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Abstract.  For investigating the effect of the pre-existing joints on the initiation pattern of hydraulic 

fractures, the numerical simulation of circular holes under internal hydraulic pressure with a different pattern 

of the joint distributions are conducted by using a finite element code, FRANC2D. The pattern of hydraulic 

fracturing initiation are scrutinized with changing the values of the joint length, joint offset angle. The 

hydraulic pressures with 70% of the peak value of borehole wall breakout pressure are applied at the similar 

models. The simulation results suggest that the opening-mode fracture initiated from the joint tip and 

propagated toward the borehole for critical values of ligament angle and joint offset angle. At these critical 

values, the crack grow length is influenced by joint ligament length. When the ligament length is less than 3 

times the borehole diameter the crack growth length increases monotonically with increasing joint length. 

The opening-mode fracture disappears at the joint tip as the ligament length increases. 
 

Keywords:  ligament angle; pre-existing joints; opening-mode fracture; hydraulic fractures; joint offset 

angle 

 
 
1. Introduction 
 

In the oil and gas industry, hydraulic fracturing began in the 1930s (Grebe and Stoesser, 1983) 

when Dow Chemical Company discovered that down hole fluid pressures could be applied to 

deform the formation rock, thereby allowing more effective acid stimulation. Prior to that, a U.S. 

patent (Frasch 1896) on matrix acidizing referred to pumping fluid under pressure to force acid 

further into the rock. In the late 1800s and early 1900s, wells were stimulated using nitro-shot if 

needed. The first hydraulic fracturing treatment to stimulate well production was performed in 

Kansas in 1947 on a gas well in the Hugoton field in order to compare with the current technology 

of acidizing wells (Veatch et al. 1989).  

With this technique, an interval of a borehole which is free of natural fissures is sealed off with 

a straddle packer system and then pressurized by injection of fluid to generate a tensile 

circumferential stress around the borehole (Fig. 1(a)).  
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(a) (b) 

Fig. 1 (a) Set up of hydraulic fracturing and (b) detection of breakdown pressure 

 

 

When this tensile stress exceeds the strength of a rock and the concentration of tectonic stresses 

by the borehole, fracture initiation occurs at the borehole wall. Then, breakdown pressure is 

observed as the borehole pressure at the fracture initiation, where the breakdown pressure is 

usually detected as a pressure value at the peak of borehole pressure versus time curve obtained by 

the in situ test (Fig. 1(b)). 

Today, examples and applications of hydraulic fracturing are abundant in geomechanics. The 

applications of hydraulic fracturing include the disposal of waste drill cuttings underground 

(Moschovidis 2000), heat production from geothermal reservoirs (Pine and Cundall 1985) and 

fault reactivation (Board et al. 1992) in mining and the measurement of in situ stresses (Lamont 

and Jessen 1963; Desroches and Thiercelin 1993; Desroches 1995). Also hydraulic fracturing is 

used extensively in the petroleum industry to stimulate oil and gas wells in order to increase their 

productivity (Mack and Warpinski 2000). 

Understanding hydraulic fracture mechanisms and then finding ways to predict the geometry of 

the hydraulically induced fracture and the initiation pressure are important for improving well 

production. 

In naturally fractured reservoirs due to interaction of induced fractures with natural fractures, 

the fracture may propagate asymmetrically or in multiple strands or segments. 

In other words, the presence of natural fractures alters the way the induced fracture propagates 

through the rock.  

Experimental and numerical investigations (Blanton 1982; Daneshy 1974; Yang et al. 2004; 

Wong et al. 2006; Boutt et al. 2009; Zhang 2010; Liu 2010; Wangen 2011; Shimizu et al. 2011; 

Haeri 2011; Haeri and Ahranjani 2012; Lin et al. 2012; Wu 2013; Kresse 2013; Nagel 2013; Wu 

et al. 2013; Zhu 2013; Zhu 2014; Lin et al. 2014; Yu et al. 2014; Haeri et al. 2013a, 2013b; 

Haeri et al. 2014a, 2014b, 2014c; Zhu 2015; Haeri et al., 2015a, 2015b, 2015c, 2015d, 2015e; 

Haeri 2015f, 2015g, 2015h; Haeri et al. 2016a, 2016b) have shown that the propagating fracture 

crosses the natural fracture, turns into the natural fracture or, in some cases, turns into the natural 

fracture for a short distance, then breaks out again to propagate in a mechanically more favorable 

direction, depending primarily on the orientation of the natural fracture relative to stress field. 

