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ABSTRACT

This research presents the investigation on shear failure behavior of rock masses
surrounding the underground caverns under high internal pressure through the
numerical analyses. The numerical model was developed based on the element-free
Galerkin (EFG) method with a cohesive crack growth model. The Mohr-Coulomb failure
criterion was used to evaluate the shear failure paths. A series of parametric study on
several influencing parameters including the depth and in-situ stress ratio, was
conducted. The analysis results indicate that the in-situ stress ratio has a strong effect
on initial failure point, failure propagation pattern and crack propagation direction, while
the vertical stress in the range of this study has an insignificant influence on crack
behavior.

1. Introduction
The element-free Galerkin (EFG) method is a method aimed at the simulation of
growing crack problems. The EFG method was proposed by Belytschko et al. (1994)
and has been applied to solving problems of a solid member. The major advantage of
EFG method is that it does not require any element connectivity and does not suffer
much degradation in accuracy when nodal arrangements are irregular. The EFG is a
Galerkin discretization technique based on the concept of moving least-square
approximation (MLSA), proposed by Lancaster and Salkauskas (1981). Over the past
few decades, several development of the EFG method on crack propagation model
have been developed (Belytschko et al. 1995a; Belytschko et al. 1995b; Belytschko
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and Tabbara 1996; Häussler-Combe and Korn 1998; Xu and Saigal 1998; Belytschko
and Fleming 1999; Krysl and Belytschko 1999; Xu and Saigal 1999; Rao and Rahman
2000; Lee and Yoon 2004). Recently, the EFG was applied to simulate the crack
growth in concrete (Soparat and Nanakorn 2008) and crack propagation in rock mass
surrounding the underground gas storage (Tunsakul et al. 2014). To evaluate the
stability of quasi-brittle material such as concrete, mortar and rock need to consider all
possible failure modes. The classical failure modes of materials can be divided into 3
modes; tensile failure, shear failure and tearing failure. However, all of those mentioned
works have been focused on solely tensile failure. For rock materials, shear failure can
be obtained at high confining pressure condition (Wang et al. 2012). Different failure
modes are thus possible due to the variation of material properties or different types of
rock.
Fig. 1 shows a schematic of the Mohr-circle and Mohr Coulomb failure criteria obtained
from 3 different materials. The details of material properties are also shown in Fig. 1.
The tensile strength (σt) and cohesion (c) of material A are denoted by the symbol “σt,A”
and “cA”, respectively. For material B, the σt value is equal to σt,A, while the c value is
higher than cA. The tensile strength of material C is lower than σt,A, and cohesion are
also the same. It can be seen that the failure mode of these materials depend on the
relation between the tensile strength and cohesion parameters. Therefore, the
evaluation of the stability of rock mass needs to consider both tensile and shear failures.
The aim of this study is to examine the progressive failure due to shear crack of rock
mass surrounding cavern under high internal pressure, which is subjected to different
vertical stresses and in-situ stress ratios. For this purpose, a numerical tool, the
element-free Galerkin (EFG) was selected.

Fig. 1 Mohr-circles and Mohr Coulomb failure criteria with varying properties of material

2. Element-free Galerkin (EFG) method
The concept of the element-free Galerkin (EFG) method is proposed by Belytschko
et al. (1994). This method has been used in solid and fracture mechanics. The EFG
method use only a set of node and a description of the model’s boundary conditions are
required to discrete the partial differential equations. The EFG employs moving leastsquare (MLS) approximants to generate the shape functions. The MLS method is an
effective technique to approximate a function of set of scattered data. The shape
function, modeling of cohesive cracks and description of the stiffness matrix equation of
EFG with cohesive crack growth are presented in Tunsakul et al. (2014). The stiffness
equation of the domain is constructed by directly including a term related to the energy
dissipation along the interface element in the weak form of the global system equation.
The weak form equation is expressed as
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3. The EFG analysis of rock mass surrounding high pressure gas storage
3.1 Failure Criteria
For shear failure, a number of criteria have been developed for rock (Sheorey 1997).
Among these criteria, the linear Mohr-Coulomb criterion is widely used in practice
because its simple form and general fit to brittle materials for a range of stresses. The
Mohr circle and Mohr Coulomb envelop were used to represent the stress state and
failure criterion used in this study as shown in Fig. 2. The shear failure is satisfied with
τs/τ of 1. This ratio is mathematically defined as

