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Abstract 

Rock failure is observed around boreholes often with certain types of failure zones formed which 

are called breakouts. Drilling experiments in some high porosity quartz-rich sandstone have 

shown that breakouts are formed by developing a narrow localized compacted zone in the 

minimum horizontal stress direction. They are called fracture-like breakouts. 

Such compaction bands may affect hydrocarbon extraction by forming barriers that inhibit fluid 

flow and may also be a source of sand production. Therefore, investigation of the mechanism of 

fracture-like breakout has received considerable attention in the past ten years in the oil industry 

due to its potential impact on the performance of oil wells.  

This paper presents the results of numerical simulations of borehole breakouts using three 

dimensional discrete element method (DEM) to investigate the mechanism of the fracture-like 

breakouts and to identify the role of far-field stresses on breakout dimensions. The numerical 

tool was first verified against analytical solutions. It was then utilized to investigate the failure 

mechanism and breakout geometry for drilled cubic rock samples of Castlegate sandstone 

subjected to different pre-existing far-field stresses to simulate the drilling experiments. 

The results show that failure occurs in the zones of the highest concentration of tangential stress 

around the borehole in the direction parallel to the minimum horizontal stress. It is concluded 

that fracture-like breakout will develop as a result of non-dilatant micro-mechanism consisting of 

localized grain debonding and grain crushing which leads to the formation of a compaction band 

in the minimum horizontal stress direction. In addition, it is found that the length of fracture-like 

breakouts depends on both the mean stress and stress anisotropy. However the width of the 

breakout is not significantly changed by far-field stresses.    

Introduction 

The term “borehole breakout” is normally associated with borehole cross-sectional elongations 

resulting from preferential rock failure at and behind the borehole wall during or after drilling 

(Haimson and Song, 1998). Borehole breakouts in oil wells drilled in deep sandstone formations 

can cause wellbore instability during drilling, affecting well completion design and well 

operational limits (Germanovich and Dyskin, 2000). 
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Bell and Gough (1979) first observed that breakouts in wellbores drilled in the oil fields of 

Alberta, Canada are aligned with the minimum in-situ horizontal stress, σh, and they proposed a 

systematic correlation between the breakout orientation and the direction of the regional  

horizontal stress, σh. Since then, several researchers have suggested a correlation between the 

breakout orientation and borehole dimensions, and the directions and magnitudes of the in-situ 

stresses through experimental findings (e.g. Haimson and Herrick, 1986; Haimson and Song, 

1993; Herrick and Haimson, 1994; Haimson and Lee, 2004), based on theoretical works (e.g. 

Gough and Bell, 1982; Zoback et al., 1985; Zheng et al., 1989; Shen et al., 2002) and based on 

field observations (e.g. Barton 1988; Zoback and Magee, 1991).  

Three common types of breakouts have been observed in sandstone from hollow cylinder tests 

(Lavrov et al., 2005).  They are: (a) uniform failure round the borehole, (b) dog-ear breakouts, 

and (c) fracture-type breakouts, see Fig. 1.  

In uniform failure around the wellbore, the deformation of the surface around the opening is 

uniform and the cavity remains nearly circular after failure. Fig. 1a shows the failure pattern 

from a X-ray CT-scan image of a hollow cylinder test sample, which shows shear bands are 

distributed uniformly around the cavity (Lavrov et al., 2005). 

The second type of failure resembles two nearly identical V-shaped breakouts that is developed 

in diametrically opposite sides of the hole in the direction of the minimum horizontal principal 

stress (Fig. 1b). The V-shaped breakouts are attributed to either tensile spalling or shear 

fracturing or a combination of the two modes (Vardoulakis et al., 1988; Guenot, 1989).  

Haimson and Song (1998) and Haimson (2001) found that in highly porous sandstone, fracture-

like failure bands can develop in the direction of the minimum principal stress (Fig. 1c). Later 

Klaetch and Haimson (2002) and Haimson and Lee (2004) observed similar fracture-like failure 

pattern in St. Peter sandstone and Mansfield sandstone. Scanning electron microscope (SEM) 

images showed that fracture-like breakouts developed by the formation of a narrow band of 

compacted grains ahead of the breakout tip. Grains were either crushed or broken and repacked 

within the compacted band, leading to significant porosity reduction. Based on numerical 

simulations, Lavrov et al. (2005) concluded that elongated slits are associated with tensile failure 

at the tip of the slit in contrast to Haimson's observations. 

