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Abstract. The article addresses the issue of in-situ methane drainage from 
coal seams using multiple hydraulic fracturing. The authors undertake the 
stress–strain analysis of rock mass in the vicinity of a drainage borehole 
subjected to loading by sealing packers using the finite element method. 
The pressures at the packer and borehole wall contacts are calculated. It is 
shown how the length and spacing of the packers influence the values of 
the maximum axial tensile stresses on the borehole wall.  

1 Introduction  
One of the major trends in underground coal mining is engineering of safe and efficient 
facilities for coal extraction. Many mines are gas-hazardous, which impedes fast rates of 
face advance. Safe mining at increased face capacities requires reliable methods and 
special-purpose equipment for effective gas drainage of coal seams.  

By analogy with oil reservoir engineering, coal mining practices use the method of 
direct treatment of coal seams by hydraulic dissection via gas drainage boreholes drilled 
from underground roadways [1–3]. 

The earlier research [4, 5] considered the process flow chart of multiple hydrodynamic 
effect exerted on coal seams. The two-sided packer design was also presented, and the lab-
scale testing data on axial displacement of the packers were presented. Such treatment 
results in induced fracturing of coal seam, including opening of the existing cracks under 
the influence of fracturing fluid pressure. Naturally, the created fractures grow in the 
direction which is energy beneficial, and depends on stress state and natural jointing of rock 
mass. The existing cracks along the coal seam strike are closed under the action of gravity. 
Therefore, the main objective of hydraulic fracturing is creation of cracks oriented across 
the drainage boreholes.  

The crosswise direction of cracks is the best for gas drainage. Multiple and high density 
created fractures in a single borehole expand the gas drainage area by hundreds of times. 
Under the action of the fracturing fluid pressure, the created fractures open wider and 
connect with natural cracks intact by the borehole. It is shown in [6] that initiation of an 
axial fracture or a cross-wise fracture is governed by the length L of the isolated cavity 
between the packers and by the borehole diameter d: when L < 2d, a single crosswise crack 
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is initiated, when 2d < L < 4d, many differently orientated fractures appear, and when L > 
4d, a single axial crack is created. 

2 Numerical stress–strain analysis of borehole wall loaded by 
packers 

2.1 State of the art in hydraulic fracturing modeling 

The stress–strain behavior of rock mass, as well as the process of initiation and propagation 
of longitudinal or transversal created cracks in hydraulic fracturing using packers is the 
subject of numerous studies. These studies generally use the classical theory of elasticity, 
with numerical calculation of the response of geomedium to the preset boundary conditions 
[7, 8]. In such problems, the boundary conditions are formulated by setting the normal and 
shear stresses exerted by fluid on geomedium [9, 10], and the fluid motion is described by 
various laws of flow in a porous medium, including the discrete element method or 
combination of DEM and FEM [11, 12]. Such formulations allow analyzing both the 
stress–strain behavior and fluid distribution in rock mass, as well as the fluid flow rates, 
leeks, etc.  

Diverse packer designs commonly represent a body with an installed packer for airtight 
packing of boreholes. The packer–borehole wall interaction analysis is a relevant problem 
also sufficiently addressed. The scope of the studies in [13–15] embraces the finite element 
method-based numerical analysis of interaction between a rubber packer, packer 
components and a casing pipe, relationship between the application stresses and maximum 
shear stresses in loading of rubber hoses by fixed longitudinal displacement of expandable 
coupling, as well as the friction coefficients of rubber and the packer components.  

2.2 Boundary value problem formulation 

This paper presents the numerical results on loads applied to the borehole wall by the packers 
when expanding under the action of internal pressure, with regard to friction between the 
borehole wall and the packers. The influence of the length and spacing of the packers on the 
stress state in rock mass surrounding the borehole was also analyzed. The three-dimensional 
axially symmetric problem was solved using the finite element method within the classical 
theory of elasticity in COMSOL Multiphysics® envrionment [16]. The rock and packers are 
different modulus elastic materials. Loading is exerted by the pressure applied to the inside 
surface of the packers. In interaction between the packers and borehole wall, the contact is 
introduced in terms of the external dry friction angle  = 30°. Figure 1 depicts the section 
of the test domain by the plane Orz, where Oz is the symmetry axis in the space Orz. 

 
Fig. 1. Pattern of numerical calculation and conditions of loading. 
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The rock mass domain has the dimensions Hc = 2.0 m and Rc = 1.0 m along the axes Oz 
and Or, respectively; the borehole radius is Rh = 0.05 m. Two packers with the length hp are 
arranged symetrically relative to the axis Or at the spacing he in-between. The rubber of the 
packers has the thickness rp = 15 mm. There is no any gap between the packers and the 
borehole wall.  