Rock heterogeneity is a main cause of hydraulic fracture complexity. Hydraulic fracturing in the 

presence of geologic discontinuities (joints, faults, and bedding planes) is significantly different 
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than hydraulic fracturing in homogeneous rock. Geologic discontinuities despite providing 

additional contact area may arrest the fracture propagation, reduce the fracture length due to fluid 

leakoff, reduce the total length by facilitating multiple fracture formations, and hinder proppant 

transport and placement (Warpinski and Teufel 1987; Potluri et al. 2005). 

Several field and lab experimental studies have been carried out in the past to investigate the 

effect of natural fracture on the propagation of an induced hydraulic fracture. Warpinski and 

Teufel (1967) conducted experiments to study the effect of geologic discontinuities on hydraulic 

fracture propagation. They derived a fracture interaction criterion to predict whether the induced 

fracture causes a shear slippage on the natural fracture plane leading to arrest of the propagating 

fracture or dilates the natural fracture causing excessive leak-off.  

Blair et al. (1989) reported the results of hydraulic fracture propagation into and through an 

interface, with the fracture approach angle of 90
°
. These results imply that high permeability 

streaks may not permanently stop fracture growth.  

Blanton (1986) reported testing blocks of naturally fractured Devonian shale and hydrostone in 

which the angle of approach of the hydraulic fracture was systematically varied. These 

experiments showed that hydraulic fractures were unperturbed and crossed pre-existing fractures 

only under high differential stress conditions and high angle of approach. At intermediate and low 

differential stress and angles approaching the pre-existing fracture direction, the hydraulic 

fractures opened the pre-existing fracture and diverted the fracturing fluid or arrested propagation 

of the hydraulic fracture. 

Reugelsdijk et al. (2000) performed scaled laboratory experiments on Portland cement blocks 

to analyze the effect of discontinuities on hydraulic fracture propagation. Also, Dong and de Pater 

(2001) and de Pater and Beugelsdijk (2005) carried out some numerical work based on their 

previous experimental work. They found that high flow rate or fluid viscosity yields fluid-driven 

fractures, while low flow rate just opens an existing fracture network. Many field studies (Murphy 

and Fehler, 1986; Britt and Hager, 1994; Vinod et al., 1997; Rodgerson, 2000; Azeemuddin et al., 

2002) conducted in naturally fractured formations suggest  that the effects of natural fractures on 

fracture propagation are enhanced fluid leak-off, premature screen-out, arrest of the fracture 

propagation, formation of multiple fractures, fracture offsets, high net pressures, etc. 

Scan line is a commonly used method for estimating the fracture distribution on outcrops. The 

data obtained from the scan line method can be applied to the evaluation of hydraulic fracturing 

initiation in rock mass. 

In this article, a series of numerical analyses was carried out in order to simulate the behavior 

of hydraulic crack initiation in the jointed rock mass. The novelty of this paper is to investigate the 

effect of the pre-existing joint distributions on the hydraulic fracturing initiation. Analyses have 

been performed with changing values of the joint length, the joint offset angle i.e. angle between 

the plane of the joint and the diametrical line that connects the inner tip of the joint to borehole 

wall, and ligament lengths. The effects of hydraulic pressures on hydraulic fracture initiation are 

also investigated.  

