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Abstract 

 

Simultaneous Propagation of Multiple Fractures in a Horizontal Well  

 

Do H. Shin, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Mukul M. Sharma 

 

As the development of shale resources continue to accelerate in the United States, 

improving the effectiveness and the cost efficiency of hydraulic fracturing completion is 

becoming increasingly important.  For such improvement, it is necessary to investigate 

the effects of various design parameters and in-situ conditions on the resulting fracture 

dimensions and propagation patterns. 

In this thesis, a 3D geomechanical model was built using ABAQUS Standard to 

simulate the propagation of multiple competing fractures in a single fracture stage of a 

horizontal well.  The reservoir was modeled as a porous elastic medium using C3D8RP 

pore pressure & stress elements.  In addition, a vertical plane of COH3D8P pore pressure 

cohesive elements was inserted at each perforation cluster to model fracture propagation.  

Also, the flow distribution among perforation clusters was simulated using a parallel 

resistors model. 

The results suggested that the fracture spacing has the dominant impact on the 

number of propagated fractures.  Even when all other conditions were favorable to 

fracture propagation, small fracture spacing reduced the number of propagated fractures.  



 vi 

Similarly, in a given fracture stage, decreasing the number of perforation clusters abated 

inter-fracture stress interference, and increased the number of propagated fractures. 

Higher injection fluid viscosity significantly increased the fracture widths and 

slightly decreased the fracture lengths, but did not have any impact on the number of 

propagated fractures.  Also, higher injection rates led to longer and wider fractures, and 

increased the number of propagated fractures.  Therefore, a high injection fluid viscosity 

and a high injection rate should be used to promote fracture propagation. 

Lastly, higher Young's modulus of the target formation led to increased stress 

interference, and the resulting fractures were shorter and narrower.  Therefore, if the 

Young’s modulus of a target formation is high, a wider fracture spacing should be 

considered. 

Through this study, a 3D geomechanical model was successfully formulated to 

simulate the propagation of multiple competing fractures.  In addition, the effects of 

various hydraulic fracturing design parameters and in-situ conditions on the resulting 

fracture dimensions and propagation patterns were demonstrated. 
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Chapter 1: Introduction 

1.1 UNCONVENTIONAL SHALE PLAYS INCREASING U.S. OIL AND GAS PRODUCTION 

 For the past twenty years, crude oil production in the U.S. has been steadily 

declining due to the depletion of conventional resources.  Natural gas production had 

been slowly increasing, but the U.S. remained mainly a net oil and gas importer.  This 

trend was expected to continue, and it was projected that by 2025, the U.S. would import 

71% of oil and 26% of natural gas to meet its demand (Li, 2006). 

 In recent years, however, high commodity prices and new technologies have 

allowed for the economic development of unconventional shale resources.  As a result, 

the trend of declining production has been reversed for the first time in twenty years.  

Since the available unconventional oil and gas reserves far exceed conventional 

resources, it is expected that oil and gas production in the U.S. will continue to increase 

in the near future, reducing its foreign dependence (Flores, 2011; Lakatos, 2009). 

 

1.2 SYNERGY OF HYDRAULIC FRACTURING AND HORIZONTAL WELLS 

 The key technology that has enabled the economic development of low 

permeability shale reservoirs is the synergy of horizontal drilling and hydraulic 

fracturing.  Hydraulic fracturing stimulation has been used in the oil and gas industry 

since 1946, but its original application was to overcome near-wellbore formation damage 

in vertical wells.  Horizontal wells have also been utilized in the past when drilling under 

populated areas, or when it was necessary to increase the wellbore’s exposure to the 

reservoir.  To effectively drain the shale reservoirs, operators combined these two 

technologies.  Operators are now drilling horizontal wells with laterals exceeding 

10000 ft, and also creating a large number of transverse fractures along the lateral using 
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multiple stage, multiple cluster fracturing technique.  These fractures are hundreds of feet 

in length, and they reach deep into the reservoirs.  The synergy of the two technologies 

has allowed a single wellbore to drain a large stimulated reservoir volume (SRV) in low 

permeability reservoirs, which improves estimated ultimate recovery (EUR), production 

rates, and economics (Meyer et al., 2010; Bazan, 2010).  For example, according to King 

(2010), utilizing this new completion technique in the Barnett shale has increased the 

recovery from 2% (circa 1998, Mitchell Energy) to a report of over 50% recovery of 

initial gas in place (EOG, five well simultaneous frac).  Other successful unconventional 

resource plays include the Marcellus shale, which is mostly a gas play, the Eagle Ford 

shale, which has both gas and condensate, and the Bakken, which is mainly an oil play.  

In addition, this technology has enabled an economic recovery of conventional reservoirs 

that were previously considered uneconomical (Flores, 2011). 

The following procedure describes the typical hydraulic fracturing of a single 

isolated stage in a horizontal well.  First, multiple clusters of perforations are placed 

along a small section of the lateral at a predetermined spacing.  Secondly, the perforated 

interval is isolated with a packer, and a tailored fracturing fluid called the "pad" is 

pumped into the interval at a high pressure to initiate fractures.  The fractures usually 

initiate at perforation tunnels, but they may also start at other weak points in the isolated 

interval.  Next, a mixed slurry of fracturing fluid and proppants is pumped into the 

interval.  Proppants are sand or ceramic particles that are pumped into fractures to 

mechanically keep them open when the pumping pressure is drawn down.  The proppants 

also act as a high conductivity conduit between the reservoir and the wellbore.  Lastly, 

the wellbore is flushed with clean fluids, and the injected fluid is recovered by flowing 

back the well.  This process is repeated at each stage of the horizontal wellbore. 
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The fractures are inclined to open against the local minimum principal stress and 

to propagate in the direction of local maximum principal stress.  Therefore, if the 

horizontal wellbore is drilled along the direction of minimum horizontal stress, the 

fractures will propagate perpendicular to the horizontal wellbore, along the maximum 

horizontal stress direction.  Due to the local stresses induced by the wellbore, however, 

axial fractures are sometimes created.  The axial fractures link the perforation tunnels, 

which adversely affect reservoir drainage (Soliman, 2008). 

Fracture initiation and propagation at each perforation cluster is governed by local 

stresses, natural fractures, and local formation properties.  Local stresses at each 

perforation tunnel are affected by various completion parameters including stage spacing, 

perforation cluster spacing, the number of perforation clusters per stage, rheology of the 

injection fluid, and injection rate (Miller, 2011).  Therefore, a successful fracturing 

treatment depends on acquiring sufficient knowledge of the in-situ conditions and 

understanding the effect of each fracturing parameter on fracture propagation. 

 

1.3 RESEARCH MOTIVATION 

 Despite many successful cases, shale development remains a risky venture for 

operators due to high well costs.  A large portion of the well cost can be attributed to 

multiple-stage hydraulic fracturing, which requires large amount of material, power, and 

personnel.  To minimize the hydraulic fracturing cost, operators often reduce the pump 

time by minimizing the number of fracture stages (Fisher, 2004).  Instead, a large number 

of perforation clusters are placed in a fracturing stage to maximize the number of 

hydraulic fractures created in a wellbore. 
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 Field evidence indicates, however, that when multiple fractures are initiated in a 

fracture stage, not all fractures grow to substantial dimensions.  Also, having small 

perforation cluster spacing and a large number of perforation clusters per stage appears to 

be detrimental to fracture propagation and production (Meyer et al., 2010; Miller, 2011; 

Molenaar, 2012). 

 This evidence indicates that in order to maximize the effectiveness of hydraulic 

fracturing completions in a shale well while minimizing its cost, the impact of various in-

situ conditions and hydraulic fracturing design parameters on simultaneously propagating 

multiple fractures must be better understood.  Therefore, this thesis investigates the 

impact of the elastic modulus of the target formation, pump-rate, injection fluid viscosity, 

perforation cluster spacing, and the number of perforation clusters per stage on the 

resulting fracture dimensions, and propagation patterns. 

 

1.4 RESEARCH OBJECTIVES 

1. To build a geomechanical model to simulate the simultaneous propagation of 

multiple fractures in a horizontal well. 

2. To investigate the impact of the following parameters on simultaneous 

propagation of multiple fractures: elastic modulus of the target formation, 

perforation cluster spacing, number of perforation clusters per stage, injection 

rate, and rheology of the injection fluid. 

3. To investigate the impact of stress shadowing and fluid distribution among 

perforation clusters on the simultaneous propagation of multiple fractures. 
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1.5 CHAPTER REVIEW 

This thesis consists of five chapters.  Chapter 2 reviews the field data, 

experimental study, and numerical models pertinent to simultaneously propagating 

multiple fractures.  Chapter 3 discusses the model formulation using ABAQUS, and 

investigates the details of the geomechanical model.  Chapter 4 presents the results of 

sensitivity studies, and provides a discussion of the results.  Chapter 5 presents the 

conclusions and discusses related future work that could be researched. 
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Chapter 2: Background and Literature Review 

This chapter discusses the background theories and studies that are pertinent to 

understanding the simultaneous propagation of multiple fractures in a horizontal well.  

