2009; Saurabh and Harpalani, 2018; Wu et al., 2010). 

In these models, the effective stress is not estimated as a function of distance from the wellbore, 

and therefore the permeability only changes by time not by the distance from the wellbore. Cui 

et al. (2007) developed an analytical model for stress distribution around a vertical CSG well 

by considering the impacts of adsorption-induced swelling and applying different boundary 

conditions. Their study indicates the possibility of 10 times permeability enhancement around 

a CSG producing well due to matrix shrinkage and reservoir depletion. However, they did not 
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consider the desorption radius and pressure squared approach for gas flow in the cleat. 

Additionally, in the previous permeability models, the fluid flow was described by the same 

equation of pressure (P) approach for the entire area between the wellbore and reservoir 

boundary rather than the pressure squared (P2) approach for gas flow in the desorption area. 
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A B S T R A C T   

Coal seam gas (CSG) reservoirs typically have low rock strength. During gas production, pressure depletion and 
matrix shrinkage may cause the differential stress around the wellbore to exceed the coal mechanical strength 
and result in rock failure. Coal failure has several detrimental consequences including coal fines production, 
permeability reduction, wellbore filling and damage to pumps and compressors. The matrix shrinkage causes a 
unique stress path in CSG reservoirs. However, the details of how matrix shrinkage affects coal failure still have 
remained uncertain. This paper presents a new workflow to evaluate stress distribution around CSG wells and 
predicts coal failure by coupling the effects of pressure depletion, matrix shrinkage and wellbore simultaneously. 
The model calculates Maximum Coal Free Drawdown Pressure (MCFDP) by considering the effects of all 
contributing parameters and Mogi-Coulomb failure criterion. Data from a vertical well in the San Juan Basin in 
USA were used to evaluate the validity of the developed model. The developed model was applied to evaluate 
coal failure under three different stress regimes. The results indicate that pressure depletion and matrix shrinkage 
have a significant effect on coal failure in all stress regimes. In the case of a normal stress regime, it is found that 
vertical wellbores are the most stable during the life of a reservoir. However, in the case of strike-slip and reverse 
stress regimes, pressure depletion and matrix shrinkage could cause the change of stress regime and therefore, 
the optimum wellbore trajectory could change. Additionally, it is found that in the normal stress regime the 
depletion and matrix shrinkage reduces the MCFDP of horizontal wellbores more than the vertical wells. How-
ever, in the reverse stress regime, depletion and shrinkage cause more reduction of MCFDP in vertical wellbores 
compared to horizontal wells.   

1. Introduction 

During past decades, CSG or Coal Bed Methane (CBM) have 
increasingly become an important part of natural gas resource. The 
world CSG resource constitutes around 2980 to 9260 Tcf.1,2 Moreover, 
by the exploration of more CSG around the world and development of 
new technologies that enable commercial production from CSG, an in-
crease in production from these reservoirs is expected in the future.3 

CSG reservoirs are considered as unconventional gas resources 
because methane is not trapped by overlying seals and is normally 
adsorbed on the coal matrix while the coal cleat system is saturated with 
water. Dewatering is initially carried out to deplete the reservoir pres-
sure and this causes the progressive desorption of gas. Gas desorption 
from the coal matrix causes matrix shrinkage.4,5 The matrix shrinkage 

will affect material behavior and leads to a specific stress path during 
production (section 2.2). This makes the CSG unique in terms of stress 
distribution around the well. Since the CSG reservoirs are naturally 
fractured and typically have low rock strength, pressure depletion, and 
matrix shrinkage can change the stress concentration around the well-
bore so that it exceeds the coal mechanical strength and results in coal 
failure and coal particles production. 

Coal failure may cause serious gas production issues from CSG res-
ervoirs.6,7 There are wide reported problems during drilling and pro-
duction, particularly in deviated and horizontal CSG wells in pressure 
depleted condition. It has been reported that 40% of the horizontal CSG 
wells in the Qinshui Basin in China have serious instability problems 
during drilling and production.8 Some of the recently drilled horizontal 
and multi-lateral wells in the Bowen Basin, Australia have experienced 
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coal fines production during production.9 In San Juan Basin, USA, 
massive coal fines production has also been observed during late pro-
duction, when reservoir pressure had decreased to less than 300 psi from 
initial pressure of 1260 psi. Matrix shrinkage, desorption with pressure 
depletion induced horizontal stress changes are interpreted as the cause 
of geomechanical failure.3,5,10 Moreover, several borehole failure and 
coal fines production events are experienced in depleted coal in the 
Arkoma Basin, Oklahoma.11 

Recently, many researchers have shown that after a long-term 
exponential increase in permeability with depletion caused by 
desorption-induced shrinkage, a sudden decrease in coal reservoir 
permeability is observed and coincided with coal fines production.3,10,12 

Keshavarz, Badalyan13 concluded that during depletion, coal perme-
ability may decrease due to the cleat closure. Production of coal particles 
has adverse effects on downhole and surface facilities and artificial lift 
pumps. The failed coal can also plug the cleat system and cause 
permeability reduction.14,15 

Palmer, Moschovidis11 investigated the coal failure mechanism and 
its consequences. They used a conventional sanding onset model to 
predict coal failure but did not consider the shrinkage effect and its 
induced stress path on coal failure. Liu and Harpalani16 carried out a 
qualitative analysis of coal failure by illustrating Mohr’s circle and 
considered gas depletion. They noticed that methane desorption had a 
significant effect on in situ stress state and as a result, shear failure takes 
place earlier than a conventional reservoir where there is no shrinkage 
effect. Bai, Chen17 and Bai, Chen15 used numerical simulation to char-
acterize coal failure and fines generation during dewatering and gas 
production. Recently, Espinoza, Pereira3 and Lu and Connell7 developed 
an analytical model to consider the effect of desorption on coal failure. 
However, the effect of the wellbore trajectory on stress redistribution 
around the wellbore was not considered. Saurabh, Harpalani18 con-
ducted laboratory experiments to measure coal matrix volumetric strain 
from desorption and modeled the lateral stress changes during 
experiments. 

This paper presents an analytical model to evaluate the stress 

distribution around the wellbore by coupling the effect of depletion, 
matrix shrinkage, and the wellbore. An analytical model is also devel-
oped to calculate the Critical Coal Free Bottom-hole Pressure (CCFBP) 
and Maximum Coal Free Drawdown Pressure (MCFDP). The model is 
validated by field data in the San Juan Basin. Moreover, the developed 
model is utilized to investigate the effect of different well inclinations 
and azimuths, pressure depletion on coal failure in different situ stress 
regimes. 

2. Stress path and workflow for coal failure 

2.1. Stress path in conventional reservoirs 

The uniaxial strain condition is commonly used as a simplified model 
during depletion from a laterally extensive reservoir, which means 
constant vertical stress, zero lateral strain and associated changes in 
horizontal stresses.3,16,19,20 The horizontal stress variations are quanti-
fied by reservoir stress path which is defined as the changes in total 
horizontal stresses per unit change of pore pressure during production 
from a reservoir as follows: 

ΔSh

ΔP
¼K ¼ β

1 � 2v
1 � v

(1)  

σh¼ Sh � βP (2)  

Δσh

ΔP
¼ � β

v
1 � v

(3)  

Where Sh is the total horizontal stress, σh is the effective horizontal 
stress, P is initial pore pressure, β is Biot’s coefficient and ν is Poisson’s 
ratio. Equations (1)–(3) show that the reservoir depletion is expected to 
be accompanied by reduction of total horizontal stresses and hereby, 
increase of effective horizontal stress which has been confirmed by field 
observations in many conventional reservoirs around the world.21–23 

The increase of the effective stress during pressure depletion also de-
creases the reservoir permeability. As the Poisson’s ratio of the rock is 

Fig. 1. a) The total vertical and horizontal stress changes during depletion b) The effective vertical and horizontal stress changes c) Schematic Failure envelope and 
change of Mohr Circles during production. 
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less than 0.5, therefore the stress path will be less than one for con-
ventional reservoirs. 

Based on uniaxial strain condition, the total vertical stress is constant 
and it results in the reduction of effective vertical stress by depletion: 
ΔσV ¼ � βΔP > 0. In the case of horizontal stress, the total stress will 
decrease and then the change of effective horizontal stress would be 
Δσh ¼ � β v

1� v ΔP > 0. The total stresses and effective stresses versus 
production have been shown in Fig. 1.a and Fig. 1.b respectively. It is 
clear from Fig. 1.a that total vertical stress is constant during depletion, 
whilst the total horizontal stress will decrease. Fig. 1.b indicates the 
changes in effective vertical stress are more than effective horizontal 
stress, which results in an increase of deviatoric stress with production. 
These stress changes by depletion cause the Mohr circle to move to the 
right, and the different changes of vertical and horizontal effective 
stresses make Mohr circle bigger during depletion (Fig. 1c). With further 
depletion, a significant stress anisotropy may occur which could lead to 
the failure around the wellbore and fine production. This has been 
widely studied in the literature for sand production.24–27 The change of 
Mohr circle by production in unconventional reservoirs is different 
which will be discussed in the following section. 

2.2. Stress path in CSG reservoirs 

The pressure depletion during production from CSG reservoirs has 
two impacts on effective horizontal stress. First, based on uniaxial strain 
condition and similar to conventional reservoirs, the effective stress will 
increase. On the other hand, the methane desorption from the coal will 
be associated with matrix shrinkage and conversely, the effective hori-
zontal stress will be reduced because of changes in total horizontal stress 
with shrinkage.4,28,29 Many experimental studies revealed that the stress 
path in CSG reservoirs could be more than one.3,16,18,30,31 Therefore, the 
commonly used theoretical stress path (equation (1)) cannot describe 

the stress profile of CSG reservoirs during depletion as the conventional 
value of stress path for any combination of Poisson’s ratio and Biot’s 
constant would be less than one. 

Shi and Durucan29 utilized the elastic theory of stress and strain 
relation and analogy between thermal contraction and matrix shrinkage 
to develop effective stress change during depletion: 

σij¼
E

1þ v

�
εij þ

ν
1 � 2v

εbδij

�
þ

E
3ð1 � vÞ

εsδij (4)  

Where E is the modulus of elasticity, εij is poromechanical strain, δij is 
the Kronecker delta, εb is volumetric strain and εs is the volumetric 
matrix shrinkage strain. By considering uniaxial strain condition and 
fitting the matrix shrinkage strain to the Langmuir type curves the 
horizontal total stress and horizontal effective stress will be as follows: 

ΔSh¼
1 � 2ν
1 � υ ΔPþ

E
3ð1 � vÞ

εl

�
P

Pþ Pε
 � 

Po

Po þ Pε

�

(5)  

Δσh¼
� ν

1 � v
ΔPþ

E
3ð1 � vÞ

εl

�
P

Pþ Pε
 �  Po

Po þ Pε

�

(6)  

Where εl and Pε are Langmuir-type matrix shrinkage parameters. P and 
Po are current and initial reservoir pressure respectively. The first term 
in the right-hand side of the equation is poromechanical effect which is 
the same as conventional reservoirs and the second term is shrinkage 
effect with is only observed in unconventional reservoirs with adsorbed 
gas. 

Cui and Bustin32 found through experimental tests that matrix 
shrinkage volumetric strain is proportional to the volume of adsorbed 
gas. They also determined the adsorbed gas volume based on the 
Langmuir isotherm equation: 

Fig. 2. a) Shrinkage and poromechanical terms of total stress change, b) Total in situ stresses profile during production, c) Shrinkage and poromechanical terms of 
effective stress change, d) Effective in situ stresses profile during production. 
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εv¼ εgVg and Vg ¼
VlP

Pþ PL
(7)  

Where Vg is the volume of adsorbate (gas), and εv is sorption or 
desorption-induced volumetric strain, P is current reservoir pressure, εg 

is the coefficient of sorption induced volumetric strain and Vl and PL are 
the Langmuir constants. By considering equations (4) and (7), and the 
uniaxial strain condition one may determine the effective horizontal 
stress as follows: 

Δσh¼
� ν

1 � v
ΔPþ

E
3ð1 � vÞ

εgVl

�
P

Pþ Pl
�

Po

Po þ Pl

�

(8) 

Mitra, Harpalani30 did the first laboratory test on coal samples under 
uniaxial strain condition to investigate the stress path and its accom-
panied permeability change. They used some coal samples from the San 
Juan Basin. They determined a stress path of approximately 1.57 for 
their coal samples. Liu and Harpalani16 carried out laboratory experi-
ments on coal samples to measure the horizontal stress changes under 
reservoir depletion. The samples were saturated with helium as 
non-adsorptive gas, methane, and CO2. They noticed in the case of he-
lium saturated core, the stress path was less than 1, but as methane and 
CO2 are adsorptive gas there is additional strain from coal shrinkage, 
and the resultant stress path were more than 1: 

Saturated  with  helium Sh¼ 0:8Pþ 3:1 (9)  

Saturated  with  methane Sh¼ 1:2Pþ 0:8  (10)  

Saturated  with  CO2 Sh¼ 1:3Pþ 1 (11) 

Espinoza, Pereira3 carried out laboratory tests to investigate the 
effective stress reduction induced by desorption. They also developed a 
double porosity poroelastic model to estimate the horizontal stress 
changes: 

ΔSh¼ β
1 � 2ν
1 � υ ΔPc  þ ð1 � βÞ

�
1 � 2ν
1 � υ

�
dsa

dpm
ΔPm (12)  

Where β is Biot’s coefficient, Pc is pressure in the cleats, Pm is the 
equilibrium pressure in the coal matrix and sa is the adsorption stress. 
Saurabh, Harpalani18 also performed similar tests on coal samples and 
they too found the following stress path for helium and methane satu-
rated samples: 

Saturated  with  helium Sh¼ 0:54Pþ 0:8  (13)  

Saturated  with  methane Sh¼ 1:17Pþ 0:8 (14) 

They utilized equation (12) to develop a Biot-like stress path coef-
ficient to determine effective horizontal stress reduction by considering 
both the pressure depletion and desorption effects: 

dσh

dP
¼ β
� � ν

1 � υ

�
þ ð1 � βÞ 

�
1 � 2ν
1 � υ

�

ð � 1:7Pþ 22Þ  (15) 

Fig. 2.a shows changes in total horizontal stress caused by poro-
mechanical and shrinkage effect by pore pressure depletion and 
methane desorption (Equation (5)). Both poromechanical and shrinkage 
effects are negative and that is why the stress path in CSG reservoirs is 
higher than conventional. The total horizontal stresses profile versus 
reservoir pressure are plotted in Fig. 2. b. Based on the uniaxial strain 
condition and same as conventional reservoirs case, that the total ver-
tical stress will be unaffected by pressure depletion, whilst both prin-
cipal horizontal stresses will reduce. Fig. 2. c shows the changes in 
effective horizontal stress caused by poromechanical and shrinkage ef-
fect by pore pressure depletion (Equation (6)). As Fig. 2. c indicates, the 
poromechanical effect results in positive changes of effective horizontal 
stress whereas the matrix shrinkage effect reduces the effective hori-
zontal stress. The effective in situ stresses profile versus reservoir 

pressure have been depicted in Fig. 2. d. The effective vertical stress will 
increase during production whilst effective horizontal stresses will 
decrease. In comparison with conventional reservoirs (Fig. 1), CSG 
shows different stress profiles during production and the effective hor-
izontal stress will decrease rather than increase. It means that as matrix 
shrinkage happens, the stress anisotropy will increase which makes the 
shear failure more susceptible than the conventional case. The effective 
horizontal stresses and the possible failure in the normal fault stress 
regime have been shown in Fig. 3. It reveals that unlike the conventional 
case where both effective stresses were increasing, depleting the CSG 
reservoirs will not move the Mohr circle to the right-hand side. It causes 
reduction of effective minimum horizontal stress and increase of effec-
tive vertical stress and hence there will be a larger Mohr circle which 
depending on the initial values of in situ stresses, the depletion levels, 
and the coal strength coal failure could occur. 