 

 

2. Numerical simulation  
 

A two-dimensional finite element code named FRANC2D/L (FRacture ANalysis Code for 2-D 

Layered structures) was used to perform the numerical modeling work. This code was originally 

developed at Cornell University and modified for multi-layers at Kansas State University, and is  
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Fig. 2 A numerical model and internal pressurized hole 

 

 
Fig. 3 A numerical model with pre-existing joint configuration 

 

 

based on the theory of linear and nonlinear elastic fracture mechanics (Wawrzynek and Ingraffea, 

1987). The general methodology starts with the pre-processing stage, where the geometry, mesh, 

material properties, and boundary conditions are defined. The modeling continues with post-

processing stage where loading conditions, crack definition and crack growth process are 

specified.  

 

2.1.2 Numerical model 
The model and its boundary and loading conditions in the absence of a pre-existing joint are 

shown in Fig. 2. An internal pressure hole with diameter of a=50 cm, was centered in the model.  
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Numerical simulation of hydraulic fracturing in circular holes 

Table 1 Geometries used in numerical models 

ligament Angle β (
°
) 

Joint 

Offset Angle α (
°
) 

ligament Length 
Joint 

Length 

0 

30 

60 

90 

0 

25 

50 

75 

90 

a 

a 

2a 

3a 

2a 

a 

2a 

3a 

3a 

a 

2a 

3a 

 

 

The model dimensions were 16a × 16a. The homogeneous material with Young’s modulus of 6 

GPa and Poisson's ratio of 0.2 was subjected to the horizontal stress of 15 MPa and the vertical 

stress of 0 MPa. These principal stresses are complexly selective. The papers was establishes on 

these stresses. Fracture toughness value of material in numerical simulation was 1.1 MPa√m. 

Whereas hydraulic fracturing mode is tensile therefore its not necessary to define mode II fracture 

toughness in numerical modeling 

Different joint configurations were placed around the wellbore (Fig. 3). The variable 

parameters were joint length L, ligament length R, joint offset angle of α (i.e. the angle between 

the diametrical line and the joint direction) and ligament angle β (i.e. the ligament angle is the 

counterclockwise angle between the maximum principal stress (σx) and the ligament length). 

The ligament length (R) has a range from a to 3a with an increment of 5 mm, while the 

ligament angle β decreases from 90° to 0° with a negative change value of 30°. The joint offset 

angle of α has a range from 0° to 90°, with an increment of 25°, while joint length (L) decreases 

from 3a to a with a negative change value of a. Totally 180 different cases were prepared by 

changing the values of L, R, α and β (Table 1). 

Firstly, the model behavior without pre-existing joint and internal pressure has been 

investigated under far field stress. Fig 4 shows the stress state around the borehole without a pre-

existing joint. As can be shown there is the compressive stress concentration in upper and lower 

edge of internal hole while the tensile stress is generated in the right and the left edge of borehole. 

Secondly, the models consisting various configuration of a pre-existing joint without internal 

pressure have been simulated for inspection of stress state around the borehole. Runtime for each 

test was 5 minute. Fig. 5 shows the stress state around the borehole with presence of a pre-existing 

joint. In these figures the ligament angle is 0
°
, joint offset angle is 25

°
, ligament length is a and the 

joint length is 2a. It’s clear that the pre-existing joint changes the stress state in the model so that 

the compressive stress is concentrated at tip of the joint while the tensile stress is disturbed on the 

joint faces. Also there aren’t any crack initiations at tip of the pre-existing joint or at the wellbore 

under far field stresses. From above observations, it can be concluded that the value of the far filed 

stress is low enough such that it does not cause any borehole instability and/or joint 

dislocation/movement.  Other simulations show that the joint length, ligament length, ligament 

angle and joint offset angle do not cause crack initiation in the absence of the internal fluid 

pressure.  
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Fig. 4 The stress state around the bore hole without pre-existing joint 

 

 
 

Fig. 5 The stress state around the bore hole with presence of pre-existing joint 

 

 

3. Effects of the pre-existing joint on hydraulic fracturing 
 

In order to show the coupling effect of a pre-existing joint on hydraulic fracturing, firstly a 

simple hydraulic fracturing without any joint was considered. As shown in Fig. 6a, the new cracks 

are developed hydraulically from the right and the left edge of internal hole to the direction 

parallel to σx. Even though the length of crack developed is not important in our numerical models, 

we are able to know that the crack length is equal to the diameter of internal hole when the internal 

pressure is equal to 15 MPa.  