First, a number of reservoir simulation studies and field observations concerning the 

impact of various hydraulic fracturing design parameters on well productivity are 

presented.  These studies show that increasing the number of transverse fractures and 

minimizing the fracture spacing in a horizontal well increases the estimated ultimate 

recovery (EUR) and the overall productivity of the well. 

Secondly, an analysis of over 100 production logs from multiple shale basins is 

presented to demonstrate the effect perforation clusters have on well productivity.  The 

analysis demonstrates that if the perforation cluster spacing is too small, or if there are 

too many perforation clusters in a fracture stage, well productivity can be adversely 

affected.  Afterwards, several field data and experimental studies are presented to 

demonstrate that the productivity reduction is caused by some perforation clusters' failure 

to grow fractures. 

Thirdly, the mechanisms and the effects of stress shadows are investigated to 

illustrate that a stress shadow generated by a fracture can inhibit the growth of the other 

fractures.  This explains why productivity is reduced if the fractures are spaced too 

closely, or if there are too many fractures growing in a given interval length.  Increased 

stress interference would cause some fractures to close off, disabling the corresponding 

perforation clusters from producing. 

Next, existing models of simultaneously propagating multiple fractures are 

presented, and the results from those models are discussed.  In addition, the theory of 
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fracture mechanics is briefly reviewed, and the cohesive zone method is compared 

against more prevalent linear elastic fracture mechanics to demonstrate its validity. 

 

2.1 THE IMPACT OF HYDRAULIC FRACTURE GEOMETRY ON WELL PRODUCTIVITY 

Many reservoir simulation studies, field observations, and production logs have 

shown that in general, increasing the number of hydraulic fractures and minimizing 

fracture spacing increase productivity.  However, they also showed that if fracture 

spacing is too small, or if there are too many perforation clusters in a fracture stage, the 

productivity can be reduced because some perforations do not contribute to production.  

 

2.1.1 Reservoir Simulations 

Lolon et al. (2009) used a finite difference, black oil reservoir simulator calibrated 

with microseismic/tiltmeter maps to investigate the impact of fracture spacing (stage and 

perforation cluster spacing) on well productivity.  As shown in Figure 2.1, when the 

number of fracture stages was increased from 9 to 15, the 30 year cumulative oil 

production was increased by 22%, with further potential to increase production if more 

fracturing stages were added. 
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Figure 2.1: Impact of the number of hydraulic fractures created in a horizontal wellbore 

on the production rate (from Lolon et al. 2009).  

 Cipolla et al. (2009) conducted a similar study and investigated the impact of 

fracture spacing and fracture conductivity on the performance of horizontal wells.  As 

shown in Figure 4.1, fracture conductivity had a stronger impact on productivity than 

fracture spacing did.  However, for the fractures with a realistic conductivity (2mD-ft), 

smaller fracture spacing led to increased cumulative gas production. 

 

Figure 2.2: Impact of the hydraulic fracture spacing on productivity for different fracture 

conductivity.  Both Well A and Well B were taken from the actual horizontal well 

production results from the Barnett shale (from Cipolla et al. 2009).  
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2.1.2 Field Observation 

Fisher et al. (2004) investigated the production results from Barnett shale wells 

and compared them to the corresponding microseismic/tiltmeter maps.  As shown in 

Figure 2.3, when the cumulative length of the individual fractures increased, the well 

productivity also increased.  In other words, increasing the quantity and the length of the 

fractures in a horizontal well led to enhanced production. 

 

Figure 2.3: Impact of fracture complexity on the average production rate (from Lolon et 

al. 2009).  

2.1.3 Analysis of Production Logs 

Miller (2011) reviewed production logs from more than 100 horizontal shale 

wells in multiple basins (Barnett, Woodford, Marcellus, Haynesville, Fayetteville, 

Eagleford).   In accordance with the studies presented above, reducing the perforation 

cluster spacing led to increased productivity.  When the cluster spacing was reduced 

beyond a certain threshold, however, some perforations did not contribute to production.  

He also found that in order to maximize the number of transverse fractures, it is more 

beneficial to increase the number of stages than to increase the number of perforation 

clusters per stage. 
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As shown in Figure 2.4, Miller (2011) found that decreasing perforation cluster 

spacing tended to increase productivity.  He found that in most basins, high productivity 

wells had cluster spacing of less than 125 ft.  In the Woodford shale, however, the high 

performing wells had cluster spacing greater than 133 ft.  The Woodford shale case 

showed that in certain in-situ conditions, if the perforation cluster spacing is too small, 

the productivity is adversely affected. 

  

Figure 2.4: Impact of the perforation cluster spacing (left) and the number of 

clusters/stage (right) and on productivity (from Miller, 2011). 

Miller (2011) also found that the wells with the highest number of perforation 

clusters per stage had some of the lowest productivity.  Among the best performing wells, 

46% of the clusters did not contribute to production when six perforation clusters were 

used per stage, and 21% of the clusters did not contribute when two clusters were used 

per stage.  On the other hand, as shown in Figure 2.5, increasing the number of stages 

enhanced the well productivity.  Since the correlation between the number of fracture 

stages and the productivity was much stronger than the correlation between the lateral 

length and the productivity, it is clear that dividing a given length of a horizontal 

wellbore into more fracture stages increased the well productivity. 
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Figure 2.5: Impact of the number of fracture stages (left) and average lateral length 

(right) on productivity (from Miller 2011). 

Similarly, Meyer et al. (2010) observed that in the Marcellus shale, most of the 

production came from a single dominant fracture in each stage, and in the Eagleford 

shale, productivity varied substantially from one perforation cluster to another.  
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2.2 SIMULTANEOUS PROPAGATION OF MULTIPLE FRACTURES AND THE RESULTING 

FRACTURE GEOMETRIES 

Based on the studies presented above, it was postulated that during multiple-

cluster fracturing of a single fracture stage, fractures tend to grow unevenly, resulting in 

uneven production.  To confirm this hypothesis, several field observations and 

experimental studies are reviewed in this section.  These studies show that when multiple 

fractures are simultaneously growing in an isolated interval, the fractures indeed grow 

unevenly.   

 

2.2.1 Microseismic/Tiltmeter Mapping 

Several microseismic/tiltmeter map analyses have shown that if the perforation 

clusters spacing is relatively short (in the order of tens of feet), either only some of the 

perforation clusters propagate fractures, or the multiple fractures initiated from the 

adjacent perforations coalesce into a single fracture (Daneshy, 2011; Soliman, 2008).  

 Minner et al. (2003) used the tiltmeter mapping technique to quantify the fracture 

volume growth along several horizontal wellbores while each well was fractured as a 

single stage.  The results showed that on average, 40% of the volume growth occurred at 

the heel, 20% at the mid-lateral region, and 40% at the toe.  It was postulated that stresses 

induced by the toe and the heel fractures inhibited fracture growth in the mid-lateral 

region.  Fisher et al. (2004) and Ketter (2008) conducted similar studies in the Barnett 

shale and reported that heightened compressive stress in the vicinity of a fracture tended 

to inhibit the fracture growth from the nearby perforation clusters.  This problem was 

exacerbated when the perforation clusters were spaced too closely.  Therefore, the 

fractures in the middle perforation clusters were “closed-off” while the fractures at the 

toe and the heel took on most of the fluid, causing their growths to accelerate.  
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Fisher(2004), Ketter (2008), and Miller (2011) also reported that reducing the number of 

perforation clusters within a stage increased the likelihood of all fractures to propagate. 

 

2.2.2 Treatment Pressure Data 

Using the hydraulic fracturing treatment pressure data, Daneshy (2011) and 

Ketter (2008) confirmed that some fractures indeed close-off during multi-cluster 

fracturing.  As shown below, during the hydraulic fracturing treatment of an isolated 

stage with multiple clusters, some fractures screened out, causing a pressure spike. 

 

Figure 2.6: Treatment data for a cased hole fracture.  The spike in the pressure data 

indicates a screen-out (from Daneshy 2011).  

 

2.2.3 Distributed Acoustic Sensor & Distributed Temperature Sensor 

Real time downhole monitoring using Distributed Temperature Sensing (DTS) 

and Distributed Acoustic Sensing (DAS) also demonstrated that not all perforation 

clusters participate in fracture propagation.  Arrays of these downhole sensors were 

placed along an isolated interval to detect the fluid entering or exiting the wellbore.  DTS 
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detected the fluid exiting the wellbore by sensing the temperature drop (3 to 5 degrees 

Celsius), or through “warm back”, which occurred after the fractures had been created, 

and the injected fluid heated up to the original geothermal temperature (Holley, 2010).  

