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ABSTRACT 
   

Cavity expansion within soil or rock is an important issue in geomechanics because it often 

appears in geotechnical related problems.  This work describes the initiation of fracture in a 

laboratory specimen of Berea sandstone with a cylindrical opening, modeled using the discrete 

element method (DEM).  The effect of far-field stress and borehole size on breakdown (peak) 

pressure was investigated.  The results demonstrated that an increase in either the far-field stress 

or the borehole diameter caused the peak pressure to decrease.  This showed that the size effect 

was governed in part by both the loading conditions and borehole size. 
 

 

1. Introduction 

      Often when extracting resources from the 

earth’s surface it is a common technique to 

drill a circular opening into the ground called 

a borehole.  In many cases, failure of the area 

surrounding the borehole may occur if the in-

situ stresses exceed the material’s strength.  

Borehole instability is a condition that causes 

a borehole to not maintain its gauge size and 

shape, and can also lead to loss of structural 

integrity. These failures can cause 

catastrophic outcomes and loss of life on a 

large scale, but even on a smaller scale can 

cause detrimental environmental effects, 

damage to property, or loss of monetary 

assets.  Cavity expansion is one of the 

primary problems in rock mechanics and is 

largely motivated by the need to understand 

the fracture mechanisms that arise 

surrounding these drilled cavities4.   

      One of the most notable aspects related to 

cavity expansion tests is the well-known and 

highly documented size effect related to 
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tensile fracture initiation that originates from 

the borehole3,7.  To study fracture properties 

of rock, and with the ability to study various 

influencing parameters, DEM has proven to 

be useful.  In this study, a two dimensional 

bonded particle software called CA2 was 

used to model the initiation of fracture in a 

block with a circular opening under plane 

strain. 

 

2. Discrete Element Method 

     Discrete element modeling is one of a 

multitude of numerical methods used to 

compute the motion of a large number of 

small particles as they interact with one 

another.  DEM is a numerical modeling 

approach, first developed by Cundall1, that 

explicitly considers the individual particles in 

a specimen and their interactions in a 

granular assembly.  By employing simple 

contact laws and using approximate particle 

geometries, the complex mechanical 

responses that are observed in experiments 

can be represented simply.  Some advantages 

of DEM as opposed to physical experiments 

include analysis of specimens that would be 

too large or costly to test in a lab setting, as 

well as the quick turn around time to run a 

simulation.  Numerous existing random 

distributions can also be used to represent the 

results of multiple experimental tests. 

     For this study, a two dimensional discrete 

element model of a cavity expansion test was 

used to study the size effects on the 

breakdown pressure, pertaining to changes in 

the far-field stresses and size of the borehole 

relative to the specimen size.  This model was 

produced in the computer program CA22, 

which is a hybrid discrete element program 

used for two dimensional analyses of 

geomaterials.  In the discrete system, the rock 

is simulated as a bonded particle assembly 

where rigid circular particles representing the 

grains interact through normal and shear 

springs to simulate elasticity. By simplifying 

all the particles to a circular shape and 

assuming particle rigidity, the computational 

cost of the simulation is greatly reduced. This 

means that structures containing a relatively 

large number of particles can be analyzed 

more readily and the main behavior of the 

granular material can be captured. In order to 

withstand the tensile and differential stresses, 

the rigid circular particles are bonded 

together at their contact points.  Figure 1 

represents the tensile softening contact bond 

model that is used in the models.  The 

specified contact model used these 

micromechanical parameters: 
 

 Kn – normal stiffness 

 Ks – shear stiffness 

 nb – normal bond 

 sb – shear bond 

 μ – friction coefficient 
 

For the parameters that make up the tensile 

softening model, the normal stiffness and 

shear stiffness act as the slopes and relate the 

force and displacement for each loading 

scheme (normal and shear). In addition to the 

parameters described above, both the particle 

radius (R) and the genesis pressure (σ0) must 

be specified.  The genesis pressure, or the 

confining pressure applied during specimen   

preparation, is the parameter that determines 

the initial degree of small overlap that the 

particles experience.  By the tensile softening 

model presented above, the normal bond 

reduces linearly after reaching the peak 

tensile load.  From this point onward, a 

parameter Knp is introduced that represents 

the slope in the post-peak region for the 

normal force  –  normal displacement model. 
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Figure 1. Tensile softening contact bond model (a) Normal force – normal displacement relationship  

(b) Shear force – shear displacement relationship5 

 

The parameter Knp is what effectively 

controls the softening behavior.  By altering 

the Kn/Knp ratio of the model and decreasing 

the Knp value, the behavior of the specimen 

goes from brittle to increasingly ductile6.  

With the far-field stresses used in this study 

shear softening was not applicable to the 

cavity expansion tests, so no shear failures 

were present in the simulation.  The arrows 

present in Figure 1 represent the loading and 

unloading paths for the normal and shear 

contact forces. 

