
1. INTRODUCTION 

Hydraulic fracturing is becoming a common process used 

in the exploitation of oil and gas entrapped within shale 

formations as well as in the mining of heat in Enhanced 

Geothermal Systems and in Artificial Groundwater 

Recharge. While there are a number of studies on the 

initiation and propagation of hydraulic fractures under 

uniaxial loading, limited experimental and numerical 

studies focus on the effect of biaxial loads on the stress 

field around pressurized and non-pressurized fractures. 

As extensively discussed by previous studies, one of the 

major concerns involved with the hydraulic fracturing 

applications is the path at which new crack propagate. 

Bobet (1997) used molded gypsum specimens with either 

open or closed pre-fabricated flaws under uniaxial and 

biaxial loading conditions to observe the crack initiation, 

propagation and ultimate coalescence of the specimens. 

Bobet (1997)  described several significant observations, 

the most important of which are shown in table 1, as they 

are relevant to the present study.  

Most authors, such as Lajtai (1971), Wong (2008) and 

Yang et al. (2008) have tested Plaster-of-Paris, Carrara 

marble and molded gypsum under uniaxial, biaxial and 

triaxial conditions. Other researchers have experimentally 

propagated fractures using a hydraulic pressure inside 

pre-fabricated flaws, while simultaneously visualizing the 

entire fracturing process. In fact, Gonçalves da Silva 

(2016) used granite specimens subjected to different 

vertical loads while increasing the hydraulic pressure 

inside two flaws and AlDajani (2017) tested prismatic 

shale specimens with pre-fabricated flaw(s) and observed 

the interaction between induced hydraulic fractures with 

a pressurized and a non-pressurized flaws.  

Despite these experimental efforts, many researchers 

have been conducting numerical simulations to better 

predict the fracturing behavior due to both mechanical 

and geometrical complexities involved in the testing 

procedures. Since rock masses usually have 

discontinuities in the form of cracks, fractures and joints, 

it is important to incorporate these discontinuities in the 

numerical analyses. With the recent computational 

advances, a number of numerical studies have been 

conducted on crack initiation and propagation criteria 

based on stress and strain fields as well as on energy 

dissipation around the tips of the cracks introduced into 

the rock matrix. Currently, a number of  numerical 

techniques are typically used to evaluate the crack 

initiation and propagation, such as the Finite Element 

Method (Rice, 1968; Carpinteri, 1991), Boundary 

Element Method (Chan,1986;Vasarhelyi & Bobet,2000) 

and Displacement Discontinuity Method (Gordeliy & 

Detournay, 2011; Liu, 2016).   
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ABSTRACT: The finite element code ABAQUS is used to model a typical granite specimen subjected to either uniaxial or biaxial 

compression, with two pre-fabricated flaws with the geometry 2a-30-30 in which only one flaw is pressurized. The maximum and 

minimum principal stresses as well as the maximum shear stresses are analyzed around the flaw tips and along the bridge between 

the inner flaw tips of the pressurized and non-pressurized flaws. When the specimen is loaded uniaxially, the maximum principal 

stresses in the bridge between inner flaw tips are tensile near the pressurized flaw and decrease significantly as one moves towards 

the non-pressurized flaw. For the biaxial loading, mainly compressive principal stresses are observed for low hydraulic pressures; 

tensile stresses start to develop for larger hydraulic pressures, but only near the pressurized flaw. For both uniaxial and biaxial cases, 

tensile and shear cracks may occur near the pressurized flaw but are not theoretically possible near the non-pressurized flaw. 

 

 

 

 

 

 

 

 



Table 1. Observations of study conducted by Bobet (1997) on pre-cracked gypsum specimens under uniaxial and 

biaxial loading conditions 

Observation Uniaxial Loading Biaxial Loading 

Wing Cracks                                                      Initiate from the flaw tips. 

 Large wing cracks. 

 Small wing cracks, which initiate from 

the middle of the flaw for σh ≤ 5.0 MPa.  

 No wing cracks for σh >5.0 MPa. 

Secondary Cracks  Initiate at the same stress as wing 

cracks. 

 Initiate before the wing cracks. 

Coalescence  Coalescence stress increases with the flaw angle, ligament length and confining stress. 

 Closed flaws have higher coalescence stresses than open flaws. 