The DAS detected fluid injection into a perforation by listening to the noise generated 

when the fluid exited the wellbore at a particular location (Molenaar, 2011).   

 

Figure 2.7: DAS recordings of all the hydraulic fracturing stages.  The colors represent 

acoustic-energy levels across the high-frequency range (red is high, blue is low), which 

can be correlated with injection rates by careful selection of the frequency bands (from 

Molenaar 2012). 

As shown in Figure 2.7, uneven distribution of injection fluid and proppants was 

seen even in stages where limited entry fracturing was performed (Stage 1, 4, and 5).  

The results also indicated that a dominant fracture was created in each stage, and the 

other fractures either screened out or were unable to propagate to a substantial length 

(Molenaar, 2012). 
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2.2.4 Laboratory Results of Simultaneous Propagation of Multiple Fractures 

El Rabaa (1989) conducted a series of experiments to investigate the simultaneous 

propagation of multiple fractures in 6 x 12 x 18 inch hydrostone blocks. A 0.31 inch 

diameter horizontal wellbore was drilled through each block with varying perforation 

cluster spacing.  The blocks were loaded in a polyaxial test chamber, and loaded to the 

predetermined stress, and fracturing fluids were injected into wellbores.  The results 

showed that when closely spaced multiple fractures propagated simultaneously, the 

dimensions of one fracture was much larger than the others. 

 

 

Figure 2.8: Simultaneous propagation of multiple fractures in a horizontal wellbore (from 

El Rabaa 1989). 

Abass et al. (1996) performed a similar experiment, and the results showed that 

initially all fractures propagated at similar rates.  However, as the fractures continued to 

grow, a few dominant fractures emerged.  Eventually, the dominant fractures became the 

path of least resistance, while the rest of the fractures were arrested.  Abass et al. (1996) 

also found that when multiple fractures propagated, their widths were narrower, and the 
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leak-off rate, frictional pressure loss and the propagation pressure were higher than in a 

single fracture propagation. 

 

 

Figure 2.9: Multiple parallel fractures initiated from an open hole (from Abass et al. 

1996). 

2.3 EFFECT OF LOCAL STRESS FIELD ON FRACTURE PROPAGATION 

As demonstrated by the field data and the laboratory results, it is most likely that 

the main reason why some perforation clusters don’t contribute to production is because 

they have failed to grow fractures.  According to Ketter (2008), inefficient fracture 

creation occurs due to unfavorable local stress state around perforation clusters, which is 

influenced by in-situ conditions and hydraulic fracturing parameters.  Therefore, in this 

section, the mechanism of stress shadow is investigated to better understand how the 

growth of one fracture can adversely influence the growth of the other fractures.  In 

addition, the impact of in-situ conditions and various hydraulic fracturing parameters on 

fracture propagation is reviewed.   
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2.3.1 Effect of elevated in-situ stress on the hydraulic fractures 

 Ketter (2008) compared the microseismic map and the image log of a horizontal 

well to investigate the impact of various in-situ stress conditions on the resulting fracture 

dimensions.  The investigated well encountered the following in-situ stress conditions 

along its wellbore: low horizontal stress anisotropy, high stress anisotropy, and an 

abnormally high stress magnitude. 

 

        

Figure 2.10: Effect of in-situ stress on the hydraulic fracture geometry (from Ketter 

2008). 

 As shown above, in the low stress anisotropy region, both longitudinal and 

transverse fractures were created, and the fracture fairway was wide.  In addition, the 

fracture initiation pressure was low.  In the high stress anisotropy region, however, only 

transverse fractures were observed, and the fracture fairway was narrow.  Additionally, 

the fracture initiation pressure was moderate.  Very little seismic activity was observed 

where the magnitude of the in-situ stress was higher than the rest of the wellbore, 
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indicating that fractures were unable to grow to substantially.  Also, the fracture initiation 

pressure was 50% higher than at the other parts of the wellbore. 

 

2.3.2 Stress Shadowing 

 As shown above, high in-situ stresses can prohibit fracture propagation.  During 

hydraulic fracturing, both the opening of the fracture and pressure leak off into the 

reservoir elevate stresses in the vicinity of the fracture (Elbel and Mack, 1993; Fisher et 

al. 2004; Warpinski and Branagan, 1989).  According to Soliman (2008)), the extent of 

stress elevation is larger if multiple fractures are created from a single well.  Also, when a 

large number of tightly spaced perforation clusters are simultaneously propagating, the 

elevated stresses prohibit some fractures from propagating (Soliman, 2008; Miller, 2011).  

Therefore, it is important to consider stress interference when determining the optimal 

hydraulic fracture spacing (Soliman, 2008). 

In this section, the impact of stress shadowing on fracture propagation is 

investigated.  More specifically, the following two mechanisms of stress shadow effect 

are discussed: a) mechanical opening of the fracture, and b) poroelastic effect. 

 

2.3.3 Stress shadowing due to the opening of the fracture 

The first mechanism of stress alteration during hydraulic fracturing is the 

mechanical opening of the fracture.  Using Sneddon's mathematical solution for the stress 

field around an infinitely long 2D crack in a homogeneous, isotropic, elastic body 

(Sneddon, 1946), Warpinski and Branagan (1989) and Soliman (2008) presented an 

analytical solution describing the elevated stresses in the vicinity of an opened fracture.   
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Figure 2.11: Dimensionless stress variation vs. dimensionless distance for a semi-infinite 

crack.  Poisson's ratio = 0.25 (from Soliman 2008). 

As shown in Figure 2.11, the stresses near a fracture were elevated in all three 

principal directions.  Since the fracture width opened in the direction of minimum 

horizontal stress, the magnitude of the induced stress was the largest in that direction.  

The maximum horizontal stress was also elevated, but to a lesser degree.  In a field study, 

Warpinski and Branagan (1989) confirmed that opening of a hydraulic fracture indeed 

elevates in-situ stresses.  Several nearby observation wells indicated that the in-situ 

stresses increased as much as 300 psi due to the opening of the hydraulic fracture at the 

treatment well. 

The magnitude of the elevated stress, however, quickly decays with distance.  

Beyond 1.5 times the fracture height, the induced stresses were negligible in all three 

principal directions. (Warpinski and Branagan, 1989, Elbel and Mack, 1993, Fisher, 

2004, Soliman 2008).  This stress decay phenomenon was observed at the Barnett shale, 

where a typical hydraulic fracture height is between 300 to 400 ft, and the stress shadow 

was expected to dissipate around 500ft.  Particularly, in uncemented wells, cross-cutting 
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fractures were detected every 500 ft regardless of the perforation cluster locations 

(Fisher et al. 2004). 

 

2.3.4 Stress shadowing due to poroelastic effects 

The second mechanism of in-situ stress field alteration is from the poroelastic 

effect caused by the fluid injection into the reservoir (Elbel and Mack, 1993).  Both 

injection and production induces a large pore pressure gradient in the reservoir, and in 

turn, alter in-situ stresses.  According to Biot’s effective stress equation (Biot, 1955; 

Zoback, 2010), when the injected fluid leaks off from the fracture into the reservoir 

during hydraulic fracturing, the pore pressure near the fracture would be increased, which 

would then increase the in-situ stresses (Elbel and Mack, 1993). 

 
        (2.1) 

  = Total stress 

  = Pressure 

  = Identity matrix 

                       
  

  
 

  = Drained bulk modulus of the rock 

  = Bulk modulus of the grain 

Berchenko and Detournay (1996) suggested that the stress field in the reservoir 

can be altered by controlling the pore pressure field through injecting and/or producing 

from multiple wells.  They also suggested using the stress field alteration to create 

hydraulic fractures in the desired direction. 
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Manchanda et al. (2013), however, demonstrated that during hydraulic fracturing, 

the mechanical opening of a fracture alters the in-situ stresses much more than the 

poroelastic effect.  Figure 2.12 shows the change in minimum horizontal stress over time 

due to the fluid leak-off into the reservoir after a hydraulic fracturing stimulation.  The 

fracture widths were fixed while the injected fluid was allowed to leak-off into the 

reservoir.  Over a period of several hours, the stress alteration in the vicinity of the 

fracture was not significant. 

 

Figure 2.12: Poroelastic effects only.  Fracture geometry was fixed, and the high pressure 

inside the fracture after the treatment was allowed to dissipate into the reservoir (from 

Manchanda, 2013). 

On the other hand, as shown in Figure 2.13: Poroelastic and mechanical effect.  