2.3. Analytical model and workflow 

In order to couple the effect of pressure depletion, desorption and 
wellbore effect on coal failure during production from CSG reservoirs, 
the coal strength and principal stresses around the wellbore are evalu-
ated by using a failure criterion. Linear poroelasticity model is utilized in 
a cylindrical geometry to model the stress distribution around the 
wellbore (detailed equations can be found in Zare-Reisabadi, Kaffash33). 
Based on this model the maximum stress concentration, and the 
resulting failure is on the wellbore wall. The stress distribution for a 
deviated wellbore is as following: 

Sr ¼Pw  

Sθ ¼ σo
x þ σo

y � 2
�

σo
x � σo

y

�
cos2θ � 4τo

xysin2θ � Pw þ β0
�

Pw – Pf
�

(16)  

Sz¼ σv – υ
�

2
�

σo
x � σo

y

�
cos 2θ � 4τo

xy sin 2θ
�
þ β0

�
Pw – Pf

�

τθz ¼ 2
�

τo
yz cos θ – τo

xz sin θ
�

τrθ ¼ 0  

τrz¼ 0  

β0¼
1 � 2v
1 � v

:β  

Where Sr is radial stress, Sθ is tangential stress, Sz is axial stress, Pw is 
bottom-hole pressure, Pf is current reservoir pressure, θ is the angular 
position around the wellbore. 

And 

σo
x ¼
�
SHcos2αþ Shsin2α

�
cos2iþ Svsin2i;

Fig. 3. Coal failure because of the reduction of minimum horizontal stress.  

M. Zare Reisabadi et al.                                                                                                                                                                                                                       



International Journal of Rock Mechanics and Mining Sciences 128 (2020) 104259

5

σo
y ¼ SHsin2αþ Shcos2α;

σo
z ¼
�
SHcos2αþ Shsin2α

�
sin2iþ Svcos2i; (17)  

σo
xy¼ 0:5ðSh � SHÞsin2αcosi;

σo
yz¼ 0:5ðSh � SHÞsin2αsini;

σo
xz¼ 0:5

�
SHcos2αþ Shsin2α � Sv

�
sin2i;

Here i is wellbore inclination, α is wellbore azimuth respect to the 
maximum principal horizontal stress direction, Sv is total vertical stress 
and Sh and SH are the total principal minimum and maximum horizontal 
stress respectively. 

As equations (16) and (17) indicate, the stress around the borehole 
depends on in situ stresses, reservoir pressure, bottom-hole pressure, 
wellbore trajectory and angular location on wellbore wall. In order to 

consider the effect of matrix shrinkage and depletion on stress distri-
bution in CSG reservoirs, the following equation is considered for both 
maximum and minimum horizontal stresses after Shi and Durucan29: 

SH � SHo¼ Sh � Sho¼ β
1 � 2ν
1 � υ ΔPþ

E
3ð1 � υÞεl

�
P

Pþ Pε
 �  Po

Po þ Pε

�

(18) 

We used β in the first term of the right-hand side of the equation, to 
consider the effect of poroelasticity in stress path. The isotropic stress 
changes are assumed here and the changes of both maximum and 
minimum horizontal stresses are considered the same. In the case of 
vertical wellbores, since the shear stresses around the wellbore are zero, 
therefore Sr, Sθ and Sz are principal stresses. However, in deviated and 
horizontal wells, the principal stresses will be determined from equation 
(19) to include the effects of both normal and shear stresses34: 

S 1;2 ¼ 0:5 ðSθ þ Sz Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðSθ þ SzÞ
2
þ τθz

2
q

(19) 

Fig. 4. The developed workflow for coal failure prediction.  
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By knowing the principal stresses and coal strength, coal failure can 
be predicted by applying a failure criterion. There are a number of 
failure criteria in literature for wellbore stability analysis and sand 
production, among them, Mohr-Coulomb is the most commonly used. 
However, this failure criterion does not consider the effect of the in-
termediate principal stress on failure. Al-Ajmi and Zimmerman35 

developed the Mogi-Coulomb failure criterion, which also considers the 
effect of intermediate principal stress. This failure criterion has been 
used in wellbore stability analysis and sand production and it is found 
that its failure predictions matching well with field data.26,36,37 In the 
rest of this paper, the Mogi-Coulomb failure criterion is used as the 
failure criterion to predict coal failure during production. 

τmogi¼ aþ b
S1 þ S3

2
� βPw (20)  

a¼
2
ffiffiffi
2
p

Ccosφ
3

(21)  

b¼
2
ffiffiffi
2
p

sinφ
3

(22)  

τoct ¼
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðS2 � S3Þ
2
þ ðS3 � S1Þ

2
þ ðS1 � S2Þ

2
q

(23)  

Here φ is the friction angle and C is the rock cohesion. 
Based on the Mogi failure criterion, the shear failure happens as τoct 

> τMogi. As equation (16) indicates the radial, tangential and axial 
stresses depend on bottom-hole pressure, reservoir pressure and in situ 
stresses. We developed a workflow (Fig. 4) with an iterative loop to 
consider the effect of bottom-hole pressure on stress distribution for a 
given reservoir pressure and calculate the critical bottom-hole pressure 
which satisfies the failure equation considering the effect of pressure 
depletion, matrix shrinkage and well inclination and azimuth on stress 
path and coal failure pressure. Critical Bottom Hole Flowing Pressure 
(CBHFP) is defined as the minimum allowable bottom hole pressure 
without any coal failure and therefore the Maximum Coal Free Draw-
down Pressure (MCFDP) will be the difference between reservoir pres-
sure and the Critical Flowing bottom hole pressure:  

MCFDP ¼ Current reservoir pressure – CBHFP                                         

The higher values of MCFDP will represent a more stable case 
regarding coal failure. 

3. Model validation 

In order to validate the developed model, field data and observed 
coal failure pressure in San Juan Basin in USA are utilized. The San Juan 
Basin spans across the northwest of New Mexico through southwestern 
Colorado and is one of the oldest CSG productive areas in the world. The 
commercial gas production was established in 1977 from Fruitland coal 
formation and as of 2010, there were more than 7200 active wells in the 
Basin.12 At the early stage of gas production, there was no coal pro-
duction problem, but after more than 20 years of production when the 
reservoir pressure reduced to 250–300 psi from the original pressure of 
1260 psi, the massive production of coal fines became a challenge.10,12 

We will apply the developed methodology to evaluate the coal failure in 
this basin for a vertical wellbore. 

Table 1 lists the range input data required for the coal failure 
modelling exercise extracted from different sources. Triaxial experi-
mental data from Saurabh and Harpalani38 are utilized as the cohesion 
and friction angle of coal seams. Table 2 shows the input parameters for 
the coal failure model (from triaxial data and average values in Table 1). 
The minimum value of Longmuir type parameter (maximum swelling 
strain) in the literature was utilized. 

Fig. 5 shows the coal failure analysis results for different well incli-
nation and azimuth in San Juan basin in the early stage of production. It 
shows a 3D plot of MCFDP in vertical axis versus different wellbore 
inclination and azimuth in horizontal axes. It should be noted that 

Table 1 
Parameters and properties of San Juan coal basin from literature.  

Parameter Value Source 

Young’s modulus (psi) 464122 39 

319084 40 

420610 29 

522136 41 

304580 42 

Poisson’s ratio 0.34 39 

0.3 40 

0.35 29 

0.21 41 

0.35 42 

Biot coefficient 0.8 43 

Maximum swelling strain 0.0127 29 

0.0083–0.033 42 

Langmuir-type shrinkage pressure, pε (psi) 625 29 

495 42 

Depth (ft) 2756 43 

2700–2900 42 

Minimum total horizontal stress (psi) 2321 44 

1813 42 

Maximum total horizontal stress (psi) 2466 43 

Total vertical horizontal stress (psi) 2756 43 

2800 42 

Initial reservoir pressure (psi) 1000 45 

957 29 

1450 42  

Table 2 
Input data for coal failure analysis in San Juan Basin.  

Parameter Value 

Vertical Stress Gradient (psi/ft) 1 
Maximum Horizontal Stress Gradient (psi/ft) 0.88 
Minimum Horizontal Stress Gradient (psi/ft) 0.7 
Initial Pore Pressure Gradient (psi) 1260 
Depth (ft) 2800 
Cohesion (psi) 500 
Friction Angle (degree) 38 
Langmuir-type shrinkage pressure (psi) 560 
Maximum swelling strain 0.0083 
Young’s modulus (psi) 406105 
Poisson’s ratio 0.31 
Biot coefficient 0.8 
Reservoir pressure at time of failure (psi) 260  

Fig. 5. The MCFDP in San Juan Basin at the early stage of production, 
zero depletion. 
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azimuth values are regarding to the direction of maximum horizontal 
stress, therefore azimuth ¼ 0� means a well that its trajectory is in the 
direction of maximum horizontal stress and azimuth ¼ 90� means dril-
ling trajectory is parallel to the direction of minimum horizontal stress. 
No coal failure is predicted for any combination of inclination and azi-
muth in the early stage of production. The figure indicates that for this 
coal reservoir, the vertical wellbores are much safer than horizontal 
wells and a drawdown pressure up to 900 psi for a 50� deviated wells in 
direction of minimum horizontal stress is reachable without any risk of 
coal production. However, as the reservoir is depressurized and by 400 
psi some horizontal wells could start to produce coal fine as the coal 
failure happens, but the vertical wellbores are still remained stable and 
free of coal fines problems if the drawdown pressure is maintained 
below 450 psi (Fig. 6). The results of a case when the reservoir pressure 
reaches 280 psi (1000 psi depletion) have been presented in Fig. 7. The 
developed model proposes that as the reservoir pressure reduces to 280 
psi, the vertical wellbores are not coal failure free anymore and the coal 
failure will happen in this situation, which is consistent with the field 

data in the San Juan Basin reported by Okotie and Moore12 and Moore, 
Loftin.10 

4. Coal failure in different stress regimes 

The developed methodology is applied in three different stress re-
gimes to investigate the coal failure in CSG reservoirs. Table 3 presents 
the typical input data used for the analysis of coal failure in normal, 
strike-slip and reverse faulting stress regimes. 

4.1. Normal faulting stress regime 

Fig. 8 indicates the results of the coal failure model in a normal stress 
regime. The results indicate that the MCFDP in an early stage of pro-
duction for a vertical well in this stress regime is 1025 psi (Fig. 8a). 
However, for a horizontal well drilled in the direction of maximum 

Fig. 6. The MCFDP in San Juan Basin with depletion ¼ 400 psi.  

Fig. 7. The MCFDP in San Juan Basin with depletion ¼ 1000 psi.  

Table 3 
Input data for coal failure analysis in three different in situ stress regimes.  

Stress Regime Sv psi/ft SH psi/ft Sh psi/ft Po psi/ft Depth ft C psi Φ degree ν β E psi Pε psi  εl  

NF 1 0.8 0.7 0.46 3000 700 32 0.35 0.8 420609 625.1 0.0127 
SS 1 1.1 0.9 0.46 3000 700 32 0.35 0.8 420609 625.1 0.0127 
RF 1 1.3 1.1 0.46 3000 700 32 0.35 0.8 420609 625.1 0.0127  

Fig. 8. The MCFDP for different azimuth and inclination in a normal faulting 
stress regime a) at the early stage of production with no pressure depletion b) 
with depletion ¼ 400 psi. 
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horizontal stress, the MCFDP decreases to 465 psi. It is shown that in this 
case, a vertical producing well is less susceptible to coal failure and coal 
production than a horizontal well or any deviated wellbores. This figure 
also indicates that producing from the wells in direction of the minimum 
horizontal stress (azimuth ¼ 90�), leads the maximum MCFDP and it is 
the best drilling trajectory for deviated wells. Fig. 8. b shows MCFDP 
when the reservoir has been depleted by 400 psi and the effect of 
depletion and desorption on coal failure have been considered. It shows 
that as the reservoir is depleted by 400 psi, the producing horizontal 
wells and highly deviated wells are not stable anymore in any direction 
and they can produce coal particles as a result of rock failure with 
pressure depletion. In addition, the results indicate that for vertical wells 
the MCFDP will decrease to 715 psi which in comparison with no 
depletion and desorption is 410 psi less. This means that in order to 
prevent coal failure, the production constraint should change through 
the life of the CSG reservoir and the bottom hole flowing pressure should 
be adjusted to avoid coal failure. 

Fig. 9 shows the effect of depletion on coal failure in CSG reservoirs 
for depletion values from 0 to 800 psi. The depicted values represent 
producing wells with different inclinations drilled parallel to the direc-
tion of maximum horizontal stress. As this figure shows, depletion and 
induced matrix shrinkage make the coal more susceptible to failure and 
as the depletion increases the MCFDP decreases. The effect of depletion 
and desorption on MCFDP for horizontal and highly deviated wellbores 
is more than vertical wells. It’s because of that when the well is drilled 
horizontal or highly deviated parallel to maximum horizontal stress, the 
stress on the wellbore plane are vertical and minimum horizontal 
stresses, and based on uniaxial strain condition there are different 
changes in these two stresses during depletion. In a normal faulting 
stress regime, the vertical stress is the maximum principal stress and the 
minimum horizontal stress is the least principal stress, and as the pres-
sure depletion and shrinkage lead to the reduction of effective horizontal 
stress, the difference between the stresses will increase by production. 
However, for a vertical wellbore, both applied stresses on the plane of 
the wellbore are horizontal stresses which have the same level of 
changes with pressure depletion and desorption. As Fig. 9 indicates, 
because of the shrinkage effect, the stress path value is not constant and 
it increases from 0.84 to 1.08 with depletion. However, for conventional 
reservoirs, as there is no shrinkage, there would be just a poromechan-
ical effect and the stress path value remains constant and equal to 0.37 in 
this case. 

4.2. Strike-slip faulting stress regime 

Fig. 10 shows the effective stresses change in a strike-slip stress 
regime by depletion and desorption. During the early stage of produc-
tion, the vertical stress is the intermediate stress and the maximum 
horizontal stress is the maximum in situ stress. By production from the 
CSG reservoir, the pressure depletion, desorption and matrix shrinkage 
effect lead the effective horizontal stresses to decrease, whilst the ver-
tical effective stress will increase. It means that at a particular reservoir 
pressure level (here around 400 psi depletion), the in situ stress regime 
will change from strike-slip to normal stress regime. As Fig. 10. b shows, 
these stress changes may result in coal failure. It should be noticed that 
only the field scale stress changes have been considered in the depicted 
failure envelope in this figure and the effect of near-wellbore stress 
changes has not been taken into account. The effect of stress distribution 
around the wellbore has been considered in the developed analytical 
model and the results of MCFDP coal failure in a strike-slip regime have 
been depicted in Fig. 11. In comparison with the normal stress regime 
case showed in the previous section, the MCFDP values are lower in the 
strike-slip regime and the wells are more susceptible to failure. Fig. 11. a 
shows that in the strike-slip regime, the horizontal and near horizontal 
wells are less susceptible to failure than the vertical boreholes and a 
horizontal well drilled in direction of the maximum horizontal stress 
would be the most stable wells. In this case, coal failure will start if the 
drawdown is more than 670 psi. Contrary to the normal faulting stress 
regime, for wells drilled in direction of the minimum horizontal stress, 

Fig. 9. The effect of depletion and desorption on MCFDP in a normal faulting 
stress regime, for wells drilled in the direction of maximum horizontal stress. 