Failure  Coincides with coalescence  After coalescence 

 

Additionally, other methods are being used to simulate 

the fracturing of rock, such as the hybridized 

displacement discontinuity and indirect boundary element 

method (Chan et al., 1990), Discrete Element Method 

(Potyondy & Cundall, 2004), and the Extended Finite 

Element Method (Yu, 2011).  It should be noted that each 

technique has its own merits and weaknesses, whose 

description is not in the scope of this paper. While much 

effort has been dedicated to experimentally and 

numerically understand the initiation and propagation of 

cracks under different loading conditions, there has not 

been many thorough studies focusing on the combined 

effect of uniaxial or biaxial loading and hydraulic 

pressure inside pre-fabricated flaws. This paper 

investigates the variation of the stress field around two 

pre-fabricated flaws when only one is hydraulically 

pressurized and the specimen is subjected to either 

uniaxial or biaxial loading conditions. This loading 

condition will be experimentally assessed by the authors 

of this paper in research currently being conducted.   

This paper first discusses the methodology used in the 

numerical analyses and the different loading cases 

considered under uniaxial and biaxial loading conditions. 

Then, the findings are discussed and subsequently a 

conclusion is presented. It should be noted that, 

throughout this paper, the term ‘flaw’ is used to refer to a 

pre-fabricated fracture while the term ‘crack’ is used to 

denote a newly-formed fracture.  

2. METHODOLOGY 

The finite element code ABAQUS is used to model a 

typical granite specimen with two pre-fabricated flaws 

with the geometry 2a-30-30 (L-β-α) and under either 

uniaxial (σv≠0 and σh=0) or biaxial (σv≠0 and σh≠0) 

loading conditions as illustrated in figure 1. The model 

used in the ABAQUS is considered to be linearly elastic. 

Therefore, all the results obtained are valid before any 

cracks initiate. The material properties assigned in the 

model are as follows, based on the Barre granite tested by 

Miller (2008).    

 

 Young’s modulus - 19.2 GPa 

 Poison’s Ratio - 0.25 

 

The aperture of the flaws is taken as 0.7mm with semi-

circular tips, as obtained for the waterjet-cut flaws in 

prismatic granite specimens. The boundary conditions 

used for the uniaxial and biaxial loadings are shown in 

figure 2. 

 

Figure 2a shows the boundary conditions for the model 

with uniaxial loading in which the nodes of the elements 

in the bottom horizontal boundary were restrained to 

move in both vertical and horizontal directions. The 

elements in the vertical edges were kept free to move in 

both directions. Figure 2b shows the boundary conditions 

for the biaxial loading: the lower horizontal boundary is 

restrained to move in the vertical direction and one 

vertical boundary was restrained to move in the horizontal 

direction.  

 

The finite element mesh used for the analyses is shown in 

figure 3. The mesh was made finer near the flaws 

compared to the boundaries, since it is near the flaws and 

flaw tips where the stress concentrations will occur. 

 
 

Fig. 1. Studied double-flaw geometry (L-β-α) and loading 

conditions. 



                     

 

 

 

 

 

                                                                 

                                                                       (a)                                                                 (b)  

                          Fig. 2. Boundary conditions considered for (a) uniaxial loading and (b) biaxial loading in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                             (a)                                                                                           (b) 

Fig. 3. a) Finite element mesh used for the analyses (b) Detail of the mesh near the tips. 

 
 
Fig. 4. Mohr circle showing the maximum and minimum principal stresses (σI and σII) and maximum shear stress (τmax) for certain 

elements (Gonçalves da Silva & Einstein, 2014). 



A quadrilateral linear plane stress element mesh is used in 

the analyses. These elements were used since the 

displacements are more accurately interpolated than with 

triangular elements. 

 

2.1. Analyzed Stresses 
 

In order to analyze the stress field around the flaws, it is 

important to first understand the directions of maximum 

principal stresses and maximum shear stresses. Gonçalves 

da Silva & Einstein (2014) graphically illustrated the 

different normal and shear stress combinations for 

elements with various orientations using the Mohr circle 

(figure 4). Element A is oriented along the vertical and 

horizontal axes and hence subjected to generic normal and 

shear stresses. Element B is only subjected to principal 

stresses (σI and σII) hence no shear stresses are acting on 

it. Element C is oriented in the direction of maximum 

shear stress and, consequently, normal stresses are similar 

in both directions. As earlier mentioned, the linear elastic 

model used in this study allows one to study the initiation 

of cracks but is not applicable to their propagation. 

