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ABSTRACT: The critical issue for the design of highly pressurized caverns is the uplift failure. A reasonable 

evaluation of the failure path including the initial failure location and direction of the crack propagation is 

needed. A series of numerical analyses based on the finite element method was conducted in the framework of 

the 2D axisymmetric model by considering the variety of rock mass properties, cavern depth, and in-situ stress 

ratio. The wide range of the natural rock mass properties (rock strength) and initial stress conditions 

surrounding the cavern, which include in-situ stress ratio and depth of tunnel were considered in this 

investigation. To detect the location of failure initiation and distinguish the failure modes between tensile and 

shear failure, the tensile failure and Hoek-Brown failure criteria are utilized, respectively. The numerical results 

indicated that the rock strength has a strong effect on the initial failure mode while the initial failure location 

strongly depends on the in-situ stress ratio and rock strength. The charts of failure mode and initial failure 

location were created by using the relationship between unconfined compressive strength and tensile strength 

of rock mass and initial stress condition, respectively 
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1. INTRODUCTION 

 

The large renewable energy storage with lined 

rock caverns (LRC) is becoming the popular 

alternative solution to provide stable energy sources 

of base load electricity [1]. When the power demand 

period is low, the high-pressure nature of air or gas is 

absorbed by the driving compressor with excess 

electric energy. The high-pressure air or gas is stored 

underground. During the peak period, high-pressure 

air or gas can be released into the generator to 

generate electrical energy for supplying the increase 

in the power demand. With the high internal pressure 

storage and relatively small underground cavern 

depth, the stability of rock mass above the 

underground cavern caused by the uplift can be a 

critical issue that needs to be considered [2]. 

For preliminary evaluation, the limit equilibrium 

models have been proposed to evaluate the ground 

uplift failure of high-pressurized gas or air caverns 

[3,4]. The models include the rigid cone model [5], 

the log spiral model [6], and the straight failure plane 

geometry model [4]. In these models, they do not 

consider the initial stress state of the surrounding 

ground before excavation and operation, which can 

lead to unrealistic evaluation. In the last decade, many 

researchers have performed analyses to suggest a 

reasonable uplift failure pattern [7–12]. According to 

their study, the initial failure point along the cavern 

periphery depends on the in-situ stress ratio that can 

lead to different uplift failure patterns [2,9]. The 

linear failure criterion model, Mohr-Coulomb, is 

mainly used in numerical analysis due to its simple 

form. To investigate the rock behavior with a wide 

range of stress, the linear Mohr-Coulomb may present 

unrealistic behavior, which can affect the factor of 

safety obtained from the analysis. 

Many failure criteria have thus been proposed to 

assess rock strengths more reasonably. Among 

several criteria, the nonlinear failure model based on 

the Hoek-Brown (H-B) criterion [13] is one of the 

most popular models. In recent years, the H-B 

criterion has been proven to be able to better describe 

the nonlinear rock mass behavior and is widely 

utilized in engineering practices [14], road cuts and 

cliff face stability analysis [15]. However, the H-B 

failure criterion was developed to capture only the 

shear failure mode. Generally, the rock mass can fail 

both tensile and shear failures [16], which may lead 

to different uplift failure path evaluations.  

In this article, the failure behavior of rock mass 

around a pressurized cavern is investigated by 

considering the initial failure mode and location. A 

series of numerical analyses are conducted by taking 
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to account the variety of rock mass properties, cavern 

depth, and in-situ stress ratio. The H-B criterion and 

tensile criterion are used to determine rock failure. A 

conceptual guideline for predicting the failure mode 

of rock mass and the possible location of a failure 

initiation along the cavern periphery with considering 

the rock strength and initial stress state is established 

in this study 

 

2. RESEARCH SIGNIFICANCE 

 

To get a better understanding of the uplift failure 

of the surrounding rock mass containing a high-

pressure storage cavern for a wide range of stress, the 

nonlinear failure criterion is required. Three 

influencing factors including depth of cavern, in-situ 

stress ratio, and rock mass strength are taken into 

account in this investigation to identify the initial 

failure mode and location of the initial failure, which 

may lead to different uplift failure patterns. This 

investigation provides the guideline information for 

predicting the initial mode of failure and location of 

failure initiation along the cavern periphery in 

engineering practical design and analysis. 