Pressure was allowed to dissipate into the reservoir and the fracture was allowed to close 

to its final propped width., the mechanical closing of the fracture significantly altered the 

stress field in the vicinity of the fracture.  After the fracture was created, it was allowed to 
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close to its final width.  As shown in Figure 2.13, the closing of the fracture significantly 

decreased the stress in the vicinity. 

 

Figure 2.13: Poroelastic and mechanical effect.  Pressure was allowed to dissipate into 

the reservoir and the fracture was allowed to close to its final propped width.   

These simulation results demonstrated that the mechanical opening/closing of a 

fracture has a much larger impact on the local stress field than the poroelastic effect.  

Therefore, in the simultaneous propagation of multiple fractures, where the entirety of 

operation usually does not exceed two hours per stage, the mechanical opening of the 

fracture would drive the stress field alteration. 

 

2.3.5 Stress Interference in Sequential Fracturing 

Impact of stress shadows on the growth of neighboring fractures can be observed 

in sequential fracturing.  In sequential fracturing, if a fracture is initiated within the stress 

shadow of the previous fracture, the successive fracture would be created against a higher 
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minimum in-situ stress and require a higher net pressure (Soliman, 2008).  Therefore, if 

multiple fractures are created in sequence, within the stress shadow of the previous 

fractures, the net pressure would increase for each successive fracture.  If the stress 

interference is more severe, however, the successive fracture may be within the stress 

reversal zone of the previous fracture, and a longitudinal fracture would be created, 

causing the net pressure to rise and fall through the fracturing stages (Daneshy, 2011; 

Roussel et al., 2012). 

Roussel et al. (2012) demonstrated that in a mild stress interference environment, 

the net pressure of the successive stages increased monotonically in the first couple of 

stages, but eventually reached a plateau, as shown in Figure 2.14.  The 200 ft fracture 

spacing for the Barnett shale and the Eagleford shale corresponded to the mild stress 

interference case. 

 

  

a) Barnett formation     b) Eagleford formation 

Figure 2.14: Effect of stage spacing on net closure pressure for the Barnett and the 

Eagleford shales (from Roussel et al. 2012). 

The 100 ft fracture spacing Eagleford shale case corresponded to moderate stress 

interference.  Similar to the mild stress interference case, transverse fractures were 

created, but the net pressure continued to increase until the end of the fracturing 
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operation.  The 100 ft and 50 ft fracturing spacing Barnett shale cases corresponded to a 

severe stress interference environment.  In these cases, the successive fracture grew 

longitudinally into the previous fracture.  The following fracture, however, propagated in 

the transverse direction, and the net pressure rose and fell through the fracture stages.  

Based on these simulations, Roussel et al. (2012) concluded that the intensity of stress 

interference can be measured by the extent of the net pressure evolution. 

For the same fracture spacing, the Barnett showed more stress interference than 

the Eagleford.  This is because the Young's modulus in the Barnett shale is twice as large 

as the Eagleford shale (6 MMpsi vs. 3 MMpsi), and opening of a fracture with a given 

width would induce more stress.  After conducting extensive sensitivity studies, 

Roussel et al. (2012) and Manchanda et al. (2012) determined that in a stiff formation, the 

fracture spacing must be large, and the amount of proppant injected must be limited to 

avoid stress interference. 

In summary, some perforation clusters in a fracture stage do not produce because 

they have failed to grow fractures.  Based on the observations made in sequential 

fracturing, it was postulated that some perforation clusters fail to grow fractures because 

during simultaneous propagation of multiple fractures, the stress shadow of each fracture 

influences the growth of the other fractures.  Since the stress interference becomes more 

severe with decreasing fracture spacing, the productivity is reduced.  Since increasing the 

number of perforation clusters in a fracture stage decreases productivity, it was postulated 

that increasing the number of perforation clusters also increases stress interference. 

To confirm these hypotheses, simultaneous propagation of multiple fractures in a 

single fracture stage was modeled with various fracture spacing, target formation Young's 

modulus, injection fluid viscosity, injection rates, and a varying number of perforation 

clusters.  The model formulation is presented in Chapter 3 and the results are presented in 
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Chapter 4.  The rest of this section presents other models that simulated simultaneously 

propagating multiple fractures. 

2.4 OTHER GEOMECHANICAL MODELS 

Olson (2008) modeled simultaneous propagation of competing hydraulic fractures 

using the boundary element method to model the reservoir and the displacement 

discontinuity method developed by Crouch (1976) and Starfield (1983) to model the 

fracture propagation.  In Olson (2008), injection was uniform pressure driven, not rate.  

In Wu and Olson (2012), however, injection was rate driven, but the results were similar. 

The fluid distribution among different fractures was taken into account through 

velocity exponent in the fracture velocity equation, as shown below.  Low velocity 

exponent emulated limited entry injection where the fluid distribution among fractures 

was more even.  On the other hand, high velocity exponent emulated poor injection 

control and the fluid distribution among fractures was more uneven. 

 
   (  )

  (2.2) 

                                  

                                             

                                                   

                                  

For velocity exponent n=1, at 100m spacing, the outer fractures were only 10% 

longer than the middle fractures.  At 50m and 25m spacing, however, the middle 

fractures were significantly shorter than the two outer fractures.  In addition, due to the 

stress interaction between fractures, the outer fractures turned away from the inner 

fractures in all cases, and for small spacing cases, the inner fractures propagated 
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orthogonally.  This shows that the stress interaction between fractures become more 

pronounced as the fracture spacing lessens.   

 

Figure 2.15: Map view of hydraulic fracture propagation patterns from eleven 

simultaneously pressurized injection points for initial fracture spacings of a) 100 m, b) 

50m, c) 25m.  All fractures are vertical and have the same height of 100 m.  The velocity 

exponent for propagation was n = 1 (from Olson 2008). 

For velocity exponent n=5, the outer fractures grew dominantly, while every other 

middle fractures reached a significant length.  For smaller spacing cases, however, the 

middle fractures were completely closed off. 
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Figure 2.16: Map view of hydraulic fracture propagation patterns from seven 

simultaneously pressurized injection points for initial fracture spacings of a) 100 m, b) 

50m, c) 25m.  All fractures are vertical and have the same height of 100 m.  The velocity 

exponent for propagation was n = 5 (from Olson 2008). 

More isotropic stress fields resulted in more fracture path alteration.  

Additionally, closer fracture spacing resulted in more stress interaction and increased 

fracture path alteration.  Lastly, increasing the net pressure using an increased rate or high 

gel viscosity accentuated fracture induced stresses, and more fracture path alteration 

occurred. 

Sesetty et al. (2012) also modeled the simultaneous propagation of multiple 

fractures using the boundary element method.  For fracture propagation modeling, the 

displacement discontinuity method developed by Crouch (1976) was used.   As shown in 

Figure 2.17, when the fractures were spaced 10 m apart, the middle fracture stayed in the 

nominal path, perpendicular to the minimum horizontal stress.  The two outer fractures, 

however, arced away from the middle fracture due to the stress interference.  In order to 
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make all three fractures grow to the same length, the injection pressure for the middle 

fracture had to be higher, by 0.1 MPa, than the injection pressure for the two outer 

fractures. 

 

Figure 2.17: Fracture geometry of three fractures with 10 m spacing after after 12 

seconds (From Sesetty et al. 2012). 

Similarly, Cheng (2009) modeled the propagation of multiple fractures in an 

isolated interval with multiple clusters using the boundary element method for the 

reservoir and the displacement discontinuity method for the fracture propagation.  More 

specifically, Cheng investigated the impact of fracture spacing and the number of 

fractures on the resulting fracture dimensions. 

Figure 2.18 shows the impact of the number of fractures on the resulting fracture 

dimensions.  In the three fracture configuration with 100 ft spacing, the width of the 

middle fracture was significantly reduced.  In the five fracture configuration with 100 ft 

spacing, however, the width of the center and sub-center fractures were reduced 

significantly.  In both cases, however, the outer fracture widths were only slightly 

reduced because they were able to grow their widths away from the inner fractures. 
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Figure 2.18: Three vs. five fracture propagation at 100 ft spacing.  The fracture widths 

were magnified 1000 times (From Cheng 2009). 

Figure 2.19 shows the impact of fracture spacing on the resulting fracture 

geometry.  At 50 ft fracture spacing, the mechanical interaction between the fractures was 

much stronger than at 150 ft, and significant width reduction occurred in the middle 

fracture.  In all the cases, however, the center fracture maintained an elliptical geometry, 

whereas the outer fractures were asymmetrical and dilated away from the center fracture. 