Fig. 10. a) The effect of depletion and desorption on effective stress, and b) 
Schematic of the coal failure in a strike-slip faulting stress regime dur-
ing production. 
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the MCFDP is not too sensitive to inclination in this case. However, for 
wells in direction of the maximum horizontal stress, the MCFDP will 
change with the inclination. 

The effects of pressure depletion and desorption on coal failure in a 
strike-slip stress regime are shown in Fig. 11. b. It is shown that the 
MCFDP will decrease as the reservoir is depleted and shrinkage occurs. 
Moreover, the consequent stress regime’s change from strike-slip to 
normal with depletion and its associated shrinkage will affect the 
MCFDP trend. For example, a horizontal well in direction of the 
maximum horizontal stress (Azimuth ¼ 0�) is very susceptible to coal 
failure and coal fine production. As Fig. 11. b exhibits after 400 psi 
depletion, wells in direction of the minimum horizontal stress (azimuth 
¼ 90�) will become more stable, whilst this direction was the worst case 
in the early stage of production. This figure also indicates that after 400 
psi depletion, the stable production with no coal failure is still reachable 
for different wells with any combination of inclination and azimuth, 
which wasn’t possible in the case of normal faulting stress regime in 
spite of the fact that MCFDP at initial stage of production in the normal 
stress regime were higher than the strike-slip stress regime. 

4.3. Reverse faulting stress regime 

The final case is the coal failure analysis of wells in a reverse faulting 
stress regime. Fig. 12.a shows the effective stresses profile change during 
depletion. At the early stage of production with no pressure depletion, 

the vertical stress is the least principal stress, however, with depletion 
the effective horizontal stresses increase, whilst the effective vertical 
stress will increase because the shrinkage term of stress will outweigh 
the poromechanical term. After an approximately 300 psi pressure 
depletion, the stress regime changes from reverse to strike-slip and with 
continuing production, the stress regime becomes normal stress regime 
at reservoir pressure of 600 psi. Fig. 12.b shows the effect of this stress 
change on coal failure in field scale. Similar to the strike-slip stress 
regime case showed in the previous section, failure becomes more sus-
ceptible by production from CSG reservoirs and the stress change with 
depletion could be accompanied by coal failure. 

Fig. 13.a shows the 3D plot of coal failure analysis in a reverse stress 
regime at the early stage of production. Same as the strike-slip regime 
case, horizontal wells in the direction of maximum horizontal stress are 
the most stable while vertical wells are the least stable and most sus-
ceptible to coal failure and coal production at the early stage of pro-
duction. Fig. 13. b shows that by depleting the reservoir by 600 psi the 
stress regime changes to normal faulting and the MCFDP values decrease 
significantly. In this case, like the strike-slip regime case, the most stable 
well trajectory will change with depletion as the stress regime changes. 

Fig. 14 shows the change of MCFDP with pressure depletion from 0 to 
800 psi in a reverse stress regime. The depicted values represent wells 
drilled parallel to the direction of minimum horizontal stress. Like the 
normal faulting stress regime case, pressure depletion and induced 
matrix shrinkage increase the risk of coal failure and with depletion 
increases the MCFDP decreases. In contrast to the normal stress regime, 
in this case, the effect of depletion and desorption on MCFDP for vertical 
wellbores is more than highly deviated and horizontal wells. If there is 

Fig. 11. The MCFDP for different azimuth and inclination in a strike-slip 
faulting stress regime a) at the early stage of production b) with depletion ¼
400 psi. 

Fig. 12. a) The effect of depletion and desorption on effective stress, and b) 
Schematic of coal failure during production in a reverse faulting stress regime. 
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no desorption during depletion (like conventional reservoirs), the effect 
of production on failure drawdown would be almost the same for any 
combination of inclination and azimuth. In this stress regime case also 
the stress path value is changing and it increases from 0.84 to 1.08 by 
increasing depletion, whereas the stress path due to the poromechanical 
effect will be constant (0.37) during depletion. 

5. Conclusions 

This study presented an analytical model for coal failure prediction 
in CSG reservoirs in different in situ stress regimes by applying the Mogi- 
Coulomb failure criterion. The developed model enables quantitative 
estimation of maximum coal free drawdown pressure in different pres-
sure conditions. It considers the combined effects of matrix shrinkage, 
pressure depletion, initial in situ stress and wellbore trajectory on stress 
distribution around the wellbore simultaneously. The model prediction 
is consistent with the coal fines production from the San Juan Basin. The 
matrix shrinkage causes the greater stress path in CSG reservoirs than 
the conventional reservoirs with depletion. Thus, the new stress distri-
bution around the wellbore may result in the reduction of Maximum 
Coal Free Drawdown Pressure and leads to coal failure with depletion. 

The effect of depletion on MCFDP for horizontal and highly deviated 
wellbores is more than vertical wells in a normal faulting stress regime. 
It has been concluded that the wells in a strike-slip stress regime are 
more susceptible to failure compared to the normal fault regime. 
Moreover, horizontal and deviated wells are less prone to coal failure 
than vertical wells in strike-slip stress regime. In this case, depletion 
could change the in situ stress regime from strike-slip to normal stress 
regime. This stress change makes coal more susceptible to failure. 

In a reverse faulting stress regime, horizontal wells in direction of 
maximum horizontal stress are the most stable and least susceptible to 
coal failure at the early stage of production. However, with pressure 
depletion and the change of stress regime to normal fault regime, the 
optimum production trajectory will change and deviated wells in min-
imum horizontal stress direction will be less susceptible to coal failure. 
In contrary to the normal fault stress regime, in a reverse fault regime, 
the influence of depletion on MCFDP for vertical wells is more than 
horizontal and highly deviated wellbores. 
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A B S T R A C T   

Coal matrix is subjected to shrinkage as a result of gas desorption. This can contribute to the stress distribution 
changes around the wellbore during the exploitation of Coal Seam Gas (CSG) resources. The knowledge of these 
stresses is essential for coal shear failure prediction and assessing coal fines production risks, particularly in 
horizontal wells which nowadays are becoming common in CSG fields. 

This study introduces an analytical model to estimate the stress distribution around the wellbore by coupling 
the effects of depletion, matrix shrinkage, and wellbore trajectory. The model is applied for coal failure analysis 
in both vertical and horizontal wells in Moranbah Coal Measures, in the Bowen Basin eastern Australia. The 
results reveal that the stress path value in CSG reservoirs, is not constant during production and it can even be 
more than one due to the matrix shrinkage. The shrinkage effect can significantly alter the effective horizontal 
stresses which accordingly can cause a considerable change to the near-wellbore stress distribution. It is shown 
that the stress differential may increase or decrease, depending on shrinkage/swelling magnitude and wellbore 
trajectory. In a normal fault stress regime, the matrix shrinkage decreases stress differential on the wellbore wall 
in vertical wells and consequently, reduces the coal failure potentials. However, in highly deviated and hori-
zontal wells, the matrix shrinkage causes an extra increase of the tangential stress and reduction of radial stress 
on the wellbore wall (i.e., greater stress differentials on the wellbore wall). This increases the coal failure risks 
with depletion. The model was verified versus the observed coal failure pressure in the San Juan Basin, USA.   

1. Introduction 

During the past decades, CSG or Coal Bed Methane (CBM) reservoirs 
have increasingly become an important part of natural gas resources. 
Particularly in eastern Australia, CSG is the main part of the gas industry 
where 97 percent of produced CSG of Australia is coming from Bowen 
and Surat basins in Queensland and the remainder from New South 
Wales (GA and BREE, 2012). 

Coals are typically weak rocks and preventing coal failure during 
production, particularly in horizontal wells is a challenging task (Espi-
noza et al., 2015b; Moore et al., 2011; Yang et al., 2014; Lu and Connell, 
2016). Some of the recently drilled horizontal wells in the Moranbah 
Coal Measures, Bowen Basin have experienced unexpected solid pro-
duction during production from coal layers (Puspitasari et al., 2014; 
Mazumder et al., 2012; Alboub et al., 2013) and rock failure problems 
could become more pervasive with further depletion. Coal failure has 

several detrimental consequences and it causes damage to pumps, 
tubing, surface facilities, and compressors. A comprehensive stress 
model is necessary for the accurate prediction of coal failure in the 
horizontal wells. 

Associated matrix shrinkage with methane desorption results in a 
unique stress path, and contrary to conventional reservoirs, its value will 
change during depletion. This originates the changes of tangential, axial 
and radial stresses near the producing wells and within the coal seams. 
The effect of depletion on stress distribution around the wellbore in 
conventional reservoirs has been extensively studied in the literature (Li 
and Gray, 2015; Tohidi et al., 2018; Gao and Gray, 2019; Rafieepour 
et al., 2017; Davison et al., 2016; Behnoud far et al., 2016; Zare et al., 
2010). Palmer et al. (2005) studied coal failure during the life of CSG 
well, but they utilized the conventional stress modelling and they did 
not consider the effect of matrix shrinkage. However, there are few 
studies that consider the effect of depletion and consequent matrix 
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shrinkage. Cui et al. (2007) developed an analytical model for stress 
distribution around a vertical CSG well by considering the impacts of 
adsorption-induced swelling. Masoudian and Hashemi (2016) consid-
ered elastoplastic formation around an axisymmetric CSG vertical well 
to develop an analytical model for stress distribution. Lu and Connell 
(2016) presented the reservoir-scale coal failure during production from 
CSG by considering the effect of desorption on stress distribution. In 
their study, they did not take into account the effect of the wellbore 
trajectory on stress redistribution around the wellbore. 

Previously developed analytical models for CSG wells were mainly 
focused on vertical wells and they do not consider the effect of wellbore 
trajectory, pressure distribution and matrix shrinkage on the stress dis-
tribution at the same time. Therefore, these models cannot be applied to 
the deviated or horizontal wells. In this study, an analytical model is 
developed to evaluate the stress distribution around both vertical and 

horizontal wells by including pressure depletion and matrix shrinkage 
effects. The developed stress model is then used to assess the coal failure 
in both vertical and horizontal wells in the Bowen Basin. 

2. Stress path in conventional reservoirs 

Uniaxial strain conditions and constant vertical stress are widely 
used to determine the change in original stresses during depletion in 
conventional reservoirs. The stress path is defined as the following:  

ΔσH

ΔP
¼

Δσh

ΔP
¼ β

1 � 2ν
1 � ν (1)  

Δσ0H
ΔP
¼

Δσ0h
ΔP
¼ � β

ν
1 � ν (2)  

Where σH and σh are the total maximum and minimum horizontal stress 
respectively in MPa, P is pore pressure in MPa, β is Biot’s coefficient and 
ν is Poisson’s ratio, ʹ and Δ indicate effective stress and incremental 
values respectively. Since the Poisson’s ratio is always less than 0.5, the 
stress path based on equation (1), will be less than one. Therefore, the 
reservoir depletion is expected to be accompanied by a linear reduction 
of both total horizontal stresses, i.e., the increase of the effective hori-
zontal stresses. This has been confirmed by field observations in various 
conventional reservoirs worldwide (Zoback and Zinke, 2002; Addis, 
1997; Teufel et al., 1991). Fig. 1 shows the observed changes of total 
horizontal stress by pore pressure depletion in the Ekofisk and Valhall 
field in the North Sea respectively. It indicates that the stress path is 
constant during depletion and the total horizontal stress decreases lin-
early during production. However, the stress path in CSG reservoirs is 
different from conventional reservoirs which is derived in the next 
section (equations (17) and (18)). 

3. Stress modelling 

To evaluate stress distribution around deviated or horizontal wells 
with anisotropic horizontal stresses, general poroelastic solution with 
varying pore pressure is considered. Given the fact that the radius of the 
reservoir is much larger than wellbore radius (Rο≫ Rw), the resulting 
radial, tangential and axial stress components are as follows (Fjær et al., 
2008): 

Fig. 1. Total horizontal stress path with depletion in conventional reservoirs. Data points in (a) from (Teufel et al., 1991) and data points in (b) from (Zoback and 
Zinke, 2002). 

Fig. 2. Location of the Permo-Triassic Bowen Basin, eastern Australia.  
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σο
x ¼

�
σHcos2αþ σhsin2 α

�
cos2iþ σvsin2i

σο
y ¼ σHsin2αþ σhcos2α

σο
z ¼

�
σHcos2αþ σhsin2α

�
sin2iþ σvcos2i

το
xy ¼ 0:5ðσh � σHÞsin 2 α cos i

(6)  

And η ¼ βð1� 2υÞ
2ð1� υÞ . 

Where σr is radial stress in psi, σθ is tangential stress in psi, σz is axial 
stress in psi, Rw is wellbore radius, r is the radial distance from the 
wellbore in feet, θ is the angular position around the wellbore in degree, 
pw is bottom-hole pressure in psi, i is wellbore inclination in degree, α is 
wellbore azimuth respect to the maximum principal horizontal stress 
direction, σv is total vertical stress in psi. 

Based on the assumption of steady state flow equation, the pore 
pressure profile in equations (3)–(5) is derived (Cui et al., 2007): 

Δpf ðrÞ¼ pf ðrÞ � pf 0 (7)  
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(9)  

Where pfo is initial reservoir pressure in psi, Ro is Reservoir radius in feet. 
By substitution of equation (9) into equations (3)–(5), the stress 

distribution is:   
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Equations (10)–(12) indicate that the stresses around the wellbore 
and in the reservoir are related to in-situ stresses, wellbore and reservoir 
radius, pore pressure profile, elastic properties of rock and wellbore 
trajectory. The experimental studies (Saurabh and Harpalani, 2018, 
Espinoza et al., 2015b, a, Liu and Harpalani, 2014, Mitra et al., 2012, 
Saurabh et al., 2016, Liu et al., 2020) have shown that the conventional 
stress path equations (equations (1) and (2)) cannot explain the 
observed situation in CSG, and because of the matrix shrinkage, the 
stress path values is not constant, and it can be greater than one. The 
effective horizontal stress change during depletion and methane 
desorption can be determined using a linear elasticity model developed 
by Shi and Durucan (2004):  

σ0ij¼ 2Gεij þ λεδij þ kεsδij (13)  

Where σ0ij is effective stress, G is shear modulus, εij is Incremental strain, 
δij is Kronecker delta, and εs is incremental volumetric shrinkage strain. 

In term of total stress, it is as equation (14)–(16): 

σij¼ 2Gεij þ λεδij þ kεsδij þ βpδij (14)  

ε¼ εx þ εy þ εz; εs ¼ εl
p

pþ pε
(15)  

G¼
E

2ð1þ νÞ; λ¼
Eν

ð1þ νÞð1 � 2νÞ; k¼
E

3ð1 � 2νÞ (16)  

Where εl is Langmuir shrinkage strain, ps is Langmuir pressure in psi, 
and E is Modulus of elasticity in psi. 

Table 1 
Input parameters for stress distribution in MCM, Bowen Basin.  

Parameters Symbol Value Reference 

Vertical stress gradient Sv (psi/ft) 1.014 Alboub et al. (2013) 
Maximum horizontal stress 

gradient 
SH (psi/ft) 0.959 Alboub et al. (2013) 

Minimum horizontal stress 
gradient 

Sh (psi/ft) 0.817 Alboub et al. (2013) 

Pore pressure gradient Po (psi/ft) 0.45 Alboub et al. (2013) 
Depth D (ft) 1758 Alboub et al. (2013) 
Cohesion C (psi) 536.6 Alboub et al. (2013) 
Friction angle φ(degree) 29.4 Alboub et al. (2013) 
Langmuir pressure PεðpsiÞ 885 Connell et al. (2016) 
Maximum swelling strain εl  0.0138 Connell et al. (2016) 
Young’s modulus E (psi) 389,000 Alboub et al. (2013) 
Poisson’s ratio ν 0.326 Alboub et al. (2013) 
Biot’s coefficient β 0.8 – 
Wellbore radius Rw (ft) 0.333 Puspitasari et al. 