 

3. FAILURE MECHANISM 

 

The rock material can be failed under the tension 

or shear failure modes. For tensile failure, when the 

value of tensile stress reaches the critical value of the 

material, failure occurs. The simple equation can be 

written as  

 

σ1-σT=0  (1) 

 

When σ1 and σ3 are the major and minor principal 

stress, and σT is the tensile strength of the material 

(tension is positive). 

 

For the shear failure criterion, the Hoek and Brown 

(H-B) model was adopted. The general form of H-B 

failure criterion can be mathematically expressed in 

terms of the major and minor principal stress as 

 

σ3HB=σ1+(-m𝑖σcσ1+sσc
2)0.5  (2) 

 

The mi and s are the constant values that depend on 

the properties of the rock mass. The unconfined 

compressive strength (UCS) of rock represents by the 

σc in the equation. For intact rock material, s = 1.0. 

The shear failure occurs when the stress state which 

is represented by the Mohr circle reaches the shear 

failure envelope determined by the H-B model as 

displayed in Fig. 1. The minor principal stress 

calculated from the H-B model in Eq. 2 (σ3HB) can be 

determined using the stress state and rock strength. 

According to Fig.1, the shear failure occurred under 

the condition of σ3HB/σ3 equal to 1. The failure ratio 

used in this investigation can be expressed as 

σ3HB

σ3
=
σ1+(-m𝑖σcσ1+σc

2)
0.5

σ3
=1.0  (3) 

 

4. NUMERICAL ANALYSIS 

 

4.1 Problem Characteristic 

 

In this investigation, the 2D axisymmetric 

problem is considered. The analytical model and 

loading condition are demonstrated in Fig. 2. The silo 

cavern has a diameter of 22.2 m. and 33.3 m in high. 

The depth of cavern storage is located at a depth in 

the range of 60 – 150 m. The bottom boundary was 

constrained in both lateral and vertical directions. 

Boundaries on both vertical sides were fixed in only 

one direction, which does not allow them to move in 

the lateral direction. The properties of rock mass used 

in the numerical model can be divided into 2 groups 

including the control properties and varying 

properties. The unit weight of rock (), Young’s 

modulus (E), and Poisson’s ratio () are fixed as 

shown in Table 1. Regarding the literature review, 

[17] collected the properties of rock mass of 28 

different types of rock from many researchers. The 

range of the unconfined compressive strength and m 

value of rock exhibited in the range of 37.2 – 264.8 

MPa and 3.2 – 54.6. Therefore, in the sensitivity 

analyses, the ranges of unconfined compressive 

strength of rock and the m value are considered 

between 1 to 300 MPa and 5 – 25, respectively. 

Moreover, the influencing factor that strongly affects 

the initial failure location as discussed in the work of 

[2], the in-situ stress ratio (k) is also taken into 

account in the range of 0.3 – 3.0. 

 

 
 

Fig. 1 Shear failure proposed by Hoek-Brown 

 

4.2 Procedures for Detection of Initial Failure 

 

A series of stress analyses by using the continuum 

finite element program ABAQUS (2016) of the 

cavern under increasing internal pressure is 

performed to determine the failure initiation location. 

The analysis procedures can be divided into 3 steps 

from the initial to operation stages which are the in-

situ stress state generation, the silo cavern excavation, 

and applied internal pressure to simulate the  
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Table 1  Controlled rock properties 

 
Quantity Symbol Value Unit 

Unit weight γ 26 kN/m3 

Young modulus E 6.66 GPa 

Poisson's ratio ѵ 0.2 - 

 

underground cavern storage state. The level of 

internal pressure increases until the deviator stress 

along the cavern storage achieves the shear failure 

criterion, the value of the maximum major principal 

stress and the location of maximum σ1 and minimum 

of σ3HB/σ3 are captured. 

 

4.3 The Notion of the Failure Mode Identification 

 

The stress state in the rock mass surrounding the 

silo chamber gradually changes both principal and 

deviatoric stresses as the internal pressure increases. 

The stress along the cavern wall, radial stress, 

becomes compression while the stress in the 

perpendicular direction, tangential stress, becomes 

tension as represented as σ3 and σ1 , respectively. 