The physical parameters of the test materials are as follows. Rock is an elastic material 
with the Young modulus Ec = 5.4 GPa and Poisson’s ratio c = 0.16, characteristic of coal. 
Packers are reinforced rubber with the Young modulus Ep = 50 MPa and Poisson’s ratio 
p = 0.45. 

Regarding the loading conditions, the internal boundaries A1B1 and A2B2 are applied 
with the preset and gradually increasing pressure P from 0 to 10 MPa. The borehole wall 
r = Rh beyond the contact with the packers is free from stresses. At the ends of the packers 
(surfaces A1D1, B1C1, A2D2, B2C2), the condition of rigid fixing is set: u(r, z)  0, where 
u(r, z) is the displacement vector. Some subcurves enveloping rock are also subjected to the 
condition of rigid fixing: 

u(r, z)  0 when r = Rc and –0.5Hc  z  0.5Hc, 

u(r, z)  0 when Rh  r  Rc and z = 0.5Hc. 

Under loading by the internal incremental pressure P, the packers expand and their 
contact with the borehole wall grows. The computation series included different lengths and 
varied spacing of the packers: hp = 40, 60, 80 and 100 cm; he = 10, 20, 30 and 40 cm.  

2.3 Numerical results  

Rocks possess different strengths in compression and tension. The tension strength can be 
less than the compression strength by an order of magnitude. Our interest lies in the 
geomaterial areas dominated by the tensile stresses.  

Let us consider the stress–strain behavior of the medium in the vicinity of the borehole 
at the final stage of loading. The calculations show that the tensile stresses are the axial 
stresses z generated in the domain which is limited along the axis Oz by the packers (–
he/2 < z < he/2) and adjoins the borehole wall. Figure 2 illustrates the pattern of the axial 
stresses at the packer spacing he = 20 cm. It is seen that even with no fracturing fluid fed in 
the free space between the packers, rock experiences extension under the action of forces 
generated by the packers.  

a b 

 
Fig. 2. Pattern of axial stresses z at the final stage of loading: (a) section by plane Orz; (b) 3D 
loading pattern.  
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The behavior of the stresses at a distance from the borehole wall is analyzed using the 
stress diagram in the section z = 0 at Rh  r  Rc. Figure 3 demonstrates the diagrams of the 
radial stress r and axial stress z at different packer-to-packer spacing he. The peak values 
of the radial tensile stress r is observed nearby the borehole wall (at a distance from 8 to 
15 cm), and the stress gradually lowers from 0.53 MPa at he = 10 cm to 0.11 MPa at 
he = 40 cm (Fig. 3a). The axial stress z reaches the maximum values at the borehole wall 
and reduces from 0.42 to 2.6 MPa at he = 40 cm and he = 10 cm, respectively (Fig. 3b).  

a b 

  
Fig. 3. Diagrams of (a) radial r and (b) axial σz stresses in cross-section z = 0 at packer-to-packer 
distances of 10 (1), 20 (2), 30 (3) and 40 cm (4). 

The influence of the packer-to-packer spacing on the stresses at the borehole wall is 
illustrated in Fig. 4. The values of the maximum axial tension z of the borehole wall are 
presented at the packer lengths hp of 40, 60, 80 and 100 cm (plotted on the abscissa) and at 
the different packer spacing he = 10, 20, 30 and 40 cm (curves 1, 2, 3 and 4, respectively). It 
appears that as the spacing between the packers grows, the maximum tensile stresses at the 
check point decrease while the length of the packers has no essential effect on the values of 
z. 

 
Fig. 4. Maximum tensile stress z on borehole wall at different packer lengths hr (abscissa) and 
packer-to-packer spacing he = 10 (1); 20 (2); 30 (3) and 40 cm (4). 

Thus, the presented pattern of calculation by loading steps with regard to the contact 
between the reinforced elastic packers and borehole wall makes it possible to describe the 
pressure distribution at the rock–packer interface and to analyze the stress–strain behavior 
of rock mass at the preset working pressure in the packers versus different lengths and 
spacing of the packers.  
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3 Conclusions 
The authors have addressed the issue of in-situ methane drainage from coal seams using 
multiple hydraulic fracturing. The finite element method-based computational model 
presented in this paper allows analyzing the contact interaction between the borehole wall 
and the packers during expansion of the packers under the action of the internal pressure, 
with regard to the packer–rock friction, as well as enables assessment of the stress–strain 
behavior of rock mass in the vicinity of the borehole. It is shown that loading generates 
pressure on the contact surface, and this pressure induces essential axial tensile stresses in 
rocks in the vicinity of the borehole. This fact should be included in the boundary problem 
formulations.  

The obtained results are applicable in selecting in-situ hydraulic fracturing design 
patterns and equipment to stimulate methane drainage from coal seams using uncased 
drainage boreholes drilled from underground openings.  
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