Several attempts have been made to investigate the failure pattern around the borehole based on 

theoretical works, notably using elasto-plasticity (Kwong and Kaiser, 1989; Zheng et al., 1989; 

Papamichos et al., 2001; Detournay et al., 2009), pressure-dependent elasticity (Santarelli and 

Brown, 1987; Santarelli and Brown, 1989), bifurcation theory (Papanastaiou and Vardoulakis, 

1992), fracture mechanics (Bazant et al., 1993; Germanovich and Dyskin, 2000) and 

microstatistics (Charlez et al., 1989). A comprehensive review of many theoretical and numerical 

approaches to investigate the mechanism of the borehole breakouts has been provided by 

Germanovich and Dyskin (2000).  
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Several researchers have identified the Discrete Element Method (DEM) as a useful tool in the 

investigation of breakout morphology and sand production (Rawling et al., 1993; O’Connor et 

al., 1997; Jensen et al., 2000; Li et al., 2006). Instead of treating the rock mass as a continuum, 

DEM simulates the particles/blocks and their interaction explicitly (Jing and Stephansson, 2007). 

Rawling et al. (1993) investigated the influence of natural fractures, stress anisotropy and 

wellbore orientation on wellbore stability and breakout geometry. Their model was based on 

direct simulation of block movements using a DEM code called UDEC (Itasca, 2000) to 

investigate the mechanism of uniform and V-shaped breakouts in heavily pre-fractured rocks. Li 

et al. (2006) used two dimensional commercial DEM code, PFC2D (Itasca, 2004), to simulate 

hollow cylinder tests with fluid flow and study sanding and breakout geometry. PFC2D 

simulates an assembly of circular disks with the bonds inserted between them. In the standard 

PFC2D code, the bonds have normal and shear stiffness and strength and they fail when the 

tensile or shear stress in the bond exceeds its strength (Itasca, 2004). Li et al. (2006) used bond 

strength so high that no bonds in the model would fail due to the stress in the bond. It is assumed 

that all bonds associated with a given disk break when the stresses inside the disk satisfy a failure 

criterion. In addition, grain crushing is simulated by reducing particle radius when the particle 

stresses reached a threshold. They found three typical breakout geometries in the simulations 

similar to those observed in laboratory tests. The fracture-like breakout was observed when the 

material is prone to localized compressive failure. However, the compacted zone of reduced 

porosity was not observed at the breakout tip. For those cases where the material was weak and 

the tensile strength was low, uniform failure around the borehole was observed along with a 

rather uniform hole enlargement. In those cases with relatively competent rock properties, which 

were unlikely to fail in localized compaction, the failure pattern was observed to be in the form 

of V-shaped breakouts. 

Little is known on the mechanism of the initiation and propagation of the compaction bands at 

the grain scale during drilling. This paper describes the development of drilling induced 

compaction bands using a three dimensional discrete element model to investigate the 

mechanism of the fracture-like breakout at the particle scale. The numerical tool was verified 

against analytical solution and then utilized to study the effect of stresses on the breakout length 

and shape in cubic laboratory rock samples.   

Theoretical Background 

A DEM analysis involves modeling granular materials using assembly of particles that allows 

inter-particle interactions. Cundall (1971) first introduced the DEM in the analysis of rock blocks 

failure. A comprehensive description of the DEM is given by Potyondy and Cundall (2004). 

The particle flow code (PFC3D) developed by Itasca was used in the three dimensional DEM 

simulations of well hole failure presented here. PFC3D is based on Cundall and Strack’s (1979) 

work which is a simplified implementation of the DEM. In PFC3D, the particles are assumed to 
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be rigid but small overlaps are allowed at the contact points (Itasca, 2008). These overlaps mimic 

the deformations that occur in real particle contacts of geomaterials. The parallel bond model in 

PFC3D is considered to be an appropriate bonding model for DEM models of cemented sands 

(Potyondy and Cundall, 2004). The parallel bond models are able to transmit both forces and 

moments, like the cementing materials do at real contacts. 

In this work, a numerical scheme was implemented in PFC3D to simulate grain crushing during 

the formation of the compaction bands that are believed to induce fracture-like breakouts. 