From Fig. 6(b), it’s clear that the stresses at tip of the hydraulic fracture are about 0 MPa. It means 

that the stress concentration at the tip of the hydraulic fracture changes to zero by crack 

propagation. Also the stresses generated in upper and lower edge of internal hole are about 30 MPa 

and this value shows elastically the summation of the compressive stress concentrated at these 

areas by the far field stress, Fig. 5, and the compressive stress by internal pressure. 

The internal pressure will be fixed at a constant value of 80% of the peak value of borehole 

wall breakout pressure through the entire numerical models consisting pre-existing joint and it will 

not be varied. 80% of the peak value of borehole wall breakout pressure is yield stress. We want to 

identify the crack propagation under yield stress. 
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(a) (b) 

Fig. 6 (a) the hydraulic fractures which develop parallel to the direction of σx with the length equal to 

the radius of the internal hole; (b) Stress state in hydraulic fracture initiation 

 

  
(a) 

  
(b) 

Fig. 7 The opening mode fracture initiation for two joint offset angles a: 0
°
; b: 25

°
. 

 

 

After choosing the desired value of internal pressure, the effect of preexisting joint at the 

vicinity of the wellbore was investigated on hydraulic fracture propagation. The ligament 

configurations and the joint configurations have been shown in Fig. 3. The following provides a 

summary of representative numerical models.  

 

a) Ligament angle is 0
°
: 

 

When ligament angle is 0
° 
and joint offset angle is less than 75

°
 and bridge length is less than  
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Fig. 8 The opening mode fracture initiation for L=a. 

 

  
Fig. 9 The opening mode fracture initiation for L=2a 

 

 

3a, the numerical results show that the open-mode fracture was initiated at tip of the pre-existing 

joint and propagate toward the wellbore. In fact, in these configurations the high stress intensity 

was concentrated at tip of the pre-existing joint under borehole internal pressure. This stress 

intensity exceeds the mode-I fracture toughness and the opening mode fracture appears at the tip of 

the pre-existing joint.  

Fig. 7(a) and (b) show the opening mode fracture initiation for two joint offset angle of 0
°
 and 

25
°
 respectively. In these figures, the ligament angle is  0

°
 and ligament length and the joint length 

are equal to 2a. As can be seen, the open-mode fracture initiates at tip of the pre-existing joint and 

propagate toward the wellbore. Interestingly enough, the  induced crack length that has initiated at 

the inner tip (the tip of the joint that is close to wellbore) is longer than the length of crack that is 

initiated at the outer tip. The inner tip of the joint is affected by borehole pressure and the value of 

stress intensity factor at the inner tip is higher than that of the outer tip. This leads to further 

propagation of inner new crack. 

The simulations also show that when the ligament length is 3a the crack isn’t initiated at tip of 

the joint. In this condition the distance between the joint tip and the wellbore is too far such that 

the borehole pressure doesn’t have any effect on the stress intensity at tip of the joint. Therefore 

the stress intensity at tip of the joint is lower than the fracture toughness and no new crack appear 

at tip of the joint. 

Fig. 8 and Fig. 9 show the opening mode fracture initiation for two joint length of a and 2a 

respectively. In these figures the ligament angle is 0
°
, the joint offset angle is 50

°
 and the ligament 

length is 2a. Close inspection of the case shows that the induced fracture length has increased with 

increasing the joint length.  
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Numerical simulation of hydraulic fracturing in circular holes 

Table 2 The results of numerical simulations for different models with ligament angle of 30
°
 