Therefore, in order to evaluate the stress fields obtained 

and relate them to possible crack initiation, it is 

considered that tensile cracks may initiate from the 

locations where the maximum tensile principal stresses 

(σI in Element B) are the highest and shear cracks may 

initiate from the locations where the maximum shear 

stresses (τmax in Element C) are the highest.   

 

It is important to point out that the sign convention used 

in ABAQUS and adopted in the current paper considers 

tensile stresses to be positive and compressive stresses to 

be negative.  

 

2.2. Loading Cases and Paths Considered in the 

Analysis  

 
As explained previously, the analyses were conducted for 

both uniaxial and biaxial loading conditions. Tables 2 and 

3 describe the different loading cases considered for the 

uniaxial and biaxial loadings, respectively. 

 
Table 2. Uniaxial loading conditions analyzed 

Load 

Case 

Vertical 

Load (VL) 

(MPa) 

Hydraulic Pressure 

(HP) in Pressurized 

Flaw (MPa) 

Hydraulic Pressure 

in  Non-pressurized 

Flaw (MPa) 

0 10 0 0 

1 10 2.5 0 

2 10 5 0 

3 10 10 0 

4 10 20 0 

5 10 40 0 

 
Table 3. Biaxial loading conditions analyzed 

Load 

Case 

Vertical 

Load (VL) 

(MPa) 

 

Horizontal 

Load (HL) 

(MPa) 

 

Hydraulic 

Pressure in 

Pressurized 

Flaw 

(MPa) 

Hydraulic 

Pressure in  

Non-

pressurized 

Flaw (MPa) 

0 10 10 0 0 

1 10 10 2.5 0 

2 10 10 5 0 

3 10 10 10 0 

4 10 10 20 0 

5 10 10 40 0 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                (a)                                                                                  (b)           

 

Fig. 5. Paths along which stresses were analyzed (a) Circular path around the flaw tips (b) Along the bridge region between the 

pressurized and non-pressured flaws.



 

For the uniaxial loading conditions, a vertical load of       

10 MPa is simultaneously applied with a hydraulic 

pressure in only one flaw, which was varied from 2.5 MPa 

to 40 MPa (table 2). Similarly, for the biaxial loading 

condition, both vertical and horizontal loads were applied 

and a hydraulic pressure, which was also raised from       

2.5 MPa to 40 MPa, was applied in one of the flaws (table 

3).  The vertical and horizontal loads were considered 

similar (10 MPa). In order to systematically evaluate the 

variation of the stress field, these regions were 

investigated: 

 In a large region including both flaws; 

 Around the flaw tips along a circular path with 

twice the radius of the semi-circular flaw tip 

(figure 5a); 

 Along the bridge region connecting the inner tips 

of the pressurized and the non-pressurized flaws 

(figure 5b). 

3. RESULTS 

3.1. Stresses in the Region of Flaws 
 

In this section of the paper, the variation of the maximum 

principal stresses (σI) is analyzed. First, the uniaxial 

loading cases shown in table 2 are discussed in Subsection 

3.1.1 followed by the biaxial loading cases shown in table 

3 in Subsection 3.1.2. 

3.1.1 Uniaxial Loading Condition  

Figure 6 shows the maximum principal stress contours for 

Case 0 under uniaxial loading. High tensile stresses are 

observed near the tips of both flaws and identified by 

circles (The tips of the right flaw is enlarged to show the 

exact locations of highest tensile maximum principal 

stresses). Hence, tensile cracks can initiate from these 

locations. The highest compressive maximum principal 

stresses are located ahead of both flaw tips.  

Figure 7 (a to e) shows the variation of the maximum 

principal stresses as the Hydraulic Pressure (HP) is 

increased from 2.5 MPa to 40 MPa in the pressurized 

flaw. Increasingly high tensile maximum principal 

stresses are observed near both flaw tips only for load 

Case 1 (figure 7a). For load Cases 2 to 5 the highest tensile 

maximum principal stresses are observed only near the 

tips of the pressurized flaw, as intuitively expected.  