The Grain Crushing Modeling Scheme 

In addition to the tensile and shear failure at inter-granular contacts that are captured in the 

standard PFC3D, the model used in this research includes a scheme to simulate grain breakage 

and crushing. 

Several researchers have proposed a number of schemes to model grain breakage in DEM 

simulations (Tsoungui et al., 1999; Couroyer et al., 2000; Cheng et al., 2003; Marketos and 

Bolton, 2009). The schemes use some simplifying assumptions to capture the behaviour without 

dramatically increasing simulation time. 

The breakage criterion is usually defined in terms of contact forces acting on the grain (Couroyer 

et al., 2000; Marketos and Bolton, 2009). In this research, a particle will break if the 

characteristic stress (σch) inside the particle exceeds its crushing strength (σcrush) (Marketos and 

Bolton, 2009): 

𝜎𝑐ℎ =
𝐹(max) 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐷2
≥ 𝜎𝑐𝑟𝑢𝑠ℎ , grain breaks 

The characteristic stress (σch) is defined as the ratio of the maximum normal contact force 

(𝐹(max) 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) on the particle to the square of its diameter (D). The crushing strength (σcrush) has 

been experimentally evaluated by conducting single grain crushing tests. The test is conducted 

by inserting a grain between two platens and then moving the lower platen to crush the grain. 

The crushing strength is defined as the ratio of the maximum force at failure to the square of the 

distance between the platens at the start of the test (Mcdowell and Amon, 2000; Nakata et al., 

2001). Nakata et al. (2001) concluded that the grain crushing strength depends on the grain 

mineralogy and the grain size.  

In the DEM simulation of the compaction band, different methods were used to simulate the post 

breakage behaviour. A comprehensive review of the methods is given by Marketos and Bolton 

(2009). One of the methods for modeling grain crushing is to reduce the contact stiffness of the 

crushed particle (Marketos and Bolton, 2009). The stiffness reduction simulates the deformation 

of inter-fragment voids making the local response less stiff. The amount of stiffness reduction 

depends on the grain mineralogy and the stresses on the crushed particle by the neighbouring 
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grains. After breakage, the broken particle could still carry force resulting in reduction in the 

compaction band porosity. Kurt et al. (2005) found that the elastic modulus within the 

compaction band increases as the result of porosity reduction and the increased area of contact 

among the grains. 

The Numerical Modeling Case 

Numerical model has been used to simulate drilling in laboratory samples of the Castlegate 

sandstone. The numerical procedure was designed to closely simulate the drilling conditions, in 

which the wellbore material is removed while the rock is under some in-situ stresses. The applied 

stresses were sufficiently high that generated breakouts around the hole.         

Test numerical specimens were generated in a rectangular box of 0.18 m × 0.18 m × 0.02 m (W 

× H × D) bounded by rigid frictionless walls. To ensure initial tight packing, the particles were 

generated at half their final size. Then the particle diameters were increased to their final values 

under zero friction (frictionless balls). The walls were moved slowly using a servo-control 

algorithm, until the block reached an isotropic stress state of 0.2 MPa. This low value of 

isotropic stress is around one percent of uniaxial compressive strength and it was chosen to 

reduce the locked-in stresses that develop after subsequent parallel-bond installation (Itasca, 

2008). In order to have a denser network of parallel bonds in the subsequent step, floating 

particles, defined as the particles with less than three contacts with other particles, were removed 

(Potyondy and Cundall, 2004). Next, parallel bonds were randomly installed at 30 % of the 

contacts detected at this stage, and the bond radius multiplier was varied randomly between 0 

and 1 based on the observations from the Scanning Electron Microscope (SEM) images for the 

Castlegate sandstone (Cheung, 2010). Then a friction coefficient was assigned to all particles. 

The specimen consisted of 89,538 spherical particles of sizes randomly between 0.4 and 1.3 mm 

which approximately captures the particle size distribution of the Castlegate sandstone (Fig. 2). It 

is to be noted that it is not practical to model every single grain in the DEM simulations with the 

current computational power. Therefore, particles that represent rock volumes rather than 

individual grains are modeled in DEM. Other DEM micro parameters were calibrated to match 

the DEM response with the triaxial tests measurements on the Castlegate sandstone (Table 1).  