 

Figure 2.19: 50 ft vs. 150 ft fracture spacing.  Fracture widths were magnified 1000 times 

(From Cheng 2009). 
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 Kresse et al. (2012) modeled the simultaneous propagation of multiple fractures 

and their interaction with natural fractures using the 2D Displacement Discontinuity 

Method developed by Crouch (1976) and the 3d stress shadow effect approximation 

developed by Olson (2004).  Five fractures with a constant height of 30 m were 

propagated simultaneously at 10 m, 20 m, and 40 m perforation cluster spacing.  At 10 m 

spacing, the center fracture had minimal growth, while the outer fractures grew to 

substantially.  The sub-center fractures were also able to grow, but not quite as long as 

the outer fractures.  At 20 m spacing, the center fracture was able to grow to the same 

length as the sub-center fractures.  However, all three inner fractures were shorter than 

the outer two fractures. 

 

Figure 2.20: Fracture geometry and fluid pressure for the cases when distance between 

injection points is equal to 10m, 20m, and 40m (From Kresse et al. 2012). 

 When the spacing was increased to 40 m, all fractures were able to grow to an 

equal length.  Since the 40 m spacing is longer than the fracture height, the stress 

interaction between the fractures seemed to have been negligible, which allowed all 

fractures to propagate to similar dimensions. 
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2.4.1 Recommended cluster spacing 

Fisher (2004) and Ketter (2008) reported that in the field, the optimal cluster 

spacing to minimize the stress interference was 1.5 to 2 times the fracture height because 

at this spacing, all perforation clusters grow their own fractures.  This was confirmed in 

the above models, where all fractures were able to grow to substantial dimensions when 

the perforation cluster spacing was at least equal to the fracture height. 

Meyer et al. (2010) showed that maximizing the number of hydraulic fractures in 

an unconventional reservoir may maximize the initial production rate, but it may detract 

from the Net Present Value (NPV) and Discounted Return On Investment (DROI).  This 

is because the increased number of transverse fractures causes the early onset of flow 

interference among the fractures.  In other words, a small number of fractures may 

perform just as well in the long run, and they may be more cost effective.  

 

Figure 2.21: NPV vs. the number of transverse fractures (from Meyer et al., 2010)  
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Figure 2.22: Discounted Return on Investment (DROI) vs. the number of transverse 

fractures (from Meyer et al., 2010) 

The above studies show that ideal fracture spacing must be determined using both 

engineering and financial analyses.  Fractures must be far enough apart such that their 

growths do not interfere with another.  Additionally, the optimal number of fractures for 

the best NPV and DROI must be taken into account for a cost effective field 

development. 
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2.5 FRACTURE MECHANICS - LINEAR ELASTIC FRACTURE MECHANICS VS. COHESIVE 

ZONE MODEL 

 In this thesis, the cohesive zone method is used to model the fracture propagation.  

Although the cohesive zone method has been used sparingly, the following studies and 

examples demonstrate its validity.  This section briefly compares the cohesive zone 

method to the linear elastic fracture mechanics and presents the other geomechanical 

models that have used the cohesive zone method. 

 

2.5.1 Linear Elastic Fracture Mechanics (LEFM) 

The Linear Elastic Fracture Mechanics is the most prevalent method of modeling 

the fracture propagation.  It was first developed by Griffith (1921) and was modified by 

Orowan (1952) and Irwin (1957).  The overview was provided by Warpinski and Smith 

(1989). 

Griffith observed that brittle materials have low tensile strength due to the 

presence of cracks.  He assumed that the cracks were elliptical in shape with a small 

minor axis, and he related the work performed during the fracture propagation to the 

energy of the new surface created, such that 

 
        (2.3) 

                    

                                 (                ) 

   = Incremental fracture length extended 

Fracturing occurs if the crack tip stress reaches the critical value 

 
   √

   

 (    ) 
 (2.4) 
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Orowan and Irwin modified Griffith’s equation to include energy dissipation that 

occurs during plastic deformation and microcracking.  The energy dissipation is 

considered by quantifying the intensity of the stress singularity at the fracture tip, also 

known as the stress intensity factor.  The stress intensity factors have three different 

modes KI (opening), KII (shear direction 1), KIII (shear direction 2), and are described by 

the following equation. 

 
    √

      

(    )
 (2.5) 

Fracturing occurs when,  

 
       (2.6) 

2.5.2 Cohesive Zone Method (CZM) 

In the LEFM, the radius of the elliptical crack tip is in the range of inter-atomic 

distances, which is not realistic.  In addition, the large stresses that occur at the fracture 

tip do not interact with the far field stresses.  To resolve these issues, and better capture 

the actual physical phenomenon, Barenblatt (1962) developed the Cohesive Zone 

Method.  It models the crack tip as a process zone going through damage instead of an 

elliptical tip, as shown in Figure 2.23. 

 

Figure 2.23: Difference between Linear Elastic Fracture Mechanics (Left) and Cohesive 

Zone Method (Right) on crack tip modeling. 
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Barenblatt (1962) postulated that there is a large inter-molecular cohesive force at 

the tip that is much larger than the far field forces.  In ABAQUS, these cohesive forces 

are modeled using the traction-separation law, combined with a damage model.  A 

detailed discussion of how ABAQUS implements the cohesive zone method is included 

in Chapter 3. 

 

2.5.3 Other geomechanical models that implemented CZM 

Cohesive zone method has been successfully implemented in the oil and gas 

industry for hydraulic fracture propagation modeling.  Dean and Schmidt (2008) 

developed a geomechanical reservoir simulator that used either the LEFM or the CZM 

for fracture propagation.  The cohesive zone method was more accurate than the LEFM, 

but its results were more grid size dependent. 

Yao et al. (2010) used ABAQUS to model the propagation of a single fracture in a 

reservoir.  They demonstrated the validity of the pore pressure cohesive zone method in 

ABAQUS for modeling hydraulic fractures against Pseudo 3D, PKN, and the model 

developed by Dean et al. (2008).  Yao et al (2010) found that the cohesive zone method is 

more accurate than other methods.  The resulting fracture lengths were shorter than 

Pseudo 3D and PKN models, but were comparable to Dean et al. (2008).  In addition, the 

model included the surrounding formations above and below to account for the full three 

dimensional effects.  They also conducted several sensitivity studies to investigate the 

impact of Young's modulus in the target formation, injection rate, leak-off coefficient, 

and injection fluid viscosity on the resulting fracture dimensions.  The results showed that 

increasing the Young’s modulus in the target formation resulted in a longer and narrower 

fracture with increased height.  In addition, increasing the injection rate resulted in larger 
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fracture dimensions overall.  Also, increasing the leak-off coefficient resulted in smaller 

fracture dimensions overall.  Lastly, increasing the fluid viscosity increased the fracture 

width and the height, but decreased the length. 

Shen et al. (2012) also modeled hydraulic fractures using the cohesive zone 

method in ABAQUS.  They also modeled the creation of micro-cracks in the reservoir 

using the continuum damage model.  The model, however, did not consider the full three-

dimensional effect because the surrounding formations were not modeled. 
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Chapter 3: Model Formulation 

Simultaneous propagation of multiple hydraulic fractures was simulated using 

ABAQUS Standard finite element analysis software.  A single stage interval of a 

horizontal well was modeled, and the simultaneous propagation of multiple fractures was 

simulated with various perforation cluster spacing, numbers of perforation clusters, fluid 

injection rates, as well as various formation and injection fluid properties. 

 

3.1 MODEL DESCRIPTION 

Two different overall dimensions were used for the models.  Most of the models 

were 1000 ft in length, 1000 ft in width, and 500 ft in height.  However, some of the five 

fracture models with wide perforation cluster spacing required a larger model.  The 

dimensions of the larger models were 1500 ft in length, 1500 ft in width, and 500 ft in 

height. 

C3D8RP reduced integration hexahedral pore pressure and stress element was 

used to model the reservoir because it was capable of modeling a porous elastic medium.  

The fracture propagation was modeled using COH3D8P pore pressure and stress 

cohesive elements.  At each fluid entry point (perforation tunnel) along a horizontal 

wellbore, a thin plane of COH3D8P elements was embedded in the reservoir model.  As 

the injected fluid entered each perforation tunnel, the planes of cohesive elements 

simulated fracture propagation, fluid flow in the fracture, and fluid leak-off into the 

reservoir.  The cohesive elements shared the interface nodes with the reservoir elements, 

and they were fully strain compatible.  In addition, pressure continuity was maintained 

between the cohesive elements and the reservoir elements.  Lastly, AC1D2 hydraulic 
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connector elements were used to connect the fluid entry points hydraulically, which 

forced the pressure continuity at these points.  Since the model only considered a single 

stage, the pressure drop along the wellbore was considered to be negligible. 