(2014) 
Outer radius Ro (ft) 333 –  
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By considering uniaxial strain condition and fitting the matrix 
shrinkage strain to the Langmuir type curves, the total horizontal stress 
and effective horizontal stress will be as follows:  

ΔσH ¼Δσh¼
1 � 2υ
1 � υ Δpþ

E
3ð1 � υÞεl

 
p

pþ pε
�

pfo

pfo þ pε

!

(17)  

Δσ0H ¼Δσ0h¼
� υ

1 � υΔpþ
E

3ð1 � υÞεl

 
p

pþ pε
�

pfo

pfo þ pε

!

(18) 

New horizontal stresses from equation (17), are substituted into 
equation (6) to calculate the stress distribution near the CSG wellbore. 
To evaluate the coal failure potential, the principal stresses on the 
wellbore wall are calculated and then a failure criterion is applied. The 
Mogi-Coulomb criterion showed a better prediction of rock failure than 
the conventional Mohr-Coulomb criterion (Al-Ajmi and Zimmerman, 
2006; Kaffash and Zare-Reisabadi, 2013). Therefore, it is used to analyze 
coal failure which is as follows: 

τmogi ¼ aþ b
σ1 þ σ3

2
� βpw

a ¼
2
ffiffiffi
2
p

C cos φ
3

; b ¼
2
ffiffiffi
2
p

sin φ
3

τoct ¼
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðσ2 � σ3Þ
2
þ ðσ3 � σ1Þ

2
þ ðσ1 � σ2Þ

2
q

(19)  

Where ϕ is friction angle in degree, and C is cohesion in psi. 

4. Study area: Bowen Basin 

The Bowen Basin is a north-south trending Permo-Triassic basin in 
east-central Queensland and northern New South Wales, Australia 
(Fig. 2). It covers an area of approximately 200,000 km2 contains up to 
10 km of variably deformed shallow marine and fluvio-deltaic silici-
clastic sedimentary rocks, which are unconformably overlain in the 
south by relatively flat-lying Jurassic and Cretaceous rocks of the Surat 
Basin (Pattison et al., 1996; Alboub et al., 2013). 

The Blackwater Group in the northern Bowen Basin is the most 

Fig. 4. Total stress changes during depletion in MCM, Bowen Basin. a) Conventional stress path with no matrix shrinkage effect, b) Stress path with matrix 
shrinkage effect. 

Fig. 3. Stratigraphic framework of Blackwater Group (shaded in gray) and associated formations, modified after Michaelsen and Henderson (2000).  
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prolific coal-bearing unit and consists, Moranbah Coal Measures, Fort 
Cooper Coal Measures and Rangal Coal Measures (Fig. 3). The focus of 
this study is in the Moranbah Coal Measures (MCM) which is located 
approximately 400 km south of Townsville and 170 km west of Mackay 
and includes the most extensive coal measure in this area. The MCM 
comprises multiple coal layers of Q, P, GM and GML which are placed 
between sandstone layers. The seams thickness generally ranges from 2 
to 10 m with an accumulative thickness of up to 25 m. The seams depth 
ranging from 100 to 700 m, hydrostatically pressured, and average gas 
saturation of 75% and permeability range of 0.01–1 mD (Mazumder 
et al., 2012; Alboub et al., 2013; Michaelsen and Henderson, 2000). 

5. Results and discussion 

5.1. Input data and stress path in MCM 

Table 1 shows the input parameters are used to evaluate the stresses 
distribution around the vertical and horizontal wellbores in MCM of 
Bowen Basin. 

Fig. 4 shows the stress path in MCM, Bowen Basin using input data in 
Table 1 for both cases of with and without matrix shrinkage effect. 
Fig. 4a shows the conventional stress path, where the poromechanical 
effect is the only affecting parameter and the effect of matrix shrinkage 
is not considered. Thereby, the stress path factor is constant and equal to 
0.41 regardless of the depletion level. Based on uniaxial strain condition 
and constant vertical stress, the overburden stress is assumed not to 
change with depletion. However, both total maximum and minimum 

horizontal stresses are decreasing at a constant rate. Fig. 4b illustrates 
the stress path by including the methane desorption effect. As this figure 
shows, the matrix shrinkage effect will increase the stress path value 
with a nonlinear profile and it causes the stress path to change with 
depletion rather than being a constant value like conventional 
reservoirs. 

5.2. Vertical well 

The stress distribution near the vertical well and in the reservoir are 
evaluated using equations (10)–(16). The poroelastic stress distribution 
for a vertical well at the initial stage of production with no depletion is 
shown in Fig. 5. The radial stress at the angular position of θ equal to 90�
is the minimum where the tangential and axial stresses will reach their 
maximum value (maximum differential stress). The radial stress is the 
minimum on the wellbore wall, and it increases in the reservoir, whereas 
the tangential stress is decreasing from its peak on the wellbore toward 
the reservoir. The effect of depletion and matrix shrinkage on tangential 
and radial stresses at an angular position of θ equal to 90� is discussed 
here as the differential stress is at its maximum level and hence the 
highest possibility of coal failure. 

Fig. 6 shows the effect of matrix shrinkage on radial stress near the 
wellbore wall and in the seam layer for a vertical well. The reservoir 
pressure reduces from its initial value (~800 psia) during production. 
Fig. 6a shows the radial stress distribution far from the wellbore where 
the matrix shrinkage is not considered and a constant stress path is 
assumed, whereas Fig. 6b shows the stress distribution far from the 

Fig. 5. Stress distribution in a vertical well with no depletion for MCM, Bowen Basin, a) Radial stress, b) Tangential stress, c) Axial stress, d) all stress at θ ¼ 90�.  
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Fig. 7. Tangential stress distribution for a vertical well in MCM, a) in the reservoir and without the shrinkage effect, b) in the reservoir and with the shrinkage effect, 
c) near the wellbore wall and without the shrinkage, d) near the wellbore wall with the shrinkage effect. 

Fig. 6. Radial stress distribution for a vertical well in MCM, a) in the reservoir without the shrinkage effect, b) in the reservoir with the shrinkage effect, c) near the 
wellbore wall without the shrinkage d) near the wellbore wall with the shrinkage effect. 

M.Z. Reisabadi et al.                                                                                                                                                                                                                           



Journal of Natural Gas Science and Engineering 77 (2020) 103280

7

wellbore by considering the matrix shrinkage effect. The radial stresses 
near the wellbore wall without and with shrinkage effect are shown in 
Fig. 6c and d respectively. In general, the radial stress in a vertical well 
will decrease during depletion which is consistent with the Masoudian 
and Hashemi (2016) study. However, the matrix shrinkage and the 
nonlinear stress path in coal seam gas result in more reduction of radial 
stress during depletion in the reservoir away from the borehole wall and 
into the reservoir. It is exactly at the wellbore wall r ¼ Rw and 
substituting this in equation (10) gives radial stress equal to the 
bottom-hole flowing pressure. Therefore, as Fig. 6 indicates the radial 
stress values at the wellbore wall for both conventional and unconven-
tional cases are the same and the matrix shrinkage does not affect them. 

The tangential stress distribution in the reservoir and near a vertical 
wellbore wall in MCM is shown in Fig. 7. The tangential stress in the 
conventional reservoir without matrix shrinkage effect does not change 
significantly during depletion (Fig. 7a), while the matrix shrinkage ef-
fect and the resulting variable stress path cause a significant decrease of 
tangential stress by production (Fig. 7b). The effects of depletion and 
matrix shrinkage on tangential stress near the vertical wellbore wall are 
shown in Fig. 7c and d respectively. Fig. 7c shows that tangential stress 
will increase slightly during depletion in a conventional case, whilst 
Fig. 7d shows that considering the matrix shrinkage effect causes a 
reduction of the tangential stress during depletion. Therefore, there will 
be less stress differential on a vertical well wall for a CSG reservoir 
where the shrinkage effect is considered. In this case, the matrix 
shrinkage lowers the risk of coal failure and assists the wellbore wall 
stability. This is consistent with the field operation observations in 
MCM, Bowen Basin by Puspitasari et al. (2014) and Alboub et al. (2013), 
where there is no serious coal failure in vertical wells, whereas the coal 
failure and solids production could be a concern for horizontal wells 
which is discussed in next section. 

5.3. Horizontal well 

For a horizontal well, the radial stress distribution around the well-
bore and in the reservoir is shown in Fig. 8. The radial stress similar to 
vertical wells is decreasing by production for both scenarios of with and 
without shrinkage. It is clear from Fig. 8b and d that the matrix 
shrinkage reduces the radial stress near the wellbore and in the reservoir 
significantly. However, the effect of matrix shrinkage on the radial stress 
inside the reservoir is more significant than on the wellbore wall. 

The change of tangential stress during depletion for a horizontal well 
is different from a vertical well. Fig. 9a and Fig. 9b show the tangential 
stress distribution inside the reservoir without and with matrix 
shrinkage effect respectively. The tangential stress without matrix 
shrinkage effect does not change significantly during production, how-
ever, the matrix shrinkage effect causes the reduction of tangential stress 
inside the reservoir (Fig. 9b). Considering the near wellbore wall stress, 
the tangential stress during production increases in both scenarios with 
and without matrix shrinkage. However, the matrix shrinkage causes 
more increase in the tangential stress in comparison with the conven-
tional case. 

The deviatoric stress values on the wellbore wall (r/rw ¼ 1) versus 
depletion are shown in Fig. 10 for the vertical and horizontal wells 
respectively. Fig. 10a shows the deviatoric stress will increase by 
depletion for a vertical well in the conventional reservoirs with no 
matrix shrinkage. However, the matrix shrinkage effect causes the 
reduction of deviatoric stress for vertical CSG well. Conversely, in a 
horizontal well, the matrix shrinkage results in higher deviatoric stress 
and hence a higher risk of coal failure with depletion (Fig. 10b). 

5.4. Coal failure 

The principal stresses acting on the wellbore wall and the Mogi- 

Fig. 8. Radial stress distribution for a horizontal well in MCM, a) in the reservoir without the shrinkage effect, b) in the reservoir with the shrinkage effect, c) near 
the wellbore wall without the shrinkage d) near the wellbore wall with the shrinkage effect. 
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Coulomb failure criterion are utilized to calculate the Maximum Coal 
Free Drawdown Pressure (MCFDP). Equations (10)–(12) indicate that 
the stresses are related to the bottom hole flowing pressure and reservoir 
pressure. In every step of depletion and for a specific wellbore trajectory, 
the model will calculate the Critical Bottom Hole Flowing Pressure 
(CBHFP) by having stress around the wellbore and utilizing Mogi- 
Coulomb failure criterion. The CBHFP is the bottom hole pressure 
which satisfies τoct > τmogi in equation (19). In this situation, the 
applied stress is more than the rock strength and accordingly the coal 
failure occurs (see Zare-Reisabadi et al. (2012) and Zare Reisabadi et al. 
(2020) for details). MCFDP is the difference between reservoir pressure 
and CBHFP. 

Fig. 11a shows the coal failure analysis without considering the 

matrix shrinkage effect in MCM with a normal faulting stress regime. 
The higher values of MCFDP represent a more stable case as the rock 
fails later and allows applying greater drawdown pressure without 
failure. Fig. 11a indicates that for the case without the matrix shrinkage, 
the effect of depletion on MCFDP is fairly the same for vertical and 
horizontal wells. The higher depletion causes higher coal failure po-
tential, which is consistent with previous studies for sand production in 
conventional reservoirs (Zare-Reisabadi et al., 2012; Kaffash and 
Zare-Reisabadi, 2013). Fig. 11b shows the MCFDP during depletion for 
different well inclinations by considering the matrix shrinkage effect. It 
indicates that the MCFDP for a horizontal well will significantly 
decrease during depletion, whereas there is a slight change in a vertical 
well. 

Fig. 9. Tangential stress distribution for a horizontal well in MCM, a) in the reservoir without the shrinkage effect, b) with shrinkage effect in the reservoir, c) near 
the wellbore wall without the shrinkage d) near the wellbore wall with the shrinkage effect. 

Fig. 10. Deviatoric stress on the wellbore wall in MCM, a) Vertica well, b) Horizontal well.  
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Fig. 12 shows the effect of matrix shrinkage on MCFDP in MCM, 
Bowen Basin after 300 psi depletion from its initial reservoir pressure. It 
indicates that in a vertical wellbore, the resultant matrix shrinkage 
makes the wellbore stable and increases the MCFDP from 250 psi to 430 
psi. It is concluded that in a vertical well, the matrix shrinkage effect will 
lower the coal failure potential during production. However, for the 
highly deviated or horizontal wells, the effect of matrix shrinkage is 
different. The matrix shrinkage can cause inevitable coal failure and coal 

production for a horizontal well by 300 psi pressure drop from the initial 
reservoir pressure. This outcome is consistent with coal failure and 
solids production in recently drilled horizontal wells in the Bowen Basin 
(Puspitasari et al., 2014). It should be noted that the results shown in 
this paper are valid for a normal stress regime only. 

6. Model verification, limitations, and future work 

The coal failure situation in Fruitland coal formation of the San Juan 
Basin is utilized to validate the model. The vertical wells were producing 
for more than 15 years without serious coal failure problem, but as the 
reservoir pressure reduces to 300-250 psi (960–1010 psi depletion) from 
its original reservoir pressure of 1260 psi, the coal failure became a 
serious challenge (Moore et al., 2011; Okotie and Moore, 2011). The 
input data in Table 2 were utilized to evaluate coal failure in the San 
Juan Basin. It should be noted the values in Table 2 are averaged over 
different measurements in the literature. Fig. 13 shows the MCFDP 
versus depletion for the vertical wells in the San Juan Basin. It indicates 
that as long as the depletion is less than 1000 psi, methane can produce 
without coal failure (if the applied drawdown pressure is less than 
calculated MCFDP). However, beyond 1000 psi depletion, there is no 
applicable drawdown pressure to avoid coal failure which is in agree-
ment with field observation by Okotie and Moore (2011) and Moore 
et al. (2011). 

Fig. 11. Coal failure analysis in MCM, a) without matrix shrinkage effect, b) with matrix shrinkage effect.  

Fig. 12. The effect of matrix shrinkage on coal failure for different inclinations.  

Table 2 
Parameters for coal failure analysis in the San Juan Basin.  

Parameter Value Source 

Sv (psi) 2800 (Palmer, 2009; Shovkun and Espinoza, 2017) 
SH (psi) 2464 Shovkun and Espinoza (2017) 
Sh (psi) 1960 (Palmer, 2009; Ramurthy et al., 1999) 
Po (psi) 1260 (Shi and Durucan, 2004; Palmer, 2009) 
C (psi) 500 Saurabh and Harpalani (2017) 
φ(degree) 38 Saurabh and Harpalani (2017) 
PεðpsiÞ 560 (Shi and Durucan, 2004; Palmer, 2009) 
εl  0.0083 (Shi and Durucan, 2004; Palmer, 2009) 
E (psi) 406,105 (Shi and Durucan, 2004; Palmer, 2009; Liu and Harpalani, 

2013) 
N 0.31 (Shi and Durucan, 2004; Palmer, 2009; Liu and Harpalani, 

2013) 
В 0.8 Shovkun and Espinoza (2017)  

Fig. 13. Coal failure analysis in the San Juan Basin.  
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The presented model utilizes the general poroelastic solution which 
enables stress distribution evaluation for deviated and horizontal wells. 
However, other constitutive models such as elastoplastic, elastic-brittle- 
plastic, and elastic softening models are developed for vertical wells and 
cannot predict the coal failure in deviated and horizontal wells (Lv et al., 
2018; Masoudian, 2018; Li et al., 2015). The proposed model in this 
study does not consider the effect of the cleat system on the stress path 
for simplicity, which is an important research topic for further investi-
gation. However, it is quite clear that depletion causes the reduction of 
effective stress and consequently will increase the cleat aperture and 
permeability (Saurabh and Harpalani, 2018; Palmer, 2009). The other 
limitation of the model is about the anisotropy as the model assumes the 
isotropic rock properties and isotropic matrix shrinkage for simplicity. 