Fig. 3 compares the macro-responses of the DEM triaxial model under different confining 

stresses with the corresponding laboratory results. 

The average porosity of the DEM specimen was assessed to be 0.34 which is more than the 

actual porosity (0.25). This is partly because the parallel bond representing the cement between 

grains is represented as a set of springs with no volume. Moreover, the particles in PFC3D are 

spherical whereas in the Castlegate sandstone, grains are sub-angular and usually have irregular 

shapes (Cheung, 2010). This could also affect the packing and therefore the initial porosity of the 

specimen.  
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In our simulations, the stiffness of a crushed particle is reduced by a factor of two once the grain-

crushing criterion is satisfied (Marketos and Bolton, 2009). Alvarado (2007) reported that the 

Castlegate sandstone particles are predominately quartzitic. The average particle crushing 

strength was assumed to be 60 MPa based on the single grain crushing experiments that Nakata 

et al. (2001) conducted on different sizes of quartzitic grains.  In addition, it was assumed that 

the contact stiffness after grain crushing increases linearly as a function of porosity to eventually 

reach the original contact stiffness. 

The simulation procedure started by applying three perpendicular and unequal stresses (σH ≥ σV 

≥ σh) using a servo control algorithm. While maintaining the far-field stresses on the specimen, a 

vertical borehole (1.25 cm radius) was drilled by gradually decreasing the grains stiffness inside 

the borehole to zero and finally removing the grains from inside the hole. Then the model was 

cycled till the average unbalanced forces were low compared to the average contact forces (0.01 

ratio was adopted here). 

Verification of the DEM model- The DEM simulations were verified by comparing their 

response with the calculated results from analytical solutions. Zoback (2007) derived analytical 

expressions for the effective stresses at the wellbore wall in an anisotropic elastic medium.  

In the analytical solution and DEM model, the maximum horizontal, vertical and minimum 

horizontal stresses were 40, 30 and 20 MPa respectively. The applied stresses were selected such 

that the material response at the borehole wall was elastic. The sample was also assumed to be 

dry. Fig. 4 compares the stresses in a cylindrical coordinate system at the wellbore wall of the 

DEM model with the analytical solution in terms of the angle with respect to the direction of the 

maximum horizontal stress. It shows that the radial stress is zero at the wellbore wall and the 

tangential and vertical stresses vary as a function of position around the wellbore, in which they 

are strongly compressive in the direction of the minimum horizontal stresses. Note that the 

average value of vertical stress is the same as the far-field vertical stress (30 MPa) and the 

variation of the tangential stress is around four times of the difference between the maximum and 

minimum horizontal stresses (4×(40-20)=80 MPa). 

In addition, the DEM simulations were also verified by comparing the DEM response with the 

calculated results from analytical solutions developed by Risnes et al. (1982). They derived 

analytical expressions for the stresses around a wellbore or cavity using continuum based 

elasticity and plasticity theories. They assumed axisymmetry and plane strain conditions and that 

the material obeys the Mohr-Coulomb failure criterion. 

In the analytical model, a disk of Castlegate sandstone with an inner radius (Ri) of 8 mm, outer 

radius of 80 mm and unit height was chosen. The sample was also assumed to be dry. The other 

input parameters for the analytical solution, including cohesion, friction angle and Poisson’s ratio 

were assumed to be equal to 4.3 MPa, 46.5° and 0.2, respectively. The cohesion and friction 

angle were evaluated at peak strength from the simulated triaxial tests on the Castlegate 
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sandstone assuming the material obeys Mohr-Coulomb model. Young’s modulus was 

determined at 50% of the peak stress (Jafarpour et al., 2012). Also, the average Poisson’s ratio at 

different effective confining stresses was used in the calculations.  

Fig. 5 shows the analytical vertical and tangential stress profiles. The extent of the plastic zone is 

shown by Rc where the peak tangential stress is observed. 

The DEM model was generated by three rigid walls (two horizontal and one cylindrical) with a 

radius of 80 mm and height of 15 mm. The micro-parameters were the same as the parameters in 

the calibration for Castlegate sandstone. A radial stress of 50 MPa was applied to the cylindrical 

wall using a servo control algorithm while the top and the base platen remained stationary. Then 

the inner hole was drilled by removing the particles and the model was cycled till the average 

unbalanced forces were low compared to the average contact forces (0.01 ratio was adopted 

here).  