Hence, tensile cracks can be expected to initiate from the 

tips of the pressurized flaw as HP is increased from         

2.5 MPa to 40 MPa. As observed previously, the highest 

compressive maximum principal stresses are located 

ahead of both flaw tips for Case 0. However, as HP is 

increased in the pressurized flaw, it is observed that the 

compressive stresses move towards the long edges of the 

pressurized flaw. On the other hand, for the non-

pressurized flaw, compressive maximum principal 

stresses are still observed ahead of the both tips as HP is 

increased from 0 to 40 MPa.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Maximum principal stress contours for Case 0 under uniaxial loading with circles showing the location of the highest tensile 

stress. 

Note: The same color scale was used in figures 6 and 7 to facilitate the interpretation of the variations of the stresses.  
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                                  (e) 

Fig. 7. Maximum principal stress contours under uniaxial loading with circles showing the location of the highest tensile stress    

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5.  

Note: The same color scale was used in figures 6 and 7 to facilitate the interpretation of the variations of the stresses.  

 

3.1.2 Biaxial Loading Condition  

Figure 8 shows the maximum principal stress contours for 

Case 0 under biaxial loading. There is a significant 

difference in magnitude of tensile stresses compared to 

figure 6 for Case 0 under uniaxial loading. The circles 

show the location of the highest tensile maximum 

principal stress. It is noticeable that the magnitude and 

area under tension are significantly smaller than under 

uniaxial compression. Figure 9 (a to e) show the variation 

of the maximum principal stress as HP is increased from 

2.5 MPa to 40 MPa in the pressurized flaw.  

 

 

When HP increases from 2.5 MPa to 10 MPa (figure 9 a 

to c), it is noted that the area around the pressurized flaw 

is completely in compression while the non-pressurized 

flaw is slightly in tension.  However, when HP is larger 

than 10 MPa (figure 9 c to e), both tips of the pressurized 

flaw become highly tensile whereas the non-pressurized 

flaw tips are always in compression. Based on the 

analysis, tensile cracks may initiate from the tips of the 

pressurized flaw, but only when HP is larger than 10 MPa.   
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Fig. 8. Maximum principal stress contours for Case 0 under biaxial loading with circles showing the location of the highest tensile 

stress. 

Note: The same color scale was used in figures 8 and 9 to facilitate the interpretation of the variations of the stresses.  
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(e) 
Fig. 9. Maximum principal stress contours under biaxial loading with circles showing the location of the highest tensile stress              

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5.  
Note: The same color scale was used in figures 8 and 9 to facilitate the interpretation of the variations of the stresses.  
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3.2. Stresses around the Flaw Tips 

 
In this section of the paper, the variation of the maximum 

principal stresses (σI) and maximum shear stresses (τmax) 

are analyzed around the tips of the flaws following the 

paths shown in figure 5a. The uniaxial loading cases 

shown in table 2 are discussed in Subsection 3.2.1 and the 

biaxial loading cases shown in table 3 are discussed in 

Subsection 3.2.2. The loading cases defined previously 

are treated in this subsection as ratios between the 

hydraulic pressures applied inside the flaw and the 

vertical load, or HP/VL. 

3.2.1 Uniaxial Loading Condition  

Figures 10 and 11 show the variation of the maximum 

principal stresses around the inner tips of the pressurized 

and non-pressurized flaws, respectively. The dashed lines 

with arrows point the direction in which the maximum 

principal stress changes with increasing HP/VL in the 

pressurized flaw. In the pressurized flaw, the highest 

tensile maximum principal stress for HP/VL>1.0 is 

initially located near the upper face of the flaw (Point 1). 

The maximum principal stress at Point 1 decreases with 

increasing HP/VL and when HP/VL>1.0, the highest 

tensile stress moves towards the center of the flaw tip 

(Points 4 to 7), which suggests that tensile cracks can 

initiate at this location when HP/VL>1.0. The maximum 

principal stresses become more compressive towards the 

lower face of the tip (Points 9 to 11) with the increase in 

HP/VL.  The non-pressurized flaw shown in figure 11 

shows that the highest compressive stress occurs ahead of 

the tip (Point 5) and the highest tensile stress in the lower 

face of the flaw (Points 10/11). It can also be noticed that 

the maximum principal stresses are almost zero in the 

upper face of the flaw and that the compression observed 

from Points 4 to 6 tends to decrease as HP/VL increases.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Variation of the maximum principal stresses around the pressurized flaw tip for the uniaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Variation of the maximum principal stresses around the non-pressurized flaw tip for the uniaxial loading condition. 
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The maximum principal stresses are mainly tensile in the 

lower face of the non-pressurized flaw which suggests 

that tensile cracks may initiate from Points 8 to 11. 