     After creating the specimen for the 

models, the DEM model was calibrated in 

order to correctly represent the materials 

elastic properties, uniaxial compressive 

strength, and tensile (flexural) strength.  The 

model was calibrated using data obtained 

from element tests such as uniaxial tension 

and compression, and three-point bending 

tests.  The simulated Berea sandstone was 

calibrated to the following values7: 
 

 Young’s Modulus = 13.3 GPa 

 Poisson’s Ratio = 0.19 

 Uniaxial Compressive Strength – 29.1 MPa 

 Tensile (Flexural) Strength – 2.2 MPa 

 

 

From these, the following micromechanical 

properties were obtained: 
 

 Kn = 20 GPa 

 Ks = 5 GPa 

 nb = 1850 N/m 

 sb = 13500 N/m 

 μ = 0.5 

 σ0 = 2.0 GPa 

 Knp = 1.33 GPa  
 

The calibrated values resulted in a Kn/Knp 

ratio equal to 15, which lies between the 

brittle (Kn/Knp = 0) and ductile (Kn/Knp = 30) 

material behavior.  The circular particles that 

made up the specimen were based on a 

random distribution with radii of a range of 

0.54-0.66mm, resulting in an average radius 

of 0.60mm.  The simulated packer placed 

inside the borehole expanded with a uniform 

radial velocity of 0.2 x 10-8 m/cycle which 

was applied to the internal boundary of the 

borehole with a finite element method (FEM) 

grid that represented the packer. 
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In order to initiate fracture in the rock 

specimen, the specified far-field stress was 

applied on two sides of the cube (σ1 = σf), 

while the opposing two sides remained stress 

free (σ3 = 0).    In the experiments, the rock 

was restrained normal to the borehole axis, 

and the out of plane displacement was 

maintained at zero (plane strain).  This 

loading orientation can be seen in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Numerical Modeling Results 
 

3.1 Effect of Borehole Size on Peak Pressure 
 

     To investigate the effect of borehole size 

on the peak or breakdown pressure, three 

different ratios of borehole diameter to 

overall specimen size were considered.  

Borehole size percentages of 5%, 10%, and 

20% were investigated, while specimen size 

was kept to a constant value of 100mm x 

100mm. These borehole percentages can be 

seen in Figure 3 in relation to the overall 

specimen size.  

Figure 3. Specimens with each of the described ratios of borehole diameter to total specimen width (a) 5% of 

specimen width (b) 10% of specimen width (c) 20% of specimen width

 

Figure 2. Loading configuration for specimens 

subjected to cavity expansion. Note the internal radial 

pressure in the borehole is applied with a uniform 

radial velocity for the models described.   
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Figure 4. Relationship between borehole size and peak pressure 

 

 

  
Figure 5. Relationship between far-field stress and peak pressure 
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     In the analysis, the peak pressure was 

taken to be the maximum internal pressure 

reached within the borehole, and is the 

pressure at which failure of the specimen 

occurs.  At small internal pressures the 

applied pressure varies linearly with the 

borehole expansion, but at larger internal 

pressures an inelastic response takes over.  

This inelastic response is eventually followed 

by stable fracture or failure upon reaching the 

peak pressure.  As borehole diameter 

increases, the peak pressure required to 

fracture the specimen decreases.  This 

relationship can be seen in Figure 4, which 

relates the borehole size to the peak internal 

pressure. As the borehole increases, the 

specimens failed at a much closer peak 

pressure regardless of the applied far-field 

stresses. In contrast, when the borehole size 

was small, there was a greater degree of 

variability in the peak internal pressure 

reached in the specimen in relationship to the 

applied far-field stresses.      

 

3.2 Effect of Far-field Stress on Peak Pressure 
 

     To investigate the effect of the magnitude 

of the applied far-field stresses on the peak 

pressure, three magnitudes were investigated.  

Far-field stresses of 0.5 MPa, 1.25 MPa, and 

2.0 MPa were analyzed.  When combined 

with the three borehole size parameters, it 

resulted in 9 distinct specimen simulations to 

be set up, run, and analyzed. 

     As before, peak pressure was taken as the 

maximum internal pressure reached within 

the borehole.    The relationship between the 

magnitude of the applied far-field stresses 

and the resulting peak internal pressure can 

be seen in Figure 5.  Although it is fairly 

intuitive, from this figure it is evident that an 

increase in far-field stress results in a lower 

peak pressure.  This figure also affirms the 

relationship derived from figure 4 that shows 

that larger borehole sizes display a lesser 

degree of variability in terms of peak 

pressure. 

     When interpreting breakdown pressure in 

terms of the applied far-field stresses, the 

Hubbert-Willis (H-W) expression is often 

used: 

𝑃𝑏 = 3𝜎ℎ −  𝜎𝐻 + 𝑇 
 

where Pb is the breakdown pressure, σh is the 

horizontal stress applied to the specimen 

(equal to zero in this model), σH is the vertical 

or far-field stress applied to the specimen, 

and T is the tensile strength of the material.  

The H-W solution applies minimum normal 

stress criteria (compressive stress positive) to 

the Kirsch formula so it is based on simple 

failure criterion, and also assumes a linear 

elastic behavior.  As there is no dependency 

on the borehole size in the H-W equations, it 

does not exhibit the size effect observed in 

the simulation. 

 

4. Conclusions 

     Cavity expansion is an important problem 

related to geomechanics and can be used in 

many ways to simulate more complex 

geotechnical problems.  The size effect is a 

well documented aspect of cavity expansion 

tests and is related to the tensile fracture 

initiating at the borehole wall.  Discrete 

element simulations were used to look into 

the size effect by changing the borehole 

diameter as a percentage of the specimen 

width. This was analyzed in addition to 

changing the far-field stress magnitude to see 

its effect on the peak or breakdown pressure 

of the specimen.  In total nine distinct 

simulations were performed with different 
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combinations of 5%, 10%, and 20% borehole 

diameter and 0.5 MPa, 1.25 MPa, or 2.0 MPa 

far-field stress magnitudes.  Both variables 

played an important role in the resulting peak 

pressure.  By either increasing the borehole 

size, or increasing the far-field stress, in one 

direction (σh = 0 in the other direction) the peak 

pressure of the specimen was reduced. 
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