Fig. 5 compares the stresses around the wellbore of the DEM model with the analytical solution. 

The stress in the DEM model was calculated by performing a statistical averaging technique over 

a representative volume based on the algorithm described in Potyondy and Cundall (2004). The 

radial stress gradually increased from zero at the well face to 50 MPa at the outer boundary, and 

the tangential stress increased and reached a maximum value in the plastic zone and then 

decreased in the elastic zone. The stress values and the size of the plastic zone are in agreement 

with the analytical solutions. 

Numerical results 

The borehole breakout simulations were performed at the maximum horizontal stress (σH =50 

MPa), the vertical stress (σv =30 MPa) and the minimum horizontal stress (σh =20 MPa) on the 

solid Castlegate sandstone sample. 

The results of the simulations are presented in Figs. 6 and 7. Fig. 6 shows a horizontal cross 

section of the sample after completion of drilling. Micro-scale damage at the contacts is 

presented by red lines for bonds failed in tension and the blue lines for the bonds failed in shear. 

The yellow grains show intact grains while the black ones represent the crushed grains. Fig. 6 

shows the induced breakout is aligned with the minimum horizontal stress direction where the 

stress concentration is the highest. Breakout is initiated at the borehole wall by grain debonding 

and progressed with additional grain debonding and grain crushing resulting in the formation of a 

compaction band in the direction of σh or the springline of the opening. This breakout resembles 

fracture-like breakout observed in Castlegate sandstone (Cundall et al., 1999) and a high-porosity 

sandstones (Haimson, 2007) in the laboratory drilling experiments. 

By the time the breakout is fully developed, the total number of broken bonds is only 310 while 

1,484 particles are crushed inside the compaction band. The average porosity along the 

compaction band after drilling is 0.325 which is less than the initial porosity (0.34). Thus it 
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shows that the failure mechanism is not of a dilatant nature as in V-shaped breakouts (Haimson, 

2007). Also, the length of the reduced porosity zone from the borehole center (L) was 4.3 cm. 

The density of the broken bonds is defined as the total number of broken bonds (which fail in 

either tension or shear) within the unit length of the compaction band in the entire height of the 

specimen. Fig. 7 shows that the density decreases with distance from the face of the wellbore 

within the compaction band. More bonds are broken near the face of the wellbore and therefore it 

could facilitate particle removal by seepage forces if there is fluid flow.    

Haimson and Lee (2004) experimentally showed that fracture-like breakout dimensions in 

Mansfield sandstone depend on the far-field stresses. In this research, the effect of far-field 

stresses on breakout dimensions was examined using the DEM on Castlegate sandstone. The 

simulations were conducted at different levels of the minimum and maximum horizontal stress 

(σh and σH) and vertical stress (σv). The results show fracture-like breakout in the σh direction 

(Fig. 8).  

Fig. 9 shows the breakout length (normalized using the hole radius) as a function of the ratio 

between the maximum and minimum horizontal stresses (σH/σh). It shows that the slit length 

increases with increasing σH at constant σh (increasing σH/σh), which is in agreement with 

Haimson and Lee (2004). However, the length decreases at constant (σH) with decreasing σh 

(increasing σH/σh), which results in lower mean stress (e.g., comparing points A and B in Fig. 9). 

This suggests that both mean stress and stress anisotropy can affect the fracture-like breakout 

dimension. Thus, the slit length alone cannot be used as an indicator of the magnitudes of the far-

field horizontal stress. This phenomenon could be explained by the failure mechanism of the 

fracture-like breakout.  

As mentioned above, compaction band forms as a result of grain debonding and grain crushing. 

Fig. 10a illustrates that more bonds break with increasing the stress anisotropy (σH-σh) and Fig. 

10b shows that more grains crush with increasing the mean stress. Thus, in addition to the σH/σh 

ratio (which results in grain debonding), the mean stress (which results in grain crushing) plays 

an important role in fracture-like breakout dimensions. This could also be the reason that less 

stress anisotropy (less σH/σh) is needed to initiate fracture-like breakout at higher minimum 

horizontal and vertical stresses, therefore higher mean stress (by extrapolating the lines in Fig. 9 

to L/r=1). 