Fig. 2 Graphical illustration of shear failure criterion, referring to a Mohr circle with its
Mohr-Coulomb failure criterion (Tunsakul et al. 2013)
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where ; C and ø are cohesion and friction angle of rock mass. The parameters σ1 and
σ3 stand for major and minor principal stresses, respectively. The shear crack direction
is predicted from the stress state at the critical position. From the Mohr-coulomb, the
shear failure planes is calculated by Eq. 7 (see Fig. 3)
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Fig. 3 shear failure planes on Mohr- Coulomb

3.2 Model setup
The model was referred to the laboratory physical model test in Tunsakul et al.
(2013). The model had dimension of 0.5 m x 0.95 m as shown in Fig. 4. The specimen
had a 0.1 m inner diameter and 0.2 m tall (crown to invert) silo-shaped cavern, located
in rock at a depth of 0.3 m measured from surface to crown. The properties of rock are
listed in Table 1. In the current study, there are 2 different vertical stresses (12.5 and 25
kPa) and in-situ stress ratios (k) of 1 and 3 of which the failure propagation to be
investigated.
The analysis of the fracture propagation in this study is divide into 3 steps. The first
step is to reproduce the initial in-situ stress condition, including the gravity load and
lateral stress to the lateral boundaries. The second step is to determine the initial failure
during continuously increasing the internal pressure. The location of initial crack is
determined at which minimum D/R equals to 1. The last step is to gradually increase
the internal pressure to induce the crack propagation.
Table 1. Rock mass properties
Mechanical property
Unit weight, 

Unit
kN/m

Value
3

20

Unconfined compressive strength, c

MPa

0.18

Tensile strength, t
Young's modulus, E
Poisson's ratio, 
Cohesion, C
Friction angle, 

MPa
MPa
MPa
°

0.05
25
0.2
0.055
32

Fig. 4 Configuration, geometry of specimen and loading condition

4 Numerical results and discussions
In this section, the failure behavior in terms of position of crack initiation and
corresponding failure pattern are described. For shear failure criterion, by increasing the
cavern pressure, the values of D/R of elements along the cavern periphery gradually
reduce until the values of 1 is reached at a location identifying the crack initiation. The
overall results from the evaluation of initial failure for cases with different k considered
in this study are depicted in Fig. 5. After performing the analyses with different initial
stress conditions and investigating the locations of the initiation points, the results are
summarized in Fig. 6. The symbol “α” is used to depict the angle of the location of initial
crack at the cavern periphery with respect to the vertical direction at the cavern crown.
From the results, it can be seen that the initial crack induced cavern pressure, σcarvencrack, and the locations of initial cracks are different for two initial stress conditions
considered in this study. An initial crack for initial stress condition with k of 1 and 3
occurs at the cavern with α = 45˚ and 75˚ respectively.

Fig. 5 D/R contour of rock mass at shear crack initiation for initial stress state of various
k.

Fig. 6 Cavern pressure that induces a crack initiation and its location
Fig. 7 shows the computed results of fracture pattern considering the effects of depth
and k. From the figure, the solid line represent the failure paths at vertical stress of 12.5
kPa. For k = 1, the fracture propagates as a slightly curved line approaching to the
ground surface. For k = 3, shear fracture is formed at the lateral side of cavern, and
propagates away from cavern to the lateral side.

Fig. 7 Comparisons of failure paths obtained from analyses between vertical stress of
12.5 kPa and 25 kPa for various k.
For simulation under higher initial vertical stress with the same initial k, some
differences on the simulation results can be captured. The shape of failure path of k of 1,
the fracture propagates initially concave and turns upwardly to vertical direction as a
dash line in the figure. For k of 3, the crack propagates as a slightly curve line away

from the cavern to the ground surface. It seems that the failure paths of lower initial
vertical stress (shallower location of cavern) tends to move upward directly to ground
surface with different curvatures and inclinations to the vertical axis comparing to the
higher initial vertical stress. For the fracture pattern, k is the important factor on the
direction of failure path. From the observation, the fracture patterns for the same k of all
cases (different v) are slightly different in the near field.
5 conclusion
In this study, shear failure behaviors of rock mass surrounding the underground gas
storage cavern under high pressure are numerically investigated by the EFG method. A
series of parametric study on effect of depth and in-situ stress ratio was conducted.
From the analysis results, it can be concluded as following;
1. The in-situ stress ratio has a strong effect on initial failure point, failure propagation
pattern and crack propagation direction, while the vertical stress in the range of this
study has an insignificant influence on crack initiation.
2. The failure paths with lower vertical stress tend to move upward directly to the
ground surface, with different curvatures and inclinations to the vertcal axis.
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