Joint 

offset 

angle 

ligament 

length 
Joint length 

Fracture  grow 

condition 

Joint offset 

angle 

ligament 

length 
Joint length 

Fracture grow 

condition 

0 

a 

a ■ 

75 

a 

a × 

2a ■ 2a × 

3a ■ 3a × 

2a 

a □ 

2a 

a × 

2a □ 2a × 

3a ■ 3a × 

3a 

a × 

3a 

a × 

2a × 2a × 

3a × 3a × 

25 

a 

a ■ 

90 

a 

a × 

2a ■ 2a × 

3a ■ 3a × 

2a 

a □ 

2a 

a × 

2a □ 2a × 

3a ■ 3a × 

3a 

a × 

3a 

a × 

2a × 2a × 

3a × 3a × 

50 

a 

a ■ 

× : Fracture does not initiate at the joint tips 

□ : Fracture initiates at the joint tips 

■ : Fracture coalescence with the well bore 

2a ■ 

3a ■ 

2a 

a □ 

2a □ 

3a ■ 

3a 

a × 

2a × 

3a × 

 

 
The increase in the induced fracture length can be explained by the Fracture Mechanics Theory 

(Provide a reference here), which indicates that for longer fracture lengths under constant far field 

stress and borehole pressure, larger values of stress intensity factors at tip of the joint (KI) should 

be observed. This leads to longer induced fracture lengths. In case of a high stress intensity factor 

at tip of the joint, the newly induced crack can be extended to the wellbore.  

Table 2 shows all results for fracture initiation and fracture coalescence from these numerical 

simulations when ligament angle is 0
°
.   

Fig. 10(a) and (b) show the opening mode fracture initiation for two joint offset angle of 0
°
 and 

50
°
 respectively. In these figures the ligament angle is 0

°
, the joint length is 2a and the ligament 

length is 2a. It is clear from these figures that under the same conditions, the open-mode fracture 

length is increased with increasing the joint offset angle. Additional simulation results also show 

that for the constant joint length, when the ligament length is less than 3a, the open-mode fracture 

growth length is increased with increasing the joint offset angle. In fact the remote stress field 

generates shear stress on the joint plane. This stress is intensified by the joint so that a singular 

stress field appears at the tips. In the plane of the initial joint, this field is predominantly shear in  
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(a) 

  
(b) 

Fig. 10 The opening mode fracture initiation for two joint offset angles a: 0
°
; b: 50

°
 

 

  
Fig. 11 The opening mode fracture initiation for joint offset angles of 50°. 

 

 

nature; but on planes which lay at an angle to the joint tip a normal stress appears. Both of the 

normal stress and borehole pressure tending to cause an opening mode fracture to grow from the 

tips of the pre-existing joint. The introduced normal stress increases with an increase in the joint 

offset angle.  

If ligament length is equal to the borehole diameter and/or the ratio of ligament length to joint 

length is less than 0.75, the open-mode fracture is connected to the wellbore in any joint offset 

angle. In this condition the tip of the pre-existing joint is situated in the disturbed zone around the 

wellbore and very high stress intensity values are obtained for the tip of the pre-existing joint. This 

causes an opening mode fracture to coalesce with wellbore. Fig. 11 shows the opening mode 

fracture coalescence to wellbore for joint offset angle of 50
°
. In this figure the ligament angle is 0

°
 

while the ligament length is equal to a and the joint length is equal to 2a.  
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Fig. 12 The opening mode fracture initiation for Ligament angle of 30° and joint offset angles of 0° 

 

  
Fig. 13 The opening mode fracture initiation for two joint length; L=2a 

 

 

a-2) The joint offset angle is higher than 75
°
: 

When ligament angle is 0
°
 and joint offset angle is higher than 75

°
 no crack is initiated at tip of the 

pre-existing joint for variable joint lengths and ligament lengths. In fact, in these configurations 

the stress intensity at tip of the pre-existing joint isn’t large enough for crack initiation.  

b: ligament angle is 30
°
  

b-1) The joint offset angle is 0
°
: 

The numerical result show that for ligament angle of 30°, the open-mode fracture initiates at tip of 

the pre-existing joint and propagates toward the wellbore when joint offset angle and ligament 

length are 0
°
 and less than 3a, respectively. In fact, in these configurations the high stress intensity 

is created at tip of the pre-existing joint due to borehole internal pressure. This stress intensity 

overcome to mode-I fracture toughness and the open mode fracture appears at tip of the pre-

existing joint. 