7. Conclusions 

A stress model is developed to investigate the impact of matrix 
shrinkage on stress distribution around the vertical and horizontal CSG 
wells during primary production. Based on the developed model, the 
following conclusions can be drawn:  

� For a vertical well, the radial stress decreases during depletion and 
the matrix shrinkage leads to more reduction of radial stress.  
� The matrix shrinkage causes the reduction of tangential stress near 

the vertical wellbore wall (unlike the conventional reservoirs). 
Therefore, there will be less stress differential on the wellbore wall 
for a CSG reservoir than a case without the matrix shrinkage.  
� In a horizontal well, the radial stress decreases during production 

irrespective of matrix shrinkage; however, the reduction of radial 
stress is more significant if the matrix shrinkage effect is considered.  
� For a horizontal well, the matrix shrinkage will cause an increase of 

the near wellbore wall tangential stress. The increase of tangential 
stress and reduction of radial stress near the CSG’s horizontal well-
bore wall result in more deviatoric stress compare to the conven-
tional case.  
� In a vertical wellbore, the matrix shrinkage help the stability of 

wellbore during depletion (which is not the case if consider the 
matrix shrinkage). Conversely, for a horizontal wellbore or a highly 
deviated well, the matrix shrinkage will cause the reduction of 
MCFDP during depletion, hence a higher risk of coal failure. 
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Abstract
Coal Seam Gas (CSG) has increasingly become an important part of natural gas resources for both domestic
use and LNG export in Eastern Australia. The matrix shrinkage during primary production results in a
unique stress path and new near-wellbore stress distribution in CSG reservoirs. The knowledge of these
stresses is essential for coal shear failure prediction and assessing coal fines production risks, particularly in
horizontal wells which nowadays are becoming common in Australian CSG fields such as the Bowen Basin.

In this study, an analytical model is developed to evaluate the stress distribution around both vertical and
horizontal wells by coupling the effects of depletion, matrix shrinkage, and wellbore trajectory. Then, the
model is applied for coal failure analysis in both vertical and horizontal wells in Moranbah Coal Measures,
in the Bowen Basin eastern Australia.

The results of the model reveal that the stress path factor in CSG reservoirs, contrary to conventional
reservoirs, is not constant during production and it can even be more than one due to the matrix shrinkage
effect of coal seams with depletion. Production from these reservoirs will significantly alter the effective
horizontal stresses which result in a considerable change to the near-wellbore stress distribution. The results
also indicate that in a normal faulting stress regime, the matrix shrinkage will cause less stress differential
on the wellbore wall for vertical wells and it is found that this mechanism reduces the coal failure potential
during production. Conversely, for highly deviated and horizontal wells, the matrix shrinkage will cause an
extra increase of tangential stress and reduction of radial stress on the wellbore wall. Therefore, it results
in higher levels of stress differentials on horizontal wellbore wall and increase of the coal failure risks with
depletion.

The results of this study can be used as a guide for assessing the risk of solids production, identifying
the critical drawdown and depletion pressure and the effects of wellbore trajectory on optimizing coal fines
production in CSG wells.
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Introduction
During the past decades, Coal Seam Gas (CSG) or Coal Bed Methane (CBM) recourses have increasingly
become an important part of natural gas resources. Particularly in Eastern Australia, CSG is the main part
of the gas industry where 97 percent of produced CSG of Australia is coming from Bowen and Surat basins
in Queensland and the remainder from New South Wales (GA and BREE 2012).

Some of the recently drilled horizontal and multilateral wells in the Bowen Basin have experienced
unexpected fines and solid production during production from coal layers (Puspitasari et al. 2014,
Mazumder, Scott, and Jiang 2012, Alboub et al. 2013) and rock failure problems could become more
pervasive with further depletion. Coal failure has several detrimental consequences and it causes damage
to pumps and compressors.

Depressurizing water production and associated depletion is a pre-requisite for commercial production
from CSG reservoirs. This results in changes of horizontal in-situ stresses and consequent changes of
tangential, axial, and radial stresses distribution around the producing wells and within the coal seam
layer. The effect of depletion on stress distribution around the wellbore in conventional reservoirs has been
extensively studied in the literature (Li and Gray 2015, Rafieepour et al. 2017, Davison et al. 2016, Behnoud
far et al. 2016, Zare, Shadizadeh, and Habibnia 2010, Zare-Reisabadi, Kaffash, and Shadizadeh 2012).
However, there are few studies that consider the effect of depletion and consequent matrix shrinkage on
the stress distribution around the wellbore in unconventional reservoirs. Masoudian and Hashemi (2016)
considered elastoplastic formation around an axisymmetric coal seam gas vertical wellbore to develop an
analytical solution for stress distribution by including shrinkage effect.

Horizontal drilling is common in Bowen Basin where permeability is relatively low (Mazumder, Scott,
and Jiang 2012). Nevertheless, the previously developed analytical models for CSG reservoirs were focused
on vertical wells and they cannot apply to horizontal wells. Coals are typically weak rocks and preventing
coal failure during production, particularly in depleted horizontal wells, could be challenging in CSG wells.
There are reports of rock failure related drilling and production problem in CSG wells, particularly in
depleted deviated and horizontal wells (Espinoza et al. 2015b, Moore, Loftin, and Palmer 2011, Yang et
al. 2014, Lu and Connell 2016).

In this study, an analytical model is developed to evaluate the stress distribution around both vertical and
horizontal wells by including pressure depletion and matrix shrinkage effects. The developed stress model
is then used to asses coal failure in both vertical and horizontal wells in the Bowen Basin using regional
and published in situ stresses, pore pressure, and rock properties.

Study Area: Bowen Basin
Coal measures of the Bowen Basin provide one of the main resources of CSG for domestic use and LNG
export (GA and BREE 2014). The Bowen Basin is a north-south trending Permo-Triassic basin in East-
Central Queensland and Northern New South Wales, Australia (figure 1). It covers an area of approximately
200,000 km2 contains up to 10km of variably deformed shallow marine and fluvio-deltaic siliciclastic
sedimentary rocks unconformably overlain in the South by relatively flat-lying Jurassic and Cretaceous
rocks of the Surat Basin (Pattison et al. 1996, Alboub et al. 2013). The Blackwater Group in the Northern
Bowen Basin is the most prolific coal-bearing unit and comprises (oldest to youngest), Moranbah Coal
Measures, Fort Cooper Coal Measures and Rangal Coal Measures (Alboub et al. 2013). The focus of this
study is in the Moranbah Coal Measures (MCM) which is comprised of multiple coal layers.
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Figure 1—Location of the Permo-Triassic Bowen Basin, eastern Australia (Swindon and Moore 1989).

Mathematical Modeling
To evaluate stress distribution around deviated or horizontal wells with anisotropic horizontal stresses, the
general poroelastic solution with varying pore pressure is considered. Assuming the radius of the reservoir
to be much larger than the wellbore radius (Rο>> Rw) the resulting radial and tangential stress components
are as following (Fjær et al. 2008):

(1)

(2)

Where

(3)

Based on the assumption of a steady state flow equation, the pore pressure profile in Equation 4 is derived
(Cui, Bustin, and Chikatamarla 2007):

(4)
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By substitution of equation 4 into the equations 1-3 the following stresses distribution around the wellbore
is obtained:

(5)

(6)

Equations 5 and 6 indicate the stresses around the wellbore are related to in-situ stresses, wellbore and
reservoir radius, pore pressure profile, elastic properties of rock and wellbore trajectory.

In the case of conventional reservoirs, uniaxial strain condition and constant vertical stress are commonly
assumed to determine in situ stresses changes with depletion and where the stress path is defined as the
following:

(7)

(8)

Since the Poisson's ratio is always less than 0.5, the total stress path based on equation 7, will be less
than one for typical reservoirs. Therefore, the reservoir depletion is expected to be accompanied by linear
reduction of both total horizontal stresses and hereby, the increase of the effective horizontal stress which
has been confirmed by field observations in various conventional reservoirs worldwide (Zoback and Zinke
2002, Addis 1997, Teufel, Rhett, and Farrell 1991). However, for CSG reservoirs, methane desorption is
generally associated with matrix shrinkage thus resulting in a unique stress path. Experimental studies have
shown that the conventional stress path equations cannot explain the observed values in CSG, as the stress
path values could be greater than one (Saurabh and Harpalani 2018, Espinoza et al. 2015a, Liu and Harpalani
2014, Mitra, Harpalani, and Liu 2012, Saurabh, Harpalani, and Singh 2016, Cui, Bustin, and Chikatamarla
2007). The horizontal stress change by depletion and methane desorption can be determined using a linear
elasticity model developed by Shi and Durucan (2004):

(9)

New horizontal stresses from equation 9, are substituted into equation 3 to calculate the stress distribution
near the CSG wellbore.

A failure criterion should be applied to evaluate coal failure and particle production by knowing stress
values and coal strength properties. The Mogi-Coulomb criterion is used to analyse coal failure:

(10)
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Results and Discussion

Inputs
The stress distribution around the vertical and horizontal wellbores in MCM of Bowen Basin are evaluated
for two scenarios of with and without matrix shrinkage effect. Table 1 shows the input parameters.

Table 1—Input parameters for stress distribution in MCM, Bowen Basin

Parameters Symbol Value Reference

Vertical stress gradient Sv (psi/ft) 1.014 (Alboub et al. 2013)

Maximum horizontal stress gradient SH (psi/ft) 0.959 (Alboub et al. 2013)

Minimum horizontal stress gradient Sh (psi/ft) 0.817 (Alboub et al. 2013)

Pore pressure gradient Po (psi/ft) 0.45 (Alboub et al. 2013)

Depth D (ft) 1758 (Alboub et al. 2013)

Cohesion C (psi) 536.6 (Alboub et al. 2013)

Friction angle ϕ(degree) 29.4 (Alboub et al. 2013)

Langmuir pressure Pɛ (psi) 885 (Connell et al. 2016)

Maximum swelling strain ɛl 0.0138 (Connell et al. 2016)

Young's modulus E (psi) 389000 (Alboub et al. 2013)

Poisson's ratio ν 0.326 (Alboub et al. 2013)

Biot's coefficient β 0.8 -

Wellbore radius Rw (ft) 0.333 (Puspitasari et al. 2014)

Outer radius Ro (ft) 333 -

Results
Figure 2 shows the stress path in MCM, Bowen Basin using input data in table 1 for both cases of with and
without matrix shrinkage effect. Figure 2.a shows the conventional stress path, where the poromechanical
effect is the only affecting parameter and the effect of matrix shrinkage is not considered. Thereby, the stress
path factor is constant and equal to 0.41 regardless of the depletion level. Based on uniaxial strain condition
and constant vertical stress, the overburden stress is assumed not to change with depletion. However, both
total maximum and minimum horizontal stresses are decreasing by a constant rate. Figure 2.b illustrates the
stress path, by including the methane desorption effect. As this figure shows, the matrix shrinkage effect will
increase the stress path value with a nonlinear profile and it causes the stress path to change with depletion
rather than being a constant value like conventional reservoirs.

Figure 2—Total stress changes by depletion in MCM, Bowen Basin. a) Conventional
stress path with no matrix shrinkage effect, b) Stress path with matrix shrinkage effect.
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Equations 5 to 9 are used to evaluate the stress distribution near the vertical well for MCM. The
poroelastic stress distribution for a vertical well at the initial stage of production with no depletion is shown
in figure 3. The radial stress at the angular position of θ equal to 90° is the minimum where the tangential
and axial stresses will reach their maximum value (maximum differential stress). The radial stress is the
minimum on the wellbore wall, and it increases in the reservoir, whereas the tangential stress is decreasing
from its peak on the wellbore toward the reservoir. The effect of depletion and matrix shrinkage on tangential
and radial stresses at an angular position of θ equal to 90° is discussed here as the differential stress is at its
maximum level and hence the highest possibility of coal failure.

Figure 3—Stress distribution in a vertical well with no depletion in MCM, Bowen Basin.

Figure 4 shows the effect of matrix shrinkage on radial stress on the wellbore wall and the near-wellbore
for a vertical well in MCM, Bowen Basin. The reservoir pressure reduces from its initial value (~800 psia)
during production. The drawdown pressure of 300 psia was considered to evaluate all stresses in this section.
Figure 4.a shows a constellation where the matrix shrinkage is not considered and a constant stress path
is assumed, whereas in figure 4.b the stress distribution is shown by considering the matrix shrinkage's
effect. In general, the radial stress in a vertical well will decrease during depletion which is consistent with
the Masoudian and Hashemi (2016) study, however, the nonlinear stress path in coal seam gas results in
more reduction of radial stress by depletion in the reservoir away from borehole wall and into the reservoirs
(figure 4.b). Moreover, the radial stress values near the wellbore for both conventional and unconventional
cases are almost the same and the matrix shrinkage does not significantly affect the radial stress near the
vertical wellbore wall.

Figure 4—Radial stress distribution for a vertical well in MCM, a) near the wellbore wall
and without the shrinkage effect, b) near the wellbore wall and with the shrinkage effect.
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The tangential stress distribution near a vertical wellbore wall in MCM, Bowen Basin is shown in figure
5. The tangential stress in the conventional reservoir without the effect of matrix shrinkage does not change
significantly during depletion (figure 5.a), while the matrix shrinkage effect and the resulting variable
stress path cause a significant decrease of tangential stress (figure 5.b). Therefore, there will be less stress
differential on a vertical well wall for a CSG reservoir where the shrinkage effect is considered. In this
case, the matrix shrinkage lowers the risk of coal failure and assists the wellbore stability. This is consistent
with the field operation observations in MCM, Bowen Basin by Puspitasari et al. (2014) and Alboub et al.
(2013), where there is no serious coal failure in vertical wells, whereas the coal failure and solid production
could be a concern for horizontal wells.

Figure 5—Tangential stress distribution for a vertical well in MCM, a) near the wellbore wall
and without the shrinkage effect, b) near the wellbore wall and with the shrinkage effect.

The effect of matrix shrinkage on the stress distribution for horizontal wells is different from that in
vertical wells. The radial stress distribution around a horizontal wellbore wall well in MCM, Bowen Basin
is shown in figure 6. The radial stress similar to vertical wells is decreasing during production for both
scenarios ie.with and without shrinkage (figure 4). It is clear from figure 6.b that matrix shrinkage will
significantly reduce the radial stress around the wellbore wall.

Figure 6—Radial stress distribution for a horizontal well in MCM, a) near the wellbore
wall and without the shrinkage, b) near the wellbore wall and with the shrinkage effect.