 

 

Figure 3.1: Illustration of the geomechanical model built using ABAQUS. The visible 

elements are C3D8RP reduced integration hexahedral pore pressure and stress elements 

used to model the reservoir as a porous medium. 

The model included three separate layers of formations.  The middle formation 

was the target formation where the horizontal well had landed, and the fracturing fluid 

was injected.  The surrounding formations were modeled above and below the target 

formation and were assumed to have equal mechanical and fluid flow properties.  In 

order to ensure that hydraulic fractures were contained in the target zone, the surrounding 

formations were assigned with higher in-situ stresses, Young’s moduli, and Poisson’s 

ratios than the target formation. 
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Figure 3.2: Illustration of the COH3D8P pore pressure and stress cohesive elements used 

to model fracture propagation. These elements are embedded in between the C3D8RP 

elements modeling the reservoir as a porous medium. 

3.1.1 Reservoir Properties 

 The reservoir depth was modeled to be 10000 ft in true vertical depth, and the 

pore pressure was nominally pressured at 5000 psi.  The stimulated reservoir was 

assumed to be an unconventional reservoir with a low permeability.  The matrix 

permeability of unconventional reservoirs ranges from nanodarcy to microdarcy.  

However, due to the presence of the natural fractures, the effective permeability of the 

reservoir was assumed to be much higher at 100 μD (Warpinski and Smith, 1989). A 

reservoir porosity of 10% was used for all three formations. 

 

3.1.2 No Flow Boundary Conditions 

 Fluid was not allowed to enter or leave the model except through the perforation 

tunnels.  Since the total amount of fluid injected during the hydraulic fracturing was 
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small compared to the size of the model, its effect on the mean reservoir pressure was 

negligible. 

 

3.1.3 In-situ stresses 

 The in-situ stresses were calculated as follows.  The vertical stress was calculated 

using the equation below, with the lithostatic gradient of               . 

 

 
   ∫      

 

 

     (3.1) 

 The minimum horizontal stress was calculated using a modified Hubert’s 

equation, as shown below.  However, the tectonic stress component           was ignored 

(Warpinski and Smith, 1989). 

 

 
       

 

   
   

    

   
             (3.2) 

 The horizontal stress contrast between the minimum and maximum horizontal 

stresses was modeled as 500 psi.  As shown in the equation below, the maximum 

horizontal stress was calculated by adding the horizontal stress contrast of 500 psi to the 

minimum horizontal stress. 

 

 
                     (3.3) 

 The stress contrast with surrounding formations was modeled as 500 psi for both 

minimum and maximum horizontal stresses.  Therefore, the minimum and maximum 

horizontal stresses in surrounding formations were calculated as shown below.  However, 

the overburden stresses were modeled to be the same in all three formations. 
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                                              (3.4) 

 
                                              (3.5) 

 
                                                      (3.6) 

 
  

3.2 FLUID FLOW MODELING 

3.2.1 Parallel Resistors Model for Fluid Flow Distribution among Multiple 

Fractures 

When the fluid injected from the surface reaches the isolated interval, it is 

distributed among the perforation clusters, as expressed by the equation below. 

 

 
       ∑  

 

   

 (3.7) 

The fluid distribution among the perforation clusters was modeled using the 

parallel resistors model developed in the UTWID software (UTWID).  As shown below, 

each fracture was modeled as a resistor, and the injected fluid was distributed among the 

fractures based on their resistances. 

 

Figure 3.3: Illustration of resistance modeling used for injected flow distribution among 

the fractures.  
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The resistance of a fracture was calculated as the difference between the fracture 

tip pressure and the reservoir pressure, divided by the current flow rate. 

 

 
   

                 

          
 (3.8) 

At each increment, the fracture tip pressure,       , was located in each fracture by 

running a subroutine that searches for the lowest pressure in the fractures, which is 

always at the tip.  Based on the fractures’ resistances, the flow rate for each fracture was 

determined as follows. 

 

 
              

 
  

⁄

∑  
  

⁄ 
   

       (3.9) 

Initially, all the perforations received an equal amount of fluid. However, as 

shown above, if a fracture had a lower fracture tip pressure (as a result of faster growth) 

or high flow rate, the resistance was lower, and more flow was diverted into that fracture.  

This process ass repeated at every increment, and the injection rates between the large 

and small fractures tended to diverge with time.  The parallel resistors model was 

implemented within ABAQUS user subroutine “UAMP”, by adjusting the amplitude of 

the injection fluid flow rate at each perforation. 

 

3.2.2 Gap Flow 

Once the injected fluid entered the fractures, the fluid was modeled as a 

Newtonian fluid flowing in between two parallel plates, which is described by Reynold’s 

Equation below. 

 
   

  

   
   (3.10) 



 43 

 

 

 

Figure 3.4: Illustration of fluid flow modeling within the fracture (from ABAQUS 

Manual 2010).  

 The variable   is the fracture width, and it is described by the following equation. 

 

 
                           (3.11) 

           = Current geometric thickness of the cohesive element 

            = Initial geometric thickness of the cohesive element 

      = Initial gap opening 

Initially, the fracture width   was equal to initial gap opening      , because 

         was equal to          .  Before the fracture opened, the fluid flow in the fracture was 

modeled to be the same as the fluid flow in a rock matrix.  In order to emulate the porous media 

flow in the Reynold's equation, the Darcy's equation was set equal to Reynold's equation, and the 

corresponding value of initial gap opening was calculated, as follows. 

 

 
   

     
 

   
    

 

 
   (3.12) 

 
      √   

 
 (3.13) 
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The two cohesive elements surrounding the injection points were set to be “open”, 

such that it was considered fractured from the start of the simulation, and the fluid was 

allowed to flow in the fracture.  Since the cohesive elements surrounding the injection 

points were set to be "open", the initial fracture lengths corresponded to the length of 

those cohesive elements, which were 10 ft.  This was accomplished using the “Initial 

Conditions, Type = Initial Gap” function in the ABAQUS input file. 

 

3.2.3 Fluid Leak-Off 

 The pore pressure cohesive elements in ABAQUS calculated the fluid leak-off 

using the following equation 

 

 
                   (     ) (3.14) 

 Where           is the flux. 

 

 
          

  

  
 (3.15) 

 A is the area multiplier due to the induced fractures.  Since the fractures include 

many shear fractures and branches, the actual fluid leak-off area was much larger 

(Daneshy, 2011). 
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Figure 3.5: Illustration of fluid leak-off modeling in the fracture (from ABAQUS Manual 

2010).  

3.2.4 Flow in the porous media 

After the injected fluid leaked off from the fracture into the reservoir, the fluid 

flow was modeled as porous media flow.  ABAQUS used Forchheimer’s equation to 

describe the fluid flow in porous media. 

 

 
   

     

    (   √    )
(
  

  
    ) (3.16) 

In ABAQUS, the permeability was defined as hydraulic conductivity, which was 

defined as, 

 

 
 ̅  

   

            (   √    )
  

     

  (   √    )
  (3.17) 

Therefore, the Forchhheimer’s law in terms of hydraulic conductivity was 

 

 
   

 ̅

  
(
  

  
    ) (3.18) 

Since the wetting phase saturation was set to be 1.0 and the fluid velocity was 

negligible, such that    = 0.0, the Forchheimer’s law becomes Darcy’s equation. 

 
  

 

 
(
  

  
    ) (3.19) 
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3.3 CONSTITUTIVE BEHAVIOR AND  COHESIVE ZONE MODEL FOR COHESIVE 

ELEMENTS  (COH3D8P) 

The fracture propagation process was modeled in ABAQUS using the Pore 

Pressure and Stress Cohesive Element COH3D8P, which used the traction-separation 

laws.  As shown in Figure 3.6: Illustration of fracture opening mechanism in the cohesive 

elements (from Kregting 2005)., thin planes of cohesive elements were embedded in the 

continuum elements at each perforation cluster location.  The cohesive elements do not 

represent the actual rock, but rather, the cohesive traction forces among the molecules 

that resist fracturing (Warpinski and Smith, 1989).  The cohesive elements are limiting, 

because the fracture can only occur in the cohesive elements, making the fracture path 

mesh dependent.  Therefore, only non-turning, planar fractures were created in this 

model. 

 

Figure 3.6: Illustration of fracture opening mechanism in the cohesive elements (from 

Kregting 2005). 

Fracture tip elements were in effective tension due to the fracture opening.  In 

turn, the tensile load at the fracture tip induced cohesive forces (or traction) among the 

cohesive elements, which resisted opening.  As the tensile load increased in the matrix, 

the traction also increased.  Beyond a certain threshold, however, the traction began to 

weaken, and the cohesive element fractured (Barenblatt, 1962). 