Therefore, the radius of the Mohr circle increases 

with the increase of internal pressure. When the Mohr 

circle reaches the failure envelope surface which is 

determined by the H-B model of σ3HB/σ3  = 1.0, the 

shear failure occurred. If the tensile strength of rock  

mass is equal to the maximum major principal stress 

at σ3HB/σ3  = 1.0, the failure initiation occurs under 

shear and tension simultaneously. For rocks that have 

greater tensile strength, the shear failure mode can be 

obtained while the rock with a lower tensile strength 

than the value of σ1 at σ3HB/σ3  = 1.0, the failure 

initiation caused by tensile mode is induced.   

 

5. NUMERICAL RESULTS 

 

5.1 Influence of the Rock Properties on Initial 

Failure Mode for Underground Cavern Storage  

 

The effects of the rock strength and types of rock 

mass on the induced failure are described in this 

section. Fig. 3 presents the major principal stress 

distribution at the occurrence of shear failure under 

the operation state. It can be noticed that the 

minimum of σ3HB/σ3  and the maximum major 

principal stress exhibited at the same location for the 

example case (cavern depth of 60 m. and k of 1). With 

the rock having greater ultimate compressive strength, 

the required level of pressure inside the cavern 

storage (Pcav) is increased. The location of the initial 

failure tends to move from cavern crown to cavern 

sidewall while the location of maximum σ1  and 

minimum σ3HB/σ3 are still the same locations. If the 

ultimate tensile strength of rock is equal to maximum 

σ1, the initial failure is induced under shear and tensile 

modes simultaneously. 

 
 

Fig.2  The loading and boundary conditions of the analytical model. 
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Fig. 3  The location of (a) the minimum value of 

σ3HB/σ3 and (b) the maximum σ1  with 

internal pressure of 32.6 MPa. 
 

From the simulation results in the case of cavern 

depth of 60 m. and k = 1, the data points which are the 

relationship between ultimate compressive strength 

and tensile strength under shear and tensile failure 

occurs simultaneously, are plotted as shown in Fig. 4. 

The further investigations were conducted to get a 

better understanding of the effect of rock strength by 

considering rock compressive strength in the range of 

1 to 300 MPa and mi-value of 5, 10, and 25. By 

collecting all the relationships between the rock 

unconfined compressive strength and the major 

principal stress (tensile strength) at the occurrence of 

shear failure in all analysis cases, the boundary line to 

distinguish the mode of failure can be obtained as 

shown in Fig. 5. According to the results, it can be 

seen that the rock mass strength has a strong effect on 

the initial failure mode. The rock with the properties 

(shear and tensile strengths) locates above the 

boundary line, the tensile failure is dominated at the 

initial failure. While the initial failure mode is 

governed by shear if the rock strength properties 

locate under the boundary line. To increase the 

reliability of the analysis results, the rock mass 

properties used in the physical model test in 

Thongraksa et al. [9] are plotted in the figure by 

considering the scaling factor. In their work, the 

triaxial tests were performed to determine the 

synthetic rock properties used in the experiment. By 

using the Hoek-Brown failure criterion to determine 

the shear failure envelope, the mi-value and UCS can 

be calculated, which are equal to 17.78 and 43.95 kPa. 

It can be seen that the expected initial failure mode is 

the shear failure, which shows a good agreement with 

the previous study. Therefore, the chart of initial 

failure mode with nonlinear criterion has been proven 

to predict the failure of rock mass in underground 

cavern storage with high pressure. 

 

5.2 The Initial Failure Location Assessment of 

Underground High-Pressure Storage 

 

Three factors, the depth of the cavern, in-situ 

stress ratio, and rock strength are taken into account 

in the analysis to determine the initial failure location. 

Fig. 6 shows the initial failure locations in the cases 

of cavern depth of 60 m and k of 0.3, 1, and 3, which 

represent the in-situ stress ratio of less than, equal to 

and more than 1 by varying the UCS in the range of 

50 to 250 MPa. In the case of k of less than 1, the 

initial failures occur at the cavern roof while for the k 

larger than 1, the initial failures are located at the 

cavern sidewall. In case of k become unity, the initial 

failure location can be captured between the cavern 

roof and sidewall which has a failure angle in the 

range of 30 and 40. In addition, the required 

pressure level also increases with the rock having 

greater strength. It is seen that the initial failure 

location depends on the rock mass strength.  Similar 

results were also obtained in previous studies [9,18].  