The tangential stress changes during depletion for a horizontal well is different from a vertical wellbore.
Figure 7.a and figure 7.b show the tangential stress changes around a horizontal wellbore wall considering
matrix shrinkage and without shrinkage, respectively. The tangential stress during production will increase
in both cases with and without matrix shrinkage. However, the matrix shrinkage causes more increase in the
tangential stress in comparison with the conventional case. The increase of tangential stress and reduction
of radial stress near the horizontal wellbore wall results in a higher deviatoric stress condition and hence a
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higher risk of coal failure with depletion. In comparison with the vertical wellbores, where the shrinkage
effect postpones the coal failure, in a horizontal wellbore, the matrix shrinkage will increase the likelihood
of failure.

Figure 7—Tangential stress distribution for a horizontal well in MCM, a) near the wellbore
wall and without the shrinkage, b) near the wellbore wall and with the shrinkage effect.

Application
The radial and tangential stresses acting on the wellbore wall, and the Mogi-Coulomb failure criterion
are utilized to calculate the Maximum Coal Free Drawdown Pressure (MCFDP). Figure 8 shows the coal
failure analysis for both condition of the conventional case without the matrix shrinkage effect and with
the matrix shrinkage effect in MCM, Bowen Basin for different well inclinations. The figure indicates that
for a normal faulting stress regime, in a vertical wellbore, considering the resultant matrix shrinkage after
300 psi depletion from its original reservoir pressure decreases the risk of wellbore instability and increases
the MCFDP from 250 psi to 430 psi. It is concluded that in a vertical well, the matrix shrinkage effect will
lower the coal failure risks during production. However, for highly deviated or horizontal wells, the effect of
matrix shrinkage is different. The matrix shrinkage could cause inevitable coal failure and coal production
for a horizontal well by 300 psi depletion from the initial reservoir pressure. This result is consistent with
coal failure and coal production problem in the recently drilled horizontal and multilateral wells in Bowen
Basin (Puspitasari et al. 2014). It should be noted that modeling results shown in this paper are valid for a
normal stress regime and the results could be different in different stress and pressure regimes.

Figure 8—The effect of matrix shrinkage on coal failure for different inclinations.
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Conclusions
An analytical model is developed to investigate the impact of matrix shrinkage on stress distribution around
the vertical and horizontal CSG wells during primary production in Bowen Basin. It is concluded that
the matrix shrinkage effect will increase the stress path value and it causes the stress path to change with
depletion rather than being a constant value like conventional reservoirs.

It is concluded that for a vertical wellbore the radial stress will decrease with depletion, however, the
matrix shrinkage effect and consequent nonlinear stress path results in more reduction of radial stress. The
tangential stress around the vertical wellbore wall without considering the shrinkage effect will slightly
increase during depletion. Conversely, the matrix shrinkage effect will cause the reduction of tangential
stress on the wellbore wall. There will be less stress differential on a vertical well wall for CSG reservoir
with shrinkage than the case without matrix shrinkage. It is concluded that matrix shrinkage and variable
stress path could help the stability of vertical wells with depletion.

In a horizontal well, the radial stress on the wellbore wall always decreases during production irrespective
of matrix shrinkage; however, the reduction of radial stress is more significant if the matrix shrinkage effect
is considered. Considering the near-wellbore wall stress indicates that the matrix shrinkage will cause an
increase of the tangential stress (unlike the vertical wellbore). The increase of tangential stress and reduction
of radial stress near the CSG horizontal wellbore wall results in more deviatoric stress and hence higher risk
of coal failure, i.e. wellbore instability and reduction of coal-free drawdown pressures.

Nomenclature
σr Radial stress
σθ Tangential stress
R0 Reservoir radius
Rw Wellbore radius

r Radius from the wellbore
Pf0 Initial reservoir pressure
Pw Wellbore pressure
P Current reservoir pressure
θ Angular position around the wellbore

σH Total maximum horizontal stress
σh Total minimum horizontal stress
σv Total vertical stress

σ'
H Effective maximum horizontal stress

σ'
h Effective minimum horizontal stress
i Wellbore inclination
α Wellbore azimuth
β Biot's coefficient
υ Poisson's ratio
E Modulus of elasticity
ϕ Internal friction angle
C Cohesion
ɛl Maximum swelling strain

Pɛ Langmuir pressure
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A B S T R A C T   

Coal permeability is significantly stress-dependent and changes during gas production. In the previous studies, 
less attention has been paid to the impact of desorption radius and its expansion on the stress distribution and 
permeability changes. In this work, a mathematical model is developed to analytically evaluate the dynamic 
stress distribution and accordingly permeability by coupling the geomechanics, sorption and fluid flow in the 
cleat system. In this approach, the coalbed is divided into two regions: desorption area and non-desorption area. 
The desorption area represents the region with a low water–gas ratio, where the pressure squared (P2) approach 
is applied for flow modelling. The non-desorption area represents the region with a high water–gas ratio with 
almost no desorption effect, where Darcy’s equation (P approach) is used for flow modelling. 

The results indicate that previous models, in which either uniform desorption or no desorption was assumed, 
cannot reflect the correct stress distribution in coalbed and accordingly overestimate or underestimate perme-
ability, respectively. This is attributed to neglecting the varying desorption radius. The results demonstrate that 
this has a significant effect on stress distribution. The proposed model gives a more realistic evaluation of stress 
distribution and permeability as it only considers the effect of matrix shrinkage in the desorption area.   

1. Introduction 

Coal seam gas (CSG) reservoirs are considered as unconventional 
resources because of their unique characteristics. Unlike the conven-
tional reservoirs in which gas is stored in the rock porosity, methane is 
mainly adsorbed on the internal surface of the coal matrix by adsorption 
mechanism. The gas production mechanism and performance from CSG 
is significantly different from conventional resources [11,22,24]. 

Depressurizing by water production is a pre-requisite to reduce the 
cleat pressure to a critical desorption pressure for commercial gas pro-
duction from CSG reservoirs. During the methane production, coal 
matrix shrinks. The matrix shrinkage impacts the stress distribution and 
changes the tangential, axial and radial stresses distribution around the 
producing wells and within the coal seam layer [3,5,27,29]. 

In the stress-sensitive unconventional reservoirs such as CSG, 
permeability changes dynamically throughout the life of the reservoir, 
depending on the stress distribution around the well and within the 
reservoir. There exists a large number of experimental and theoretical 

studies that have evaluated the coal permeability by including the 
effective stress and matrix shrinkage effect [1,11,12,17,18,20,26]. In 
these models, the effective stress is not estimated as a function of dis-
tance from the wellbore, and therefore the permeability only changes by 
time not by the distance from the wellbore. 

Several studies have developed analytical models to evaluate stress 
distribution in CSG [2,8,10,14,19,22,31,32]. Shi and Durucan [22] 
presented a model to evaluate the effective horizontal changes and 
permeability estimation in the field scale. Cui et al. [2] developed an 
analytical model for stress distribution around a vertical CSG well by 
considering the impacts of adsorption-induced swelling and applying 
different boundary conditions. Their study indicates the possibility of 10 
times permeability enhancement around a CSG producing well due to 
matrix shrinkage and reservoir depletion. However, they did not 
consider the desorption radius and pressure squared approach for gas 
flow in the cleat. Masoudian and Hashemi [14] considered elastoplastic 
formation around an axisymmetric CSG vertical well to develop an 
analytical model for stress distribution. Zare Reisabadi et al. [30] 
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extended the previous models by considering the wellbore trajectory 
effect, matrix shrinkage, and different in situ stress regimes simulta-
neously. Their model enables stress distribution and coal failure analysis 
in the vertical, deviated, and horizontal wells. 

These models neglect the effect of desorption radius. Dewatering and 
accordingly depressurizing during production result in the expansion of 
the desorption area outward. The significance of the desorption area has 
been presented in the literature and analytical models have been 
developed to evaluate desorption area expansion during production 
from CSG reservoirs [24,27]. Previously developed analytical models for 
stress distribution neglect the effect of desorption radius, and therefore 
the stress distribution as a result of the matrix shrinkage and depletion is 
explained by the same equation from the wellbore to the reservoir 
boundary, regardless of water–gas ratio. Additionally, in the previous 
stress models, the fluid flow was described by the same equation of 
pressure (P) approach for the entire area between the wellbore and 
reservoir boundary rather than the pressure squared (P2) approach for 
gas flow in the desorption area. 

In this paper, an analytical model is developed to evaluate stress 
distribution in two different zones, in which desorption and non- 
desorption areas and their corresponding pressure profile are consid-
ered proportionally. The permeability is then estimated based on the 
developed stress model, and it is compared with the previously devel-
oped models. 

2. Problem description and assumptions 

The production life of CSG reservoirs often consists of three stages, 
known as dewatering, stable production, and decline [15,27]. In the 
early stage of dewatering, since the Bottom-Hole Pressure (BHP) is 
higher than the critical desorption pressure, there is no desorption, and 
water is the dominant produced phase. This stage is recognized by a high 
Water-Gas Ratio (WGR) and almost no matrix shrinkage. The stress 
distribution for this stage is similar to the conventional reservoirs, and it 
widely has been discussed in the literature [6,9,28]. After a period of 
production, when the BHP drops below the critical desorption pressure, 
the gas desorption starts, and relative permeability to gas will start to 
increase causing WGR to be reduced from very high to a low value. This 
transition period is relatively short which has little influence on the 
pressure profile, and it can be neglected as discussed by Sun et al. [24]. 
However, continuing the production during the stable and decline stage 
(which are characterized by low WGR) results in the expansion of 
desorption radius from the wellbore towards the reservoir boundary. 

To develop a stress distribution model for the stable and decline 
stage, the domain is split into two different regions, i.e., desorption area 
and non-desorption area as depicted in Fig. 1. Sun et al. [24] proposed 
this approach to estimate desorption area expansion during CSG pro-
duction. Fig. 1 shows a wellbore under the in situ horizontal stress of 
σ0 and the initial reservoir pressure of P0 at the outer reservoir boundary 
(ro). The wellbore is subjected to the BHP of Pw at rw. The yellow region is 
characterized as the desorption area, where the pressure is below the 
critical desorption pressure and gas desorption takes place. Since WGR is 
very low in this region, the pressure squared approach is considered for 
pressure propagation (Eq. (22)), and there is a matrix shrinkage effect 
because of methane desorption. Desorption radius is characterized by 
rde, where the reservoir pressure is equal to critical desorption pressure 
(Pde) and it will expand outward during production. The blue region 
between rde to ro includes the non-desorption area in which the reservoir 
pressure is higher than critical desorption pressure, and thus there is no 
gas desorption and matrix shrinkage. This area is considered as a high 
WGR area, and therefore a pressure approach for pressure propagation is 
used (Eq. (11)). It should be noted that for the simplicity of the problem, 
the two-phase transition flow due to capillary forces is not considered. In 
general, the following assumptions are made to simplify the problem:  

1. The coal seam is isotropic, homogeneous, and the elastic properties 
remain constant during production. 

2. There is a cylindrical reservoir with radial symmetry, and the well-
bore is at its center.  

3. The stress distribution near wellbores is a plane-strain problem.  
4. Once the pressure drops below the critical desorption pressure 

because the WGR transits from high to low in the relatively very 
short period, the desorption area is assumed of low WGR and the 
non-desorption area is assumed of high WGR. 

3. Mathematical model development 

In this section, we present the derivation of an analytical model for 

Fig. 1. Model geometry and boundary conditions.  
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stress distribution around a CSG well and into the reservoir by consid-
ering the shrinkage effect and desorption radius. First, the solution in the 
non-desorption area is presented, and then the stress model in the 
desorption area is developed. Finally, we apply the boundary conditions 
to derive the equation constants. 

3.1. Non-desorption area (rde ≤ r ≤ ro) 

The effective stress (σij) and strain (εij) relation for the non- 
desorption area is described by Hooke’s law as shown in Eq. (1): 

σnd
ij =

E
1 + ν

(
εnd

ij +
ν

1 − 2νεnd
b δij

)
+ pndδij (1)  

Where superscript nd represents the non-desorption area, E is Young 
Modulus, ν is Poisson’s Ratio, εb is the volumetric strain, δ is Kronecker’s 
delta, and pnd is pore pressure. 

Considering a hollow cylinder wellbore and axisymmetric plane 
strain problem, the strain–displacement relations and corresponding 
equilibrium differential equation are given by: 

εnd
r =

∂und

∂r
, εnd

θ =
und

r
, εnd

b = εnd
r + εnd

θ (2)  

dσnd
r

dr
+

σnd
r − σnd

θ

r
= 0 (3)  

Where u is the radial displacement, r is radial distance from the well-
bore, and subscripts r and θ refer to the radial and tangential compo-
nents, respectively. 

Considering Eqs. (1) and (2), the elastic constitute between normal 
stress and strain becomes: 

σnd
r =

E
1 + ν

(
∂und

∂r
+

ν
1 − 2ν

(
∂und

∂r
+

und

r

))

+ pnd (4)  

σnd
θ =

E
1 + ν

(
und

r
+

ν
1 − 2ν

(
∂und

∂r
+

und

r

))

+ pnd (5) 

Substituting Eqs. (4) and (5) into Eq. (3) leads to: 

σnd
r − σnd

θ

r
=

E
(1 + ν)r

∂und

∂r
−

E
(1 + ν)

und

r2 (6) 

Replacing the stress in Eq. (6) with the radial displacement u using 
Eqs. (4) and (5) leads to: 

∂
∂r

(
1
r

∂(rund)

∂r

)

= −
(1 + ν)(1 − 2ν)

E(1 − ν)
∂pnd

∂r
(7) 

And therefore the radial displacement equation becomes as follow: 

und = −
(1 + ν)(1 − 2ν)

E(1 − ν)
Fnd

p

r
+

c1r
2

+
c2

r
(8)  

Where Fnd
p =

∫ r
rde

pndrdr. The integration constants of C1 and C2 are 
determined by considering boundary conditions (section 3.3). 

Radial and tangential stresses are derived by substituting Eq. (8) into 
the Eqs. (4) and (5): 

σnd
r =

1 − 2ν
1 − ν

Fnd
p

r2 +
Ec1

2(1 + ν)(1 − 2ν) −
Ec2

(1 + ν)r2 (9)  

σnd
θ = −

1 − 2ν
1 − ν

Fnd
p

r2 +
1 − 2ν
1 − ν pnd +

Ec1

2(1 + ν)(1 − 2ν)+
Ec2

(1 + ν)r2 (10) 

As mentioned above, the pressure propagation in the non-desorption 
area with high WGR is described by the steady state flow and P approach 
as follows: 

pnd = po +
pde − po

ln
(

rde
ro

) ln
(

r
ro

)

(11) 

And therefore: 

Fnd
p =

∫ r

rde

pndrdr = −
pde − po

ln
(

rde
ro

)
r2

4
+ pndr2

2
+

pde − po

ln
(

rde
ro

)
r2

de

4
− pde

r2
de

2
(12)  

3.2. Desorption area (r ≤ rde) 

The desorption region is the area between the wellbore wall and 
desorption radius where there are gas desorption and matrix shrinkage 
effect. The stress (σij) strain (εij) relation for this zone is described as: 

σd
ij =

E
1 + ν

(
εd

ij +
ν

1 − 2νεd
bδij

)
+ pdδij + kεvδij (13)  

Where superscript d represents desorption area, k is bulk modulus, and 
εv is the sorption-induced volumetric strain which is related to desorp-
tion properties as follow: 

εv =
εlpd

pd + pε
(14)  

Where εl is Langmuir shrinkage strain, pε is Langmuir pressure. 
Considering a hollow cylinder wellbore, axisymmetric plane strain, 

and the strain–displacement relations the elastic constitute between 
normal stress and strain in the desorption area becomes: 

σd
r =

E
1 + ν

(
∂ud

∂r
+

ν
1 − 2ν

(
∂ud

∂r
+

ud

r

))

+ pd + kεv (15)  

σd
θ =

E
1 + ν

(
ud

r
+

ν
1 − 2ν

(
∂ud

∂r
+

ud

r

))

+ pd + kεv (16) 

Substituting these equations into the equilibrium differential equa-
tion leads to: 

σd
r − σd

θ

r
=

E
(1 + ν)r

∂ud

∂r
−

E
(1 + ν)r

ud

r
(17) 

Replacing the stresses in Eq. (17) with the radial displacement u 
leads to: 

∂
∂r

(
1
r

∂(rud)

∂r

)

= −
(1 + ν)(1 − 2ν)

E(1 − ν)
∂pd

∂r
−

(1 + ν)
3(1 − ν)

∂εv

∂r
(18) 

And then after, 

ud = −
(1 + ν)(1 − 2ν)

E(1 − ν)
Fd

p

r
−

(1 + ν)
3(1 − ν)

Fs

r
+

c3r
2

+
c4

r
(19)  

Where Fd
p =

∫ r
rw

pdrdrandFs =
∫ r

rw
εvrdr. The integration constants of C3 

and C4 are determined by considering boundary conditions (section 
3.3). 