This process can be divided into two phases: damage initiation, and damage 

evolution.  In the damage initiation phase, when the continuum elements surrounding the 
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cohesive elements were pulled apart in tension, the traction in the cohesive elements 

increased elastically and resisted opening.  The damage evolution phase began when the 

traction reached its maximum value (Damage Initiation Traction).  From this point, the 

traction began to weaken, and the element fractured when the traction reached zero 

(Barenblatt, 1962; Kregting, 2005).  Although the fracture could open due to both 

opening and shearing modes, in hydraulic fracturing, opening mode was dominant. 

 

 

Figure 3.7: Description of traction-separation law governing the fracture opening in the 

cohesive elements.  

As shown above, the traction-separation law was constrained by the damage 

initiation traction, elasticity of the cohesive forces, fracture energy, and the elasticity 

degradation behavior.  The cohesive elements began to weaken upon reaching the 

damage initiation traction, and they were fractured once the critical fracture energy was 

reached.  The subsections below describe each of those phases and provide detailed 

discussions of the following parameters: damage initiation traction, fracture energy, and 

stiffness of the cohesive elements. 
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 Prior to satisfying the damage initiation criterion, unloading followed the same 

path as loading (line OA in Figure 3.8).  Once the damage initiation criterion was met, 

unloading occurs linearly toward the origin of the traction-separation plane, as indicated 

by the dashed line in Figure 3.8.  The subsequent reloading follows the previous 

unloading path, until the softening envelope (line AB) is reached.  

 

 

Figure 3.8: Unloading and reloading behavior of the cohesive elements (from ABAQUS 

Manual 2010).  

  

3.3.1 Constitutive Behavior of Cohesive Elements (Traction Separation) 

The elastic response of the cohesive elements during the damage initiation phase 

was described by the following equation. 

 

 
  [

  
  
  

]  [
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]     (3.20) 

  = Traction (stress) in the normal direction 

  = Traction (stress) in the first shear direction 

  = Traction (stress) in the second shear direction 
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  = Separation (strain) in the normal direction 

  = Separation (strain) in the first shear direction 

  = Separation (strain) in the second shear direction 

    = Interfacial stiffness in the nominal directions 

    = Interfacial stiffness coupling the nominal directions 

 

The stiffness of the cohesive elements had to be much larger than the continuum 

elements for realistic results (Kregting, 2005).  Therefore, all nominal stiffnesses were set 

to be five times the formation's Young's modulus.  In addition, all coupling stiffnesses were 

set to zero, such that each nominal direction would have an uncoupled behavior.   

The nominal strains were defined as the separation divided by the constitutive 

thickness. 
 

 
   

  

  
    

  

  
    

  

  
 (3.21) 

   = Separation in the corresponding direction  

  = Constitutive thickness 

The constitutive thickness was used to calculate the elastic response of the 

cohesive elements.  In this model, the initial geometric thickness of the cohesive elements 

was used.  Although ABAQUS recommended using 1.0 as the constitutive thickness, 

doing so would require dividing the nominal stiffness by the geometric thickness of the 

cohesive elements.  Since the geometric thickness of the cohesive elements was 

extremely small, the resulting stiffness was unacceptably large and the simulation 

encountered errors.  Since the example problem provided by ABAQUS also used the 
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geometric thickness of the cohesive elements for the constitutive thickness, it was 

decided to use the geometric thickness in this model as well. 

 

3.3.2 Damage Initiation 

The maximum stress damage initiation criterion was used in this simulation, as 

shown below. 

 

 
   {

〈  〉

  
  

  
  
  

  
  
 }    (3.22) 

 When the tractions in one of the three loading directions (opening, first shear 

direction, second shear direction) reached the prescribed damage initiation traction (  
  

for opening,   
  for the first shear direction, and   

  for the second shear direction), it was 

assumed that the traction stiffness was degraded at the integration point.  The Macaulay 

bracket < > in the opening mode signifies that pure compression does not initiate damage. 

 

3.3.3 Damage Evolution 

Once the damage initiation stress was reached, the cohesive element went into the 

damage evolution phase.  During this phase, the material began to experience damage, 

and the material stiffness degraded as a consequence.  Upon further loading, the damage 

process continued in the element until a complete fracture occurred.  The element was 

considered completely fractured when the accrued energy due to the fracture opening 

(area under the traction-separation curve) reached the fracture energy.  The extent of 

damage was modeled through a scalar variable  .  Up to the point of damage initiation,   

remained at 0.0.  In the damage evolution phase, however, it monotonically increased to 
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1, at which point, the complete damage had occurred.  The constitutive behavior during 

the damage evolution phase was controlled by the damage variable  . 

 
   {

(   )  ̅   ̅    

  ̅               (                              )
 (3.23) 

 
   (   )  ̅ (3.24) 

 
   (   )  ̅ (3.25) 

  The behavior of the damage variable depended on the nature of material 

softening, which could be linear or exponential, as shown below. 

 

 

 

Figure 3.9: Illustration of linear (top) and exponential (bottom) degradation behavior. 

(from ABAQUS Manual 2010). 
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In this particular model, linear softening behavior was used, and it was described 

by the following equation. 

 
  

  
 (  

      
 )

  
   (  

 
   

 )
 (3.26) 

 

   
    = Maximum effective displacement attained during the loading history 

   
  = Displacement at damage initiation 

 
  

 
 

   

    
  (3.27) 

     
 = Effective traction (stress) at damage initiation 

   = Critical fracture energy 

 

3.3.4 Mixed Mode Critical Fracture Energy 

 Since the cohesive elements are loaded in three directions (opening and first & 

second shear), all three contribute to fracture opening. 

 

Figure 3.10: Illustration of mode mixing in cohesive elements (from ABAQUS Manual 

2010).  
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 The figure shows traction on the vertical axis as well as the magnitudes of normal 

and shear separations along the two horizontal axes. The unshaded triangles in the two 

vertical coordinate planes represent traction-separation response of the cohesive elements 

under pure normal and pure shear deformation, respectively. All intermediate vertical 

planes (that contain the vertical axis) represent the damage response under mixed mode 

conditions with different mode mixes. In this model, the mode-mix behavior was 

accounted for using the equation developed by Benzeggah, M.L. and Kenane (1996). 

 

 
     

  (  
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}
 

 (3.28) 

  
 =Critical Fracture Energy in Mode I 

  
 = Critical Fracture Energy in Mode II and Mode III 

  = Fracture Energy in Mode I 

  = Fracture Energy in Mode II 

   = Fracture Energy in Mode III 

  = Exponent (2 for brittle material, 3 for ductile material) 

  

The exponent   determined the contribution of the shear modal ratio to the critical fracture 

energy.  The value of the exponent is closer to 2 for brittle materials and 3 for ductile materials.  

In this simulation, the exponent value of 2.2 was used, since the formations tend to be brittle.  To 

determine whether the element was fractured or not, the critical fracture energy calculated above 

was evaluated against the summation of the fracture energies in all three directions. 

 

 
            (3.29) 

 The cohesive element was fractured when   =  . 
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3.3.5  Fracture Energy Calculation 

 The critical fracture energy of the rocks,    , was calculated using the critical 

stress intensity factor,    , for which there are many published data.  The critical fracture 

energy of the rock was related to the stress intensity factor by Griffith and Irwin 

(Warpinski and Smith, 1989; Yao, 2010) as follows. 

 

     √
      

    
 (3.30) 

 Since the surface energy,     , is defined as the energy required to create a 

surface, the energy required to create a fracture with two surfaces is 

 
          (3.31) 

 Hence, the critical fracture energy can be defined as follows. 

 

     
   

 (    )

 
 (3.32) 

 The fracture toughness of the shale formation was taken from Bazan et. al (2010), 

where the fracture toughness of the Eagle Ford shale was approximately 400    √   to 

500    √  .  The fracture toughnesses in the surrounding formations were assumed to be 

twice as high at 1000    √  .  Using these values, the calculated opening mode, fracture 

energy was 13.5   ⁄  for the target formation, and 28.8    ⁄  for the surrounding 

formations.  These values fall within the range of values determined through laboratory 

experiments by Atkinson (1987).  The experiment results showed that the tensile mode 

fracture energy of the rocks is in the range of 10-100    ⁄ .  The laboratory experiments, 

however, showed that the shear mode fracture energy is much higher, in the order of 

10000    ⁄ .  Therefore, the shear fracture energy was set to be 100 times larger than the 

tensile fracture energy. 
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3.4 CONSTITUTIVE BEHAVIOR OF THE RESERVOIR ELEMENTS  (C3D8RP) 

 The constitutive behavior of the C3D8RP continuum pore pressure and stress 

elements was described by the following elasticity equation. 
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 (3.33) 

 The elastic parameters  ,  , and   are Young’s modulus, shear modulus, and 

Poisson’s ratio, respectively.      are the strains in normal directions, and     are the 

engineering shear strains.  Lastly,     are the corresponding stresses. 