However, the tension in the non-pressurized flaw is 

smaller in magnitude than in the pressurized flaw for most 

HP/VL, which suggests that a tensile crack will always 

initiate from the pressurized flaw, as intuitively expected. 

Figures 12 and 13 show the variation of the maximum 

shear stresses under the uniaxial loading in the 

pressurized and non-pressurized flaws, respectively. In 

the pressurized flaw, it is difficult to interpret the variation 

of the maximum shear stress when HP/VL increases from 

0 to 1.0.  Once HP/VL is increased from 1.0 to 4.0 it is 

observed that the maximum shear stresses increase 

significantly (figure 12) with the highest maximum shear 

stresses located at Point 3 in the upper face of the tip and 

at Points 7 and 8 in the lower face of the tip. In the non-

pressurized flaw (figure 13), it is clear that with the 

increase of HP/VL from 0 to 4.0, the maximum shear 

stresses decrease except for a minor increase at Point 1. 

This suggests that shear cracks cannot theoretically occur 

at this flaw tip under this loading conditions as HP is 

increased. 

3.2.2 Biaxial Loading Condition  

Figures 14 and 15 show the variation of the maximum 

principal stresses under biaxial loading around the inner 

tips of the pressurized and non-pressurized flaws, 

respectively. From figure 14, one observes that the 

maximum principal stresses are initially in compression 

around the flaw tip until HP/VL=1.0. This is very 

different from the uniaxial case, in which significant 

tensile stresses occur for HP/VL≤1.0. When HP/VL is 

increased from 2.0 to 4.0, the maximum principal stresses 

are mainly tensile from Points 4 to 8 with the highest 

tensile stress near Points 6 to 8 suggesting that tensile 

cracks might occur in this region. In the non-pressurized 

flaw tip, the maximum principal stresses are almost zero 

in the upper and lower faces of the tip (figure 15). Overall, 

the non-pressurized flaw is under compression, which 

decreases as HP/VL is increased. Hence, this suggests that 

tensile cracks may not initiate at the tip of the non-

pressurized flaw. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Variation of the maximum shear stresses around the pressurized flaw tip for the uniaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Variation of the maximum shear stresses around the non-pressurized flaw tip for the uniaxial loading condition. 
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Fig. 14. Variation of the maximum principal stresses around the pressurized flaw tip for the biaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 15. Variation of the maximum principal stresses around the non-pressurized flaw tip for the biaxial loading condition. 

 

 

Figures 16 and 17 show the variation of the maximum 

shear stresses under the biaxial loading in the pressurized 

and non-pressurized flaws, respectively. In the 

pressurized flaw, the maximum shear stresses decrease 

with the increase of HP/VL from 0 to 1.0.  When HP/VL 

is increased from 2.0 to 4.0, the maximum shear stresses 

increase significantly (figure 16) with the highest 

maximum shear stress occurring near Point 4 in the upper 

face of the tip and Point 8 in the lower face of the tip.  

As previously observed for the uniaxial loading condition 

and non-pressurized flaw it is clear that, with the increase 

of HP/VL from 0 to 4.0, the maximum shear stresses 

decrease overall (except for a minor increase at Point 11). 

This suggests that shear cracks cannot theoretically occur 

in this flaw tip under this loading conditions as HP is 

increased.  

 

3.3. Stresses in the Bridge between Inner Flaw Tips 
 

In this section of the paper, the variation of maximum 

principal stresses (σI) and maximum shear stresses (τmax) 

are analyzed along the path shown in figure 5b. The 

uniaxial loading cases shown in table 2 are discussed in 

Subsection 3.3.1 and the biaxial loading cases shown in 

table 3 are discussed in Subsection 3.3.2. 

3.3.1 Uniaxial Loading Condition  

Figure 18 shows that the maximum principal stresses are 

mainly tensile under uniaxial loading in the bridge region. 

It is also clear that the maximum principal stresses tend to 

increase with increasing HP/VL ratios, as intuitively 

expected. 
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Fig. 16. Variation of the maximum shear stresses around the pressurized flaw tip for the biaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Variation of the maximum shear stresses around the non-pressurized flaw tip for the biaxial loading condition. 