Radial and tangential stresses are derived by substituting Eq. (19) 
into Eqs. (15) and (16): 

σd
r =

1 − 2ν
1 − ν

Fd
p

r2 +
E

3(1 − ν)
Fs

r2 +
Ec3

2(1 + ν)(1 − 2ν) −
Ec4

(1 + ν)r2 (20) 
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As the gas is the main flowing fluid in the desorption area, the 
pressure approach cannot explain the pressure propagation. The 
following pressure squared equation is used to describe the pressure 
profile in the desorption area [24,27]: 

p2 = p2
w +

p2
de − p2

w

ln
(

rde
rw

) ln
(

r
rw

)

(22) 

As a result,   

a = p2
w, b =

p2
de − p2

w

ln
(

rde
rw

) , c = rw  

And Fs =

∫ r

rw

εvrdr =

∫ r

rw

εlpd

pd + pε
rdr (24) 

Fs is related to the sorption-induced volumetric strain and will be 
solved numerically. 

3.3. Boundary conditions 

To determine σr and σθ, and integration constants C1-C4, the 
following four boundary conditions are applied. Radial stress at the 
wellbore wall is equal to BHP and its value reaches the horizontal stress 
at the outer boundary. These are the most commonly used boundary 
conditions to develop the stress distribution [6,10,13,14,16]. 

r = rw, σd
r = pw; r = ro, σnd

r = σo (25) 

And at the desorption radius, the evaluated stresses by both non- 
desorption and desorption area equations should be the same, 

r = rde, σnd
r = σd

r ; and σnd
θ = σd

θ (26) 

Applying above boundary conditions to the Eqs. (9), (10), (20), and 
(21) leads the following values for integration constants: 

c1 =
2(1 + ν)(1 − 2ν)2

E(1 − ν)
(
r2

w − r2
o

)
(

Fd
p(rde) + Fnd

p (ro)
)
+

2(1 + ν)(1 − 2ν)
3(1 − ν)

(
r2

w − r2
o

)Fs(rde)

+
(1 + ν)(1 − 2ν)

(
r2

w − r2
de

)

3(1 − ν)
(
r2

w − r2
o

) εvde +
2(1 − 2ν)(1 + ν)

E
(
r2

w − r2
o

)
(
r2

wpw − r2
oσo
)

(27)  

c2 =
(1 + ν)(1 − 2ν)

E(1 − ν) Fnd
p (ro) −

(1 + ν)r2
o

E
σo +

r2
o

2(1 − 2ν)c1 (28)  

c3 = c1 −
(1 + ν)(1 − 2ν)

3(1 − ν) εvde (29)  

c4 =
r2

w

2(1 − 2ν)c1 −
(1 + ν)r2

w

6(1 − ν) εvde −
(1 + ν)r2

w

E
pw (30)  

3.4. Permeability modelling 

The estimated radial and tangential stresses from the developed 
model are used to evaluate the permeability distribution around the 
wellbore and within the reservoir. Assuming a bundled matchstick ge-
ometry, stress dependant coal permeability is given by [2,21,22]: 

k
k0

= exp
(
− 3cf Δσh

)
(31)  

Where k0 indicates the initial permeability, Cf is the cleat volume 
compressibility, and Δσh is mean horizontal effective stress change and is 
given by 

Δσh = (σ − p) − (σ0 − p0) (32)  

Where σ is the mean horizontal stress defined as σ = (σr + σθ)/2. 
Considering Eqs. (9), (10), (20), and (21), σ is given by following 

equations for no-desorption and desorption area respectively: 

σnd =
E

2(1 + ν)(1 − 2ν)c1 +
1 − 2ν

2(1 − ν)p
nd (33)  

σd =
Ec3

2(1 + ν)(1 − 2ν)+
(1 − 2ν)
2(1 − ν)p

d +
E

6(1 − ν)εv (34) 

Table 1 
Input parameters for stress distribution analysis.  

Parameters Symbol Value 

In situ horizontal stress σ0 (psi) 1160 
Initial reservoir pressure Po (psi/ft) 580 
Langmuir pressure Pε (psi) 261 
Maximum swelling strain εl 0.0092 
Critical desorption pressure Pde (psi) 508 
Young’s modulus E (psi) 435,113 
Poisson’s ratio ν 0.3 
Wellbore pressure Pw (psi) 140 
Wellbore radius Rw (ft) 0.328 
Desorption radius Rde (ft) 177 
Outer radius Ro (ft) 1010  

σd
θ = −

1 − 2ν
1 − ν

Fd
p

r2 −
E

3(1 − ν)
Fs

r2 +
1 − 2ν
1 − ν pd +

E
3(1 − ν)εv +

Ec3

2(1 + ν)(1 − 2ν)+
Ec4

(1 + ν)r2 (21)   

Fd
p =

∫ r

rw

pdrdr =

̅̅̅̅̅
2π

√
bc2e− (2a)/b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
a+blog

(
r
c

)

b

√ ⎛

⎜
⎜
⎝erf

⎛

⎜
⎜
⎝

̅̅̅
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
a+blog

(
r
c

)

b

√ ⎞

⎟
⎟
⎠ − 1

⎞

⎟
⎟
⎠+ 4r2

(
a + blog

(
r
c

))

8
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a + blog
(

r
c

)√ − f d
p (rw) (23)   
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As Eq. (34) shows, the mean stress in the desorption area is closely 
coupled with reservoir pressure and associated matrix shrinkage effect 
and according to Eq. (33), it is only coupled with reservoir pressure in 
the non-desorption area. 

4. Results and discussion 

The values in Table 1 were used to present the practical application 
of the developed stress model and examine the permeability change 
around a CSG well and within the reservoir. Input values correspond to 
the desorption area expansion study by Sun et al. [24]. First, we compare 
the stress distribution results from the new model with previously 
developed models after 200 days of production when the desorption 
radius has reached 177 ft. later, desorption radius expansion in different 
time steps is considered to evaluate the dynamic stress and permeability 

changes during production (Table 2). 
Fig. 2 compares the profile of different pressure approaches in the 

CSG reservoirs versus distance from the wellbore. P approach indicates 
the pressure profile estimated by Eq. (11) for the entire domain from the 
wellbore to the reservoir boundary, and the P2 approach shows the 
pressure propagation calculated by Eq. (22). The blue line curve rep-
resents the pressure profile in this study, where the gas is dominant in 
the desorption area (Eq. (11)) and water is the main flowing fluid in the 
non-desorption area (Eq. (22)). As Fig. 2 indicates, there is a consider-
able difference between the diverse pressure profiles. Previously 
developed models by Cui et al. [2] and Huang et al. [8] considered P 
approach for the entire domain. 

To present the practical application of the proposed model, Fig. 3 
compares the radial stress distribution near the wellbore and within the 
reservoir by three different approaches versus distance from the well-
bore wall. The conventional solution represents the stress distribution 
for a conventional reservoir where there is no matrix shrinkage effect 
(see Appendix A1). P approach indicates the stress distribution solution 
developed by Cui et al. [2] in a CSG reservoir, where the matrix 
shrinkage effect is considered for the entire domain, and the pressure 
approach is assumed for pressure distribution (Solution is presented in 
Appendix A2). The results indicate the radial stress increases from the 
wellbore to the reservoir boundary for all three different approaches. 
Fig. 3 demonstrates that the P approach model by Cui et al. [2] over-
estimates the effect of matrix shrinkage and results in a higher value of 

Table 2 
The input data for dynamic stress and permeability modelling.  

Time of Production 
(days) 

Boundary Pressure 
(psi) 

BHP 
(psi) 

Desorption Radius 
(ft) 

150 580 160 127 
200 580 140 177 
250 565 120 226 
300 536 100 275 
500 522 72 472  

Fig. 2. Pressure distribution profile, a) near the wellbore, b) in the reservoir.  

Fig. 3. Radial stress distribution, a) near the wellbore, b) in the reservoir.  
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radial stress. As the conventional model and newly developed model 
used the same boundary conditions at the outer boundary, the value of 
radial stress approaches to the horizontal stress at the outer radius for 
these two models. However, in the P approach, Cui et al. [2] considered 
different boundary conditions of the mean horizontal stress equal to the 
initial horizontal stress at the reservoir radius. 

The tangential stresses near the wellbore and within the reservoir are 
depicted in Fig. 4a and b, respectively. As Eq. (21) indicates, the intro-
duction of the matrix shrinkage in the desorption area produces a 
negative stress component which reduces the tangential stress values 
(blue line) in comparison with the conventional case (red line). It should 
be noted that because the P approach (dark line) considers the matrix 
shrinkage for the entire domain within the reservoir then it over-
estimates its effect and results in a really low value of tangential stress. 
Fig. 4b indicates that in desorption area (r/rw less than 540) with matrix 
shrinkage effect, the new model results in less tangential stress compare 
to the conventional solution. However, beyond the desorption radius 
where there is no matrix shrinkage effect, the tangential stress values 
from the new model approach to the conventional solution results. 

The mean horizontal stress value is a key parameter to evaluate the 
coal seam gas permeability (Eq. (31)). To highlight the application of the 
new model, Fig. 5 compares the evaluated mean horizontal stress dis-
tribution versus distance from the wellbore by three approaches, and it 
is used to estimate the permeability of CSG as shown in Fig. 6. The mean 

horizontal stress decreases towards the wellbore for all models and 
therefore the rock is under minimum compression near the wellbore. 
However, Fig. 5a indicates the conventional approach overestimates the 
mean horizontal stress value near the wellbore as it does not consider 
desorption-induced stress. In contrast, the P approach underestimates 
the mean stress value as desorption-induced stress is considered for the 
whole domain. Finally, the new model leads a more realistic evaluation 
of mean stress by including the desorption-induced stress effect only in 
the desorption area rather than the entire domain. 

Fig. 6 compares the permeability changes versus distance from the 
wellbore by three different models, where the permeability ratio is the 
ratio of current permeability to its initial value. It should be noted that 
CSG permeability depends on two opposing phenomena: poromechan-
ical effect and desorption/shrinkage effect. The poromechanical effect 
relates to the reduction in reservoir pressure which causes an increase in 
the effective stress, and consequent permeability reduction. On the other 
hand, pore pressure reduction leads to desorption, a decrease in effective 
stress, and matrix shrinkage. Consequently, the permeability increases 
as the width of cleat increases. Fig. 6a and b indicate in the case of the 
conventional model, the permeability decreases from its initial value at 
the reservoir boundary towards the wellbore. It is due to the fact that 
this model does not consider the matrix shrinkage and the 

Fig. 4. Tangential stress distribution, a) near the wellbore, b) in the reservoir.  

Fig. 5. Mean stress distribution, a) near the wellbore, b) in the reservoir.  
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poromechanical effect is the only contributing parameter in the stress 
distribution. However, Fig. 6a shows the permeability increases around 
the wellbore by considering P approach and new models, as they 
consider both poromechanical and desorption effects. On the other 
hand, the P approach results in higher permeability values than the new 
model as it overestimates the desorption effect by ignoring the non- 
desorption area. Fig. 6b shows that the permeability distribution curve 
by the new model in desorption area (r/rw less than 540) is different 
from the non-desorption area. Comparing the conventional model (red 
curves) with the new model (blue curve) reveals that the matrix 
shrinkage effect in the desorption area, slowdowns the decline rate of 
permeability in the new model. Moreover, the new model results 
approach to the conventional model beyond the desorption radius as 
there is no matrix shrinkage effect. 

To investigate the effect of production and desorption radius 
expansion on the stress changes and permeability distribution, the pre-
sented data in Table 2 mostly from Sun et al. [24] was used. The data 
from Table 1 was used for parameters that are constant during pro-
duction such as initial stress value, elastic parameters, Langmuir pa-
rameters, wellbore, and reservoir radius. The value of Bottom Hole 
Pressure (BHP) is continuously decreasing and desorption radius is 
expanding. 

Fig. 7 shows the pressure profile versus distance from the wellbore 
during production. The BHP is continuously reducing, and after 250 

days of production, the boundary pressure decreases to 565 psi from its 
initial value of 580 psi. P2 approach is applied for pressure profile within 
the desorption area, and P approach is utilized for the non-desorption 
area. 

Fig. 8a and b illustrate the radial stress distribution at the different 
production times near the wellbore and within the reservoir, respec-
tively. The radial stress decreases by production for both areas around 
the wellbore and within the reservoir and it approaches the initial 
horizontal stress at the reservoir boundary as the coal was subjected to 
the constant radial stress at the outer boundary. 

The tangential stress profile during production near the wellbore and 
within the reservoir has been shown in Fig. 9a and b, respectively. It 
should be noted that the tangential stress profile versus distance will 
promptly change in the desorption area and beyond that in the non- 
desorption area, the change rate is slow. The tangential stress will 
decrease by production near the wellbore and in the desorption area but, 
it does not significantly change in the non-desorption area where there is 
no shrinkage effect. Moreover, the peak of the tangential stress (corre-
sponds to desorption radius) illustrated in Fig. 9b progresses towards the 
reservoir boundary with production. 

Stress-dependant permeability near the wellbore and within the 
reservoir during production are depicted in the Fig. 10a and b, 

Fig. 6. Permeability distribution, a) near the wellbore, b) in the reservoir.  Fig. 7. Pressure distribution profile with time, a) near the wellbore, b) in 
the reservoir. 
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respectively. The permeability evolution is a dynamic process and its 
value depends on the distance from the wellbore and time. Fig. 10a 
indicates as the production continues, the permeability inside the 
desorption area and near the wellbore increases because the production 
results in more matrix shrinkage in the desorption area, and the 
shrinkage effect overcomes the poromechanical effect. The mean hori-
zontal stress has its minimum value near the wellbore and therefore 
there is minimum compression in this area, which results in the 
maximum permeability value. There is no depletion until 250 days of 
production and the reservoir boundary pressure is equal to its initial 
pressure (Table 2) and that is why the permeability ratio even near the 
wellbore is less than one before 250 days of production. However, after 
250 days of production, the reservoir boundary pressure declines to 565 
psi from its initial value of 580 psi. Fig. 10a indicates after 250 days of 
production, the desorption effect overcomes the poromechanical effect, 
and consequently, the permeability ratio in the desorption area reaches 
more than one. The permeability in the desorption area increases 1.4 
times after 500 days of production. On the other hand, Fig. 10b indicates 
that the permeability ratio in the non-desorption area is less than one 
even after 500 days of production as there is no desorption effect and the 
poromechanical effect is the only contributing process. Moreover, the 
permeability does not significantly change by production before 250 
days of production in the non-desorption area and within the reservoir. 