Fig. 12 shows the open mode fracture initiation at tip of the joint for joint offset angle of 0
°
. In 

this figure the ligament angle is 30
°
 while the ligament length is 2a and the joint length is equal to 

a. As can be seen, the open-mode fracture initiates at the inner tip of the pre-existing joint and 

propagates toward the wellbore. This crack has stable growth and stops in the ligament because the 

stress intensity at tip of the joint is not high enough to cause unstable crack grow. Also the 

borehole pressure has minimal effect on the plane of the initial joint and therefore no tensile crack 

initiates at outer tip of the joint. 

When the ligament length is equal to the borehole diameter, the open-mode fracture will reach 

the wellbore. In this condition the tip of the pre-existing joint is situated in the disturbed zone 

around the wellbore and very high stress intensity values exist at the tip of the pre-existing joint. 

This results in the coalescence of the open-mode fracture and the wellbore. Fig. 13 and Fig. 14  
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(a) 

  
(b) 

Fig. 15 The opening mode fracture initiation for two joint length; a: L=a and b: L=2a 

 

 

show the opening mode fracture coalescence with wellbore for two joints with lengths of 2a and a, 

respectively. In these figures the ligament angle is 30
°
, the joint offset angle is 0

° 
and the ligament 

length is equal to a. It’s clear that when ligament length is as the same as the borehole diameter the 

open-mode fracture reaches the wellbore. 

a-2) the joint offset angle is 25
°
: 

When the Ligament angle is 30
° 

and the joint offset angle is 25
°
 the open-mode fracture is 

coalesced with the wellbore when the ligament length is the same as the borehole diameter unless 

the fracture is not initiated at tip of the pre-existing joint. Fig. 15(a), (b) show the opening mode 

fracture coalescence to wellbore for two joint lengths of a and 2a respectively. In these figures, the 

ligament angle is 30
°
, the joint offset angle is 25

° 
and the ligament length is equal to a. It’s clear 

that when ligament length is equal to the borehole diameter the open-mode fracture is connected to 

the wellbore. 

In fact, in these configurations the high stress intensity is created at tip of the pre-existing joint 

due to borehole internal pressure. This stress intensity overcame the mode-I fracture toughness and 

the open-mode fracture appeared at tip of the pre-existing joint. The stress intensity at tip of the 

joint is high enough to supply the required energy for unstable crack grow so the fracture 

propagates unstably till it coalesces with the wellbore.  

a-2) The joint offset angle is more than 25
°
: 

When Ligament angle is 30
°
 and joint offset angle is higher than 25

°
, no crack initiates at tip of 

the pre-existing joint, irrespective of joint length and ligament length. In fact, in these 

configurations the stress intensity at tip of the pre-existing joint isn’t large enough for crack  
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Table 3 The results of numerical simulations for different models with Ligament angle of 30
°
 

Joint offset 

angle 

Ligament 

length 
Joint length 

Fracture  grow 

condition 

Joint offset 

angle 

Ligament 

length 
Joint length 

Fracture grow 

condition 

0
°
 

a 

a ■ 

50
°
 

75
°
 

90
°
 

a 

a × 

2a ■ 2a × 

3a ■ 3a × 

2a 

a □ 

2a 

a × 

2a □ 2a × 

3a □ 3a × 

3a 

a × 

3a 

a × 

2a × 2a × 

3a × 3a × 

25
°
 

a 

a ■ 

× : Fracture does not initiate at the joint tips 

□ : Fracture initiates at the joint tips 

■ : Fracture coalescence with the well bore 

2a ■ 

3a ■ 

2a 

a × 

2a × 

3a × 

3a 

a × 

2a × 

3a × 

 
Table 4 the results of numerical simulations for different models with Ligament angle 0f  60