 

In figure 19, it is observed that the maximum shear 

stresses decrease from HP/VL=0 to 1.0 near the 

pressurized flaw tip (Point 1) and increase for 

HP/VL>1.0. Hence, while it is unlikely that shear cracks 

can occur when HP/VL≤1.0 near the tip of the pressurized 

flaw, they may initiate when HP/VL>1.0. On the other 

hand, near the non-pressurized flaw tip (Point 10), the 

maximum shear stress decreases as HP/VL is increased, 

which indicates that no shear crack may theoretically 

initiate at this location as HP/VL is increased.  

 

In order to better interpret the results, Mohr stress circles 

are drawn for Points 1, 5 and 10 along the path connecting 

the two flaws under each loading case (figure 20). By 

doing this, one can not only analyze the variation of the 

maximum principal stresses (σI), but also the minimum 

principal stresses (σII) and the maximum shear stresses 

(σmax) simultaneously on the same plot.  For Point 1 in 

figure 20a, it is interesting to observe that for               

HP/VL ≤ 1.0, the minimum principal stresses are always 

compressive, and the maximum shear stresses (radii of the 

Mohr circles) decrease as HP/VL is increased. When 

HP/VL>1, both principal stresses are tensile, which can 

facilitate the initiation of tensile cracks, and the maximum 

shear stresses increase substantially as HP/VL increases, 

which may also cause the initiation of shear cracks. For 

Point 5, it is observed that the minimum principal stress 

is always negative, while the maximum principal stress is 

always tensile but only increases slightly as HP/VL is 

increased. These observations suggest that tensile cracks 

may not occur in the bridge between flaw tips. Similarly, 

shear cracks are unlikely to occur, since the maximum 

shear stress progressively decreases as HP/VL is 

increased. Most of the observations made for Point 5 are 

also valid for Point 10. The main differences are that 

tensile maximum principal stresses are only observed for 

HP/VL>1.0, and that the absolute values of the maximum 

shear stresses are always higher than at Point 5. 
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Fig. 18. Variation of the maximum principal stresses in the bridge region for the uniaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

Fig. 19. Variation of the maximum shear stresses in the bridge region for the uniaxial loading condition. 

 

 

3.3.2 Biaxial Loading Condition  

Figure 21 shows that the maximum principal stresses in 

the bridge region are always compressive when 

HP/VL≤1.0. For HP/VL>1.0 the maximum principal 

stresses become highly tensile but only near the 

pressurized flaw tip (Points 1 to 3). Hence, for the biaxial 

loading, tensile cracks may only occur near the 

pressurized tip when HP/VL>1.0. Figure 22 shows the 

variation of the maximum shear stresses in the bridge 

region. It can be observed that near the pressurized flaw 

(Points 1 to 3), the maximum shear stresses decrease as 

HP/VL increase when HP/VL≤ 1.0 and increase when 

HP/VL> 1.0. Hence, it is unlikely that shear cracks occur 

when HP/VL≤ 1.0 but only when HP/VL>1.0 near the tip 

of the pressurized flaw. On the other hand, near the non-

pressurized flaw, the maximum shear stresses decrease as 

HP/VL increases. This behavior is identical to what was 

observed under uniaxial loading.  

 

Similar to what was done for the uniaxial loading, Mohr 

stress circles were drawn for Points 1, 5 and 10 along the 

path connecting the two flaws under each loading case 

(figure 23). In figure 23a for Point 1, it is clear that both 

minimum and maximum principal stresses are 

compressive for HP/VL≤1.0. When HP/VL>1.0, the 

maximum principal stresses increase considerably, and 

both principal stresses become tensile for HP/VL=4.0, 

thus tensile cracks can be initiated at Point 1 for high 

HP/VL. The maximum shear stresses decrease 

significantly as HP/VL increases from 0 to 1.0. When 

HP/VL increases from 1.0 to 4.0, the maximum shear 

stresses increase considerably. As such, it is possible that 

shear cracks may initiate from Point 1. For Point 5 (figure 

23b), it is interesting to notice that both principal stresses 

are always compressive. The maximum shear stresses 

decrease as HP/VL increase from 0 to 2.0 and increase 

when HP/VL increases from 2.0 to 4.0. However, the 

absolute values of the maximum shear stresses are 

significantly lower than what is observed at Point 1. 