To get a better understanding of the initial failure 

location of the rock, the in-situ stress in a range of 0.3 

to 3.0 and the depth of the cavern in the range of 60 

to 150 m are chosen to perform the further 

investigation. The analyzed initial failure location are 

plotted in a radial space concerning the rock mass 

strength (tensile and shear strengths), as illustrated in 

Fig. 7. To eliminate the influence of cavern depth, 

both terms of shear and tensile strengths are 

normalized by the vertical stress. As seen in Fig. 7, 

the rock strengths have a strong effect on the initial 

failure location for cases with k in the range of 0.8 – 

1 for the low rock strength. Moreover, for cases of k 

less than 0.8, the initial failure locations are located at 

the cavern roof while in cases of k larger than 1, the 

locations of initial failure occur at the cavern side 

wall. 
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Fig. 4  The relationship between shear strength and 

tensile strength at both shear and tension 

failures occur simultaneously. 
 

 
Fig. 6  The relationship between unconfined 

compressive strength (UCS) and failure angle 

(α) at depth of craven of 60 m. 

 

 
Fig. 5  The chart for classifying the initial failure mode. 

 

 

With increasing rock strength, the location of the 

initial failure tends to approach the cavern shoulder 

which has a failure angle of approximately 40. After 

investigating all influencing factors, the practically 

simple chart for determining the initial failure 

location is proposed as demonstrated in Fig 8. By 

knowing the mode of failure from the chart of the 

mode of failure as presented in Fig 5, to find the 

expected failure location, one can start with the 

horizontal or vertical axis for the tensile failure and 

shear failure, respectively. Subsequently, by 

projecting in the circumferential direction to the line 

which represents the in-situ stress ratio, the initial 

failure angle can be obtained by reading the failure 

angle from the corresponding radial axis. 

To validate the proposed chart, the scale-down 

model tests for the case of underground storage with 

internal pressure conducted by Thongraksa et 
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 al. [9] are chosen. In their work, the initial failure 

occurred under shear failure both k of 1 and 3 with a 

depth of 40 m for the full-scale problem. The initial 

failure angle for k of 1 and 3 are 45 and 75, 

respectively. In Fig. 8, the failure initiation points for 

both cases are added to the chart by plotting the 

relationships between the terms of shear strength and 

initial failure angle. In the case of k larger than 1, a 

good agreement between the physical model test and 

the proposed chart can be obtained. The small 

discrepancy between the failure angle captured in the 

experiment and the prediction chart is exhibited in the 

case of k equal to 1 because the failure angle is very 

sensitive to low rock strength under this k. It can be 

concluded that the proposed chart for determining the 

failure location shows reasonable agreement with the 

experimental results.  

 

6. CONCLUSION 

 

This investigation presents the initial failure 

behavior of rock mass surrounding the underground 

cavern storage with high internal pressure via a series 

of numerical analyses. The effect of the cavern depth, 

in-situ stress ratio, and rock mass strengths on the 

initial failure and mode of failure by using nonlinear 

failure criterion, Hoke-Brown failure are conducted. 

The main finding of this investigation can be 

summarized as follows; 

1. The initial failure mode strongly depends on 

rock mass strengths which are the relationship  
 

 
 

Fig. 7  Effect of the rock strength and stress state on the initial failure location. 
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Fig. 8  Chart for predicting the location of initial failure, accounting for the rock mass strength, cavern 

depth, and in-situ stress ratio. 

 

 

between shear strength and tensile strength. By 

considering the range of the natural rock properties, 

the boundary line to separate the tensile and shear 

failure modes can be obtained. The initial failure 

mode can be expected by knowing the rock mass 

strengths. 

2. The initial failure location is governed by 

three influencing factors consisting of rock strength, 

depth of cavern, and initial in-situ stress ratio. Among 

these, the depth of the cavern has the smallest effect 

on the initial failure point. In low rock strength, the 

in-situ stress ratio has a strong effect on the initial 

failure location. For high rock strength, the initial 

failure location seems to locate in the zone between 

the cavern roof and sidewall. 

3. The charts for expecting the failure mode from 

the rock strengths and for determining the failure 

location from its influencing factors are proposed and 

preliminarily verified. The charts can be practically 

useful in the early stage of high-pressurized cavern 

design. 
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