°
 and 90

°
 

Joint offset 

angle 

Ligament 

length 
Joint length 

Fracture  grow 

condition 

× : Fracture does not initiate at the joint tips 

□ : Fracture initiates at the joint tips 

■ : Fracture coalescence with the wellbore 

0
°
 

25
°
 

50
°
 

75
°
 

90
°
 

a 

a × 

2a × 

3a × 

2a 

a × 

2a × 

3a × 

3a 

a × 

2a × 

3a × 

 

 

initiation. Table 3 shows all results for fracture initiation and fracture coalescence from these 

numerical simulations when Ligament angle is 30
°
.  

c: Ligament angle is more than 30
°
  

When Ligament angle is more than 30
°
 there is not initiated any crack at tip of the pre-existing 

joint for each joint offset angle, joint length and ligament length. In fact, in these configurations 

the stress intensity at tip of the pre-existing joint isn’t enough for crack initiation. Table 4 shows 

all results for fracture initiation and fracture coalescence from these numerical simulations.  

 

 

4. Conclusions 
 

The numerical simulations using a two-dimensional finite element code FRANC2D/L (Fracture 
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Analysis Code for 2-D Layered structures) clearly indicate that the ligament angle, joint angle, 

ligament length and joint length affect fracture initiation and propagation at tip of the pre-existing 

joint significantly. Our findings are: 

1-Ligament angle is 0
°
  

1-1- joint offset angle is less than 75
° 

• for ligament angle of 0
°
 when joint offset angle is less than 75

°
 and bridge length is less than 

3a, the open-mode fracture initiates at tip of the pre-existing joint and propagates toward the 

wellbore. 

• The length of the fracture initiated from the inner tip (the tip of the joint that is close to 

wellbore) is longer than the length of the fracture initiated from the outer tip.  

• When the ligament length is 3a the crack does not initiate  at tip of the joint but when the 

ligament length is less than 3a the open-mode fracture growth  length is increased as the joint 

length increases.  

• The open-mode fracture growth length is increased with increasing in the joint offset angle. 

• When the ligament length is equal to the borehole diameter and or the ratio of ligament length 

to joint length is less than 0.75, the open-mode fracture is connected to the wellbore for all joint 

offset angles. 

1-2-Ligament angle is 0
°
 and joint offset angle is more than 75

°
 

• When Ligament angle is 0
°
 and joint offset angle is higher than 75

°
, no crack initiates at tip of 

the pre-existing joint for each joint length and ligament length. 

2-Ligament angle is 30
°
  

2-2- joint offset angle is 0
°
: 

• For Ligament angle of 30
°
 and when joint offset angle is 0

°
 and bridge length is less than 2a 

the open-mode fracture initiates at tip of the pre-existing joint and propagates toward the wellbore. 

The crack grows length increases with increasing the joint length. 

• When ligament length is equal to the borehole diameter the open-mode fracture reaches the 

wellbore for any joint lengths. 

2-3- joint offset angle is 25
°
: 

• When the ligament angle is 30
° 

and the joint offset angle is 25
°
, the open-mode fracture 

coalesces with the wellbore when the ligament length is equal to the borehole diameter otherwise 

the fracture does not initiate at tip of the pre-existing joint. 

2-4- joint offset angle is more than 25
°
: 

• When Ligament angle is 30
°
 and joint offset angle is higher than 25

°
 no crack initiation occurs 

at tip of the pre-existing joint for different joint lengths and ligament lengths.  

3- Ligament angle is more than 30
°
  

• When Ligament angle is more than 30
°
, no crack initiates at tip of the pre-existing joint for 

each joint offset angle, joint length and ligament length.  

When ligament angle is 0
°
, most failures occur in rock bridge between well bore and joint. 

For more accurate analysis and future studies, several factors such as the preexisting crack angle, 

the pre-existing crack persistency, the differentials of the remote stresses, and the variations of 

internal pressure should be considered. 
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