Hence, considering both facts, neither tensile nor shear 

cracks may theoretically initiate in the bridge between the 

two flaws. As similarly observed for Point 5, both 

principal stresses are compressive at Point 10. However, 

unlike Point 5, the maximum principal stresses only 

increase slightly when HP/VL increases from 0 to 4.0 and 

the maximum shear stresses gradually decrease as HP/VL 

increases from 0 to 4.0 at Point 10. As such, neither tensile 

nor shear cracks may theoretically initiate from Point 10. 
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Fig.20. Mohr circles representing the variation of the state of stress under uniaxial loading in the bridge region at (a) Point 1, (b) 

Point 5, (c) Point 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 21. Variation of the maximum principal stresses in the bridge region for the biaxial loading condition. 
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Fig. 22. Variation of the maximum principal stresses in the bridge region for the biaxial loading condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.23. Mohr circles representing the variation of the state of stress under biaxial loading in the bridge region at (a) Point 1, (b) 

Point 5, (c) Point 10. 
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4. SUMMARY AND CONCLUSIONS 

 
This numerical study investigated the variation of the 

stress field around two pre-fabricated flaws when only 

one is hydraulically pressurized and the specimen is 

subjected to either uniaxial or biaxial loading conditions.  

The maximum principal stresses and maximum shear 

stresses were evaluated in a large region accounting for 

both flaws, along a circular path around the flaw tips and 

along the bridge region connecting the inner tips of the 

pressurized and the non-pressurized flaws. In general, it 

is observed that important tensile stresses occur for the 

uniaxial condition for most cases analyzed; on the other 

hand, it is observed that the magnitude and the area under 

maximum principal compressive stresses are significantly 

larger than under maximum principal tensile stresses for 

the biaxial loading condition for all loading cases studied. 

In order to relate the analyzed stress fields to possible 

crack initiation, it was considered that tensile and shear 

cracks may initiate from the locations where the 

maximum tensile principal stresses and maximum shear 

stresses, respectively, were the highest.  Table 3 

summarizes the most important observations related to 

crack initiation obtained in this paper. 

The observations of this study are important to better 

understand the development of hydraulic fractures due to 

the interaction between pressurized and non-pressurized 

flaws. They will also be the theoretical basis for 

laboratory experiments that the authors’ research group is 

designing and will soon be conducting.    
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Table 3. Summary of the results obtained from the present numerical study 

Location Uniaxial Loading Condition Bi-axial Loading Condition 

Pressurized flaw 

 

 

 Tensile cracks can initiate when HP/VL>1.0 

at Points 4/5. 

 No significant variation of the maximum 

shear stress is observed for HP/VL ≤1.0. 

Shear cracks can occur near Points 3, 7-8 of 

the pressurized flaw when HP/VL>1.0. 

 Maximum principal stresses are compressive 

when HP/VL ≤ 1.0. When HP/VL>1.0, 

maximum principal stresses are tensile ahead 

of the tip. 

 Tensile cracks can initiate from Point 4 to 8 

where the highest tensile stress occur.  

 For HP/VL>1.0, the maximum shear stresses 

increase significantly. The highest maximum 

shear stress occurring near Points 4 and 8 

where shear cracks may occur. 

Non-pressurized flaw 

 
 Tension in non-pressurized flaw is smaller 

than in the pressurized flaw for most HP/VL. 

Tensile crack will always initiate in the 

pressurized flaw.  

 When HP/VL increases from 0 to 4.0, the 

maximum shear stresses decrease in general. 

Shear cracks cannot occur in this flaw tip 

under this loading conditions as HP is 

increased. 

 Overall, the non-pressurized flaw is under 

compression. Moreover, the maximum shear 

stresses decrease as HP/VL increases.  

 Neither tensile nor shear cracks may initiate 

at the tips of the non-pressurized flaw.  

Bridge between two 

flaws 

 

 

 

 

 

 

 

 

 

 

 

 

 Maximum principal stresses are mainly 

tensile. When HP/VL>1.0, tensile cracks can 

initiate from the tip of pressurized flaw.  

 Neither tensile nor shear cracks are likely to 

initiate in the bridge region as HP/VL is 

increased.  

 

 

 Both tensile and shear cracks may occur near 

the pressurized tip when HP/VL>1.0. 

 Neither tensile nor shear cracks may initiate 

in the bridge between the two flaws as HP/VL 

is increased.  
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