5. Limitations, and future work 

To the best of authors’ knowledge, there is no publically available 
measured stress value versus distance from the wellbore in CSG to 
validate the developed model results directly. However, it should be 
noted the applied concept of two different regions in CSG reservoirs 
(desorption area and non-desorption area) and desorption radius 
expansion solution have previously been validated by Sun et al. [24]. 
Moreover, the analytical solution for stress distribution in this study was 
derived from the fundamental constitutive equations which have widely 
applied in the literature. 

The developed model does not consider the effect of anisotropy for 
simplicity and it also assumes the elastic parameters do not change 
during production. The anisotropy can affect the coal permeability [25], 
and the presented model can be improved by considering the anisotropy 
and executing laboratory measurements to develop the correlation for 
elastic parameters change during production. Besides, there is a possi-
bility of rock failure around the CSG wells [4,23,30]. The effect of that 
on the stress distribution and permeability is not considered in this 
study. The boundary condition has a considerable effect on the stress 
distribution [7], and considering different boundary conditions could be 
valuable for future research. Moreover, CSG wells are usually stimulated 
with hydraulic fracturing which is ignored in this study and could be an 
interesting research area for further development. 

Fig. 8. Radial stress distribution with time, a) near the wellbore, b) in 
the reservoir. 

Fig. 9. Tangential stress distribution with time, a) near the wellbore, b) in 
the reservoir. 
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6. Conclusions 

An analytical model was developed for stress distribution in CSG 

reservoirs. The model takes the desorption radius into the account, 
which divides the reservoir domain into two different regions of 
desorption area and non-desorption area. The developed model enables 
dynamic stress distribution during production by considering desorption 
radius expansion within the reservoirs. Based on results, it is concluded 
that none of the conventional or P approach models can reflect the 
correct stress distribution in CSG. The conventional model overestimates 
tangential and mean horizontal stress in the desorption area, whereas 
the P approach underestimates these stresses in the desorption area. 
However, considering the matrix shrinkage effect by the developed 
model in this study results in a reasonable tangential and mean hori-
zontal stress. 

The estimated radial, tangential, and mean horizontal stress distri-
bution from the model were utilized to develop a dynamic permeability 
distribution model in CSG reservoirs. The proposed model results in a 
more realistic evaluation of permeability since it considers the effect of 
matrix shrinkage only in the desorption area. In addition, the proposed 
model concludes that the permeability has its maximum value near the 
wellbore where the mean horizontal stress is minimum. The perme-
ability in the desorption area increases with time as the reservoir is 
depleting by time and desorption radius is expanding towards the 
reservoir boundary. 
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Appendix A 

A1. Conventional stress modelling 

The following equations represent the stress modelling for conventional reservoirs where there is no matrix shrinkage effect: 

σr =
1 − 2ν
1 − ν

Fp

r2 +
Ec5

2(1 + ν)(1 − 2ν) −
Ec6

(1 + ν)r2 (35)  

σθ = −
1 − 2ν
1 − ν

Fp

r2 +
(1 − 2ν)

1 − ν p+
Ec5

2(1 + ν)(1 − 2ν)+
Ec6

(1 + ν)r2 (36) 

The integral constants are as following: 

c5 =
2(1 + ν)(1 − 2ν)

E

(

pw +
r2

o(
r2

o − r2
w

) (σo − pw) −
(1 − 2ν)

(1 − ν)
(
r2

o − r2
w

)
(
Fp(ro) − Fp(rw)

)
)

(37)  

c6 =
(1 + ν)r2

wr2
o

E
(
r2

o − r2
w

) (σo − pw) −
(1 + ν)(1 − 2ν)r2

w

E(1 − ν)
(
r2

o − r2
w

)
(
Fp(ro) − Fp(rw)

)
(38) 

Fig. 10. Permeability distribution with time, a) near the wellbore, b) in 
the reservoir. 
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And the P approach is considered as pressure distribution: 

P = Po +
Pw − Po

ln
(

rw
ro

) ln
(

r
ro

)

(39)  

Fp =

∫

prdr = −
Pw − Po

ln
(

rw
ro

)
r2

4
+P

r2

2
(40)  

A2. P approach by Cui et al. [2] 

The following equations represents the stress distribution in CSG reservoirs developed by Cui et al. [2] where the matrix shrinkage was considered 
for entire domain and the pressure distribution were described by P approach: 

σr =
(1 − 2ν)
(1 − ν)

Fp − Fp(rw)

r2 +
E

3(1 − ν)
Fs − Fs(rw)

r2 +
Ec1

2(1 + ν)(1 − 2ν) −
Ec2

(1 + ν)r2 (41)  
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1 − ν p+
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4
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2
(46)  

Fs =

∫

εvrdr (47)  

εv =
εlblp

1 + blp
=

εlp
p + pε

(48)  

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fuel.2020.119951. 
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6 Conclusions and recommendations 

 Conclusions  

This thesis presents a comprehensive investigation on stress distribution near the CSG 

wells, coal failure, stress distribution within the reservoirs, and permeability variation for CSG 

reservoirs. New analytical models were developed and applied in the real case studies to 

predict/prevent coal failure and understand the effect of key parameters on permeability 

evolution. The following conclusions can be drawn from this study: 

1. The matrix shrinkage effect in CSG reservoirs causes the greater values of stress 

path with depletion in comparison to the conventional reservoirs. The stress path 

values will increase by depletion and make the CSG reservoirs more susceptible 

to failure. 

2. For a vertical well in a normal stress regime, the matrix shrinkage leads to more 

reduction of radial stress near the wellbore during depletion (compare to a well 

in the conventional reservoir). Moreover, the matrix shrinkage causes the 

reduction of tangential stress near the vertical wellbore wall (unlike the 

conventional reservoirs). Therefore, there will be less stress differential on the 

vertical wellbore wall for a CSG reservoir than a case without the matrix 

shrinkage. 

3. In a horizontal well, the radial stress decreases during production irrespective of 

matrix shrinkage; however, the reduction of radial stress is more significant if the 

matrix shrinkage effect is considered. However, for a horizontal well, the matrix 

shrinkage will cause an increase of the near-wellbore wall tangential stress. The 

increase of tangential stress and reduction of radial stress near the CSG’s 

horizontal wellbore wall results in more deviatoric stress compare to the 

conventional case. 
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4. In a vertical wellbore in the normal stress regime, the matrix shrinkage helps the 

stability of the wellbore during depletion. Conversely, for a horizontal wellbore 

or a highly deviated well, the matrix shrinkage will cause the reduction of 

MCFDP during depletion, hence a higher risk of coal failure. 

5. It has been concluded that the wells in a strike-slip stress regime are more 

susceptible to failure compared to the normal fault regime. Moreover, horizontal 

and deviated wells are less prone to coal failure than vertical wells in strike-slip 

stress regimes. In this case, depletion could change the in situ stress regime from 

strike-slip to a normal stress regime. This stress change makes coal prone to 

failure. 

6. In a reverse faulting stress regime, horizontal wells in direction of maximum 

horizontal stress are the most stable and least susceptible to coal failure at the 

early stage of production. However, with pressure depletion and the change of 

stress regime to normal fault regime, the optimum production trajectory will 

change, and deviated wells in minimum horizontal stress direction will be less 

susceptible to coal failure. In contrary to the normal fault stress regime, in a 

reverse fault regime, the influence of depletion on MCFDP for vertical wells is 

more than horizontal and highly deviated wellbores. 

7. In terms of stress distribution within the CSG reservoir and permeability 

evolution, previous models, in which either uniform desorption or no desorption 

was assumed, cannot reflect the correct stress distribution in coalbed and 

accordingly overestimate or underestimate permeability, respectively. 

8. A new analytical model was developed for stress distribution within the CSG 

reservoirs and permeability modelling. The model takes the desorption radius into 

the account, which divides the reservoir domain into two different regions of 
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desorption area and non-desorption area. The conventional model overestimates 

tangential and mean horizontal stress in the desorption area, whereas the P 

approach underestimates these stresses in the desorption area. However, 

considering the matrix shrinkage effect by the developed model in this study 

results in a reasonable tangential and mean horizontal stress. 

9. The proposed model results in a more realistic evaluation of permeability since it 

considers the effect of matrix shrinkage only in the desorption area. In addition, 

the proposed model concludes that the permeability has its maximum value near 

the wellbore where the mean horizontal stress is minimum. 

10. The permeability in the desorption area increases with time as the reservoir is 

depleting by time and the desorption radius is expanding towards the reservoir 

boundary. 

 Recommendations 

Based on the understandings gained through this study, some suggestions are made for 

future work: 

1. The proposed model in this study for stress distribution near the wellbore does 

not consider the effect of the cleat system on the stress path for simplicity, which 

is an important research topic for further investigation. 

2. The developed model does not consider the effect of anisotropy for simplicity and 

it also assumes the elastic parameters do not change during production. The 

anisotropy can affect the coal permeability, and the presented model can be 

improved by considering the anisotropy and executing laboratory measurements 

to develop the correlation for elastic parameters change during production. 

3. All the available stress path models in the literature assume that the stress changes 

of both maximum and minimum horizontal stresses are the same. However, as 
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coal is highly anisotropic, the stress path might be anisotropic as well. Therefore, 

True-Triaxial loading experiments will be recommended to execute on the cubic 

coal samples to apply different horizontal stresses which simulate the realistic 

subsurface conditions. 

4. CSG wells are usually stimulated with hydraulic fracturing which is ignored in 

this study and could be an interesting research area for further development. 
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Abstract 
 
Knowledge of the rock mechanical properties and stress tensor including orientation and magnitude of in-situ stresses has numerous 
implications in different aspects of petroleum exploration and production. In particular, these geomechanical parameters control fluid flow in 
naturally-fractured reservoirs, hydraulic fracture stimulation, wellbore stability, and reduce non-productive time in drilling operations. 
Knowledge of the in-situ stress state is particularly important in Iran, which has an extensive and mature petroleum exploration and production 
industry and is also prone to stress-related geohazards such as earthquakes. Yet, the 2016 release of the World Stress Map project contains very 
little in-situ stress information for Iran. 
 
In this study, we present a comprehensive one-dimensional mechanical earth model in an appraisal well in a carbonate oil-bearing reservoir in 
southwestern Iran. Different rock mechanical tests including Brazilian, Uniaxial compressive strength, and tri-axial compressive tests are 
applied on the core samples to determine rock strength and elastic properties such as tensile strength, UCS, cohesion, friction angle, Young’s 
modulus, and Poisson’s ratio. These static rock mechanical properties then provide a reference to calibrate the well-log derived or dynamic 
rock mechanical properties. We use different sets of data such as pressure tests, leak off tests, borehole image log, and wireline data to estimate 
the continuous profile of vertical and horizontal stresses and pore pressure in different lithological layers of the studied well. Analysis of 
borehole breakouts and drilling induced tensile fractures suggest a NE-SW orientation for the maximum horizontal stress orientation which is 
consistent with deep earthquake focal mechanism solutions in the study area, derived from the World Stress Map database. The results also 
indicate normal (in some intervals strike-slip) tectonic stress regime which is different from deep earthquake focal mechanism solutions. The 
constructed 1-D MEM was calibrated by wellbore stability analysis of the current drilled well. The results indicated the unstable borehole in 
some intervals which was consistent with borehole image and caliper logs. Finally, we use the constructed 1D mechanical earth model in this 
study for sensitivity analysis of different wellbore trajectories and mud weight window for future well planning and safe drilling in this under-
development oil field. 



Geology and State of Stress in the Abadan Plain Basin 
 
Abadan Plain Basin is located in the western Dezful Embayment, southwestern Iran. The basin is bounded by the Dezful Embayment in the 
north and the northeast; Persian Gulf–Mesopotamian foreland basin and Saudi Arabia in the southwest and south; and to Iraq in the west 
(Moallemi and Kermanshah, 2012). In comparison to the Dezful Embayment that mainly show NW–SE trend for anticlines and structural 
closure, the Abadan Plain contains N-S to NE-SW trend (i.e. Arabian trend based on Ahmadhadi et al. (2008). 
 
To date, the World Stress Map-2016 database only contains three reliable stress orientations from petroleum wells in Iran (Heidbach et al., 
2016; Rajabi et al., 2010), despite Iran has an extensive and mature petroleum exploration and production industry (Rajabi et al., 2014). Based 
on the information from two petroleum wells in the Abadan Plain, Rajabi et al. (2010) revealed that the orientation of maximum horizontal 
stress (SHmax) in this region is NE-SW (Figure 1). However, the other parameters of stress tensor, such as stress magnitudes and tectonic stress 
regime, are poorly understood in this region (Figure 1). 
 

Methodology 
 
Mechanical Earth Model is a quantitative representation of the in-situ stresses, pore pressure, rock strength properties, and rock elastic 
properties which usually constructed for a specific depth, well or field. It contains all required information for analysis of any geomechanics-
related applications, such as wellbore stability, sand production prediction, hydraulic fracturing design, reservoir geomechanics modelling, CO2 
storage, compaction, and subsidence (Rajabi et al., 2017). In this study we constructed a one-dimensional Mechanical Earth Model (1-D MEM) 
based on various types of data in the study well. We first carried out Brazilian test, Tri-axial Compressive Strength Test, and Uniaxial 
Compressive Strength Test to measure the static rock mechanical properties. We then calculated log-derived or dynamic rock mechanical 
properties which then calibrated with static results (Figure 2). The calibrated elastic properties then have been used to calculate the magnitude 
of horizontal stresses based on poroelastic equations. We determined the overburden stress from the wireline log data by integrating formation 
bulk density. Finally, the analysis of borehole breakouts and drilling induced tensile fractures in image logs of the study well revealed the 
orientation of SHmax. 
 

Results and Discussions 
 
Interpretation of eight borehole breakouts and two possible drilling-induced tensile fractures in the studied wells revealed a trend of NE-SW for 
the SHmax orientation which is fully consistent with the previous studies in the region (Heidbach et al., 2016; Rajabi et al., 2010). Magnitudes of 
vertical and horizontal stresses show the presence of normal (strike-slip in some intervals) in the study area. The presence of normal tectonic 
stress regime in this region is somehow interesting as this area is located in the continental collision zone between the Arabian plate and 
Central Iran plate. Due to lack of leak-off test data we cannot calibrate the log-derived horizontal stress magnitude. However, a recent study by 
Haghi et al. (2018) shows the presence of normal tectonic stress regime in the Bangestan reservoir, northern Dezful Embayment in the Zagros 
Fault and Thrust Belt. 
 



We applied a wellbore stability analysis based on the constructed 1-D MEM and the well trajectory. We calculated the stress concentration 
around the borehole base on previously developed analytical model (Zare-Reisabadi et al., 2012, Zare et al., 2010). The comparison between 
the principal stresses around the borehole and the rock failure criteria to determine whether the borehole wall has failed or not (Figure 3). The 
sensitivity analysis of borehole stability revealed that vertical (in the normal stress regions) or moderately deviated wells (in the strike-slip 
stress regions) are more stable wells. 
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Figure 1. Maximum horizontal stress orientations in the study area from the World Stress Map database (Heidbach et al., 2016). Symbols and 
different colours indicate the method of measurement (circles are focal mechanism solutions, inward-facing arrows are breakouts) and the 
stress regime (SS=strike–slip faulting stress regime; TF=thrust faulting stress regime; black=undefined stress regime). Length of the lines 
indicates quality of data. The study well is located in the red rectangle. 



                                          

Figure 2. Dynamic and static elastic properties of studied well. 



              

Figure 3. 1-D MEM and Wellbore stability analysis results. 
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