The average width of the fracture-like breakout was measured at different far-field stresses (Fig. 

8). It is found that the average width remained almost constant (7 mm ±2 mm) regardless of the 

magnitudes of the far-field stresses. Haimson and Kavocich (2003) experimentally showed 

similar behaviour in fracture-like breakout in Berea sandstone. 
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Conclusions 

A three dimensional numerical model has been developed to investigate fracture-like breakout 

around wellbore due to drilling. The model is based on discrete element method and improved by 

implementing a grain-crushing algorithm to investigate the fracture-like breakout mechanism at 

the microscopic particle scale. The numerical tool was also verified against analytical solutions. 

The DEM model was used to simulate drilling in the Castlegate sandstone in which the applied 

stresses were sufficiently high that generated breakout around the hole. The results show that 

fracture-like breakout develops as a result of formation of compaction bands and possible grain 

crushing in the direction of σh. Contrary to V-shaped breakout, the failure mechanism in 

fracture-like breakout is non-dilatant and the failure zone has a lower porosity than before and a 

compaction band is formed along with the σh springline. 

Stress analysis was conducted to explore the relation between far-field stresses and the size of 

the fracture-like breakout. It is found that the slit-facture length depends on both the mean 

stresses and the extent of stress anisotropy. Therefore the slit-facture length alone cannot be used 

to determine far-field stresses. It is also found that the width of the fracture-like breakout does 

not significantly change with changing far-field stresses. 
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Tables 

Table 1. Calibrated micro-parameters for the Castlegate sandstone DEM model 

Particle properties Parallel bond properties 

Particle contact modulus, 𝐸 (GPa) 7  Cement Young’s modulus , 𝐸𝑝𝑏  (GPa) 20  

The ratio of normal to shear 

stiffness of the particles, 
𝐾𝑁

𝐾𝑆
 

 
0.2 

The ratio of normal to shear stiffness of 

the cement, 
𝐾𝑝𝑏

𝑁

𝐾𝑝𝑏
𝑆  

 
0.2 

The particle friction coefficient, µ 1.5 Normal strength of the cement, 𝑆𝑝𝑏
𝑁  (MPa) 400  

Particle radius (mm) 0.4 to 1.3  Shear strength of the cement, 𝑆𝑝𝑏
𝑆  (MPa) 900  

Particle density, 𝜌𝑠 (kg/m3) 2650  The percentage of bonded contacts, λ (%) 30 

  The radius multiplier, α Randomly distributed between  
0 and 1 

Figures 

 

 

(a)                                (b)                                         (c)                            

Fig. 1. Failure patterns of the hole in hollow cylinder sand production tests: (a) uniform failure, (b) dog-ear 

breakouts, (c) fracture-type breakout (Lavrov et al., 2005) 
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Fig. 2. Comparison between the actual Castlegate PSD and the DEM specimen PSD 

 

Fig. 3. Comparison between triaxial DEM model and laboratory results 
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Fig. 4. Comparison of the stresses at the wellbore wall between the DEM model and the analytical solution 

developed by Zoback (2007) 

 

Fig. 5. Comparison of the stresses around the wellbore between the DEM model and the analytical solution 

developed by Risnes et al. (1982) 
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Fig. 6. Borehole cross-section of Castlegate sandstone showing fracture-like breakout (σv=30 MPa) 

 

 

Fig. 7. Density of broken bonds within the compaction band (σh=20 MPa, σv=30 MPa, σH=50 MPa) 
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(a)                                                   (b)                                                       (c) 

 

 

Fig. 8. borehole cross section of Castlegate sandstone at different far-field stresses (a) σh=20 MPa, σv=30 MPa, 

σH=45 MPa (b) σh=20 MPa, σv=30 MPa, σH=60 MPa (c) σh=30 MPa, σv=35 MPa, σH=50 MPa 

 

  

Fig. 9. Variation of normalized breakout length (L/r) in Castelgate sandstone as a function of σH/σh 

“A” σH=60 MPa 

“B” σH=60 MPa 
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(a) Total number of micro cracks 

 
(b) Total number of broken particles 

Fig. 10. Variation of micro cracks and crushed grains as function of mean stress and stress anisotropy 

 

 

 