 

3.4.1 Effective Stress 

The effective stress in the formation was described by the following equation.  

 
    (     (    )   )  (3.34) 

      = Total stress 

       = Saturation of the wetting phase 

       = Pressure of the wetting phase 

        = Pressure of the non-wetting phase 

      = Identity matrix 

This equation is equivalent to Terzaghi’s effective stress equation, or Biot's 

effective stress equation with Biot's coefficient equal to 1. (Zoback, 2010; Biot, 1955). 

The identity matrix was used to indicate that the pore pressure only affects the normal 

stresses and not the shear stresses.  When the reservoir was fully saturated with the 

wetting phase (i.e.   = 1.0), the equation reduced to 
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       (3.35) 

 Where   and   are positive in compression and negative in tension.  

 

3.5 PRESSURE CONTINUITY BETWEEN INJECTION POINTS  (AC1D2) 

 AC1D2 link elements were used to impose pressure continuity between the flow 

injection points.  Each injection point was connected to its neighboring injection points, 

which ensured that the pore pressure at all injection points was the same.  The pressure 

drop along the wellbore is neglected in this model. 

 

 

  



 57 

Chapter 4: Simulation Results 

Using the model formulation presented in Chapter 3, various scenarios of the 

simultaneous propagation of multiple fractures were simulated.  A total thirty six 

simulations were run to investigate the impact of various hydraulic fracturing design 

parameters and in-situ conditions on the resulting fracture dimensions.  The controlled 

parameters were as follows: perforation cluster spacing, number of perforation clusters, 

Young’s modulus of the target formation, injection fluid viscosity, and injection rates.  In 

this chapter, the reservoir properties and the hydraulic fracturing design parameters are 

first presented.  Next, the list of sensitivity studies and the varied parameters are 

presented for each case.  Lastly, the simulation results are presented and discussed. 

 

4.1 RESERVOIR PROPERTIES AND HYDRAULIC FRACTURING DESIGN 

The reservoir was representative of a normally pressured formation at 10000 ft 

True Vertical Depth (TVD).  The formation was determined to be in a normal faulting 

environment, where the magnitude of the principal stresses are as follows:  SOVERBURDEN 

> SH_MAX >  Sh_min.  In this stress environment, hydraulic fractures open perpendicular to 

Sh_min. (Elbel and Mack, 1993, Fisher, 2004, Soliman, 2008).  In addition, to simplify the 

model, all formations were modeled to share the same permeability and porosity.  As 

mentioned in previous chapters, the effective permeability of the reservoir was modeled 

to be much higher than the matrix permeability of the shale rocks due to the presence of 

the natural fractures (Warpinski, 1989).  The properties shared by all formations are 

presented below. 
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Shared Formation Properties 

Depth [ft] 10000 

Overburden Stress [psi] 10000 

Initial Reservoir Pore Pressure [psi] 5000 

Effective Permeability [D] 0.0001 

Porosity [%] 10 

Table 4.1: Shared Formation Properties 

The target formation properties are presented below.  The Young’s moduslus used 

for most simulations was 3x10
6
 psi.  In order to investigate its effect on resulting fracture 

dimensions, several sensitivity cases were run with either higher or lower elastic 

modulus.  The higher Young’s modulus investigated was 4x10
6
 psi, and the lower 

Young’s modulus investigated was 1x10
6
 psi. 

 

Target Formation Properties 
Formation Thickness [ft] 160 

E  [106 psi] 3.0, 4.0, 1.0 

v 0.275 

Sh_min [psi] 6897 

SH_MAX [psi] 7397 

Damage Initiation Stress [psi] 30 

Fracture Toughness, KIC [psi*sqrt(in)] 500 

Fracture Energy[lbf/in], to respective E 0.058 

Formation Grain Compressibility [psi^-1] 4.500E-07 

Formation Fluid Compressibility [psi^-1] 3.134E-05 

Table 4.2: Target Formation Properties 

The two surrounding formations were modeled to be identical to each other.  They 

were more brittle than the target formation (Higher E, v), but had higher fracture 

toughnesses (1000    √   vs. 500    √  ), and were under higher stresses (stress 
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contrast of 500 psi), which led to fracture containment within the target formation.  The 

surrounding formation properties did not change throughout the sensitivity studies. 

 

Surrounding Formation Properties 
Formation Thickness [ft] 170 

E  [psi] 5.50E+06 

v 0.31 

Sh_min [psi] 7246 

SH_MAX [psi] 7746 

Damage Initiation Stress [psi] 60 

Fracture Toughness, KIC [psi*sqrt(in)] 1000 

Fracture Energy[lbf/in] 0.164 

Formation Grain Compressibility [psi^-1] 2.073E-07 

Formation Fluid Compressibility [psi^-1] 3.13E-05 

Table 4.3: Surrounding Formation Properties 

The hydraulic fracturing design parameters used in the simulations are presented 

below.  The base case modeled an isolated interval with three perforation clusters that 

were placed 250 ft apart.  The injection fluid was water (Viscosity = 1 cp), and the fluid 

was injected at 30 bbl/min for one hour, with 100 seconds of ramp up period.  By varying 

the perforation cluster spacing, number of perforation clusters, injection rate, and the 

injection fluid viscosity, the impacts of various hydraulic fracturing parameters on the 

resulting fracture dimensions were investigated. 
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Hydraulic Fracturing Design Parameters 

Injection Rates [bbl/min] 20, 30, 40 

Total Injection Time [s] 3600 

Total Injection Time [s] 100 

Cluster Spacing [ft] 30 to 250 

# of Clusters 3, 5 

Density [1000 kg/m^3] 1 

Compressibility [1/psi] 3.134E-06 

Viscosity [cp] 1, 10, 100 

Table 4.4: Hydraulic Fracturing Design Parameters 
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4.2 LIST OF SENSITIVITY STUDY CASES 

The list of sensitivity studies simulated is presented below.  In each simulation, 

one of the following parameters was varied to investigate their impact on simultaneous 

multiple fracture propagation:  perforation cluster spacing, number of perforation 

clusters, injection fluid viscosity, fluid injection rate, and elastic modulus of the target 

formation. 

 

Table 4.5: List of sensitivity studies 

Case Description
Perf. Cluster 

Spacing

# of 

Clusters
Viscosity

Injection 

Rate

Target Formation 

Young's  Modulus

Case1 30ft Spacing, 3 clusters 30 ft 3 1 cp 30 bpm E = 3e6 psi

Case2 50ft Spacing, 3 clusters 50 ft 3 1 cp 30 bpm E = 3e6 psi

Case3 50 ft Spacing, μ = 10 cp, 3 clusters 50 ft 3 10 cp 30 bpm E = 3e6 psi

Case4 50 ft Spacing, μ = 100 cp, 3 clusters 50 ft 3 100 cp 30 bpm E = 3e6 psi

Case5 50 ft Spacing, q = 40 bpm, 3 clusters 50 ft 3 1 cp 40 bpm E = 3e6 psi

Case6 50 ft Spacing, q = 20 bpm, 3 clusters 50 ft 3 1 cp 20 bpm E = 3e6 psi

Case7 50 ft Spacing, E = 4e6 psi , 3 clusters 50 ft 3 1 cp 30 bpm E = 4e6 psi

Case8 50 ft Spacing, E = 1e6 psi , 3 clusters 50 ft 3 1 cp 30 bpm E = 1e6 psi

Case9 70ft Spacing, 3 clusters 70 ft 3 1 cp 30 bpm E = 3e6 psi

Case10 100ft Spacing, 3 clusters 100 ft 3 1 cp 30 bpm E = 3e6 psi

Case11 70 ft Spacing, μ = 10 cp, 3 clusters 70 ft 3 10 cp 30 bpm E = 3e6 psi

Case12 70 ft Spacing, μ = 100 cp, 3 clusters 70 ft 3 100 cp 30 bpm E = 3e6 psi

Case13 70 ft Spacing, q = 40 bpm, 3 clusters 70 ft 3 1 cp 40 bpm E = 3e6 psi

Case14 70 ft Spacing, q = 20 bpm, 3 clusters 70 ft 3 1 cp 20 bpm E = 3e6 psi

Case15 70 ft Spacing, E = 4e6 psi , 3 clusters 70 ft 3 1 cp 30 bpm E = 4e6 psi

Case16 70 ft Spacing, E = 1e6 psi , 3 clusters 70 ft 3 1 cp 30 bpm E = 1e6 psi

Case17 150ft Spacing, 3 clusters 150 ft 3 1 cp 30 bpm E = 3e6 psi

Case18 200ft Spacing, 3 clusters 200 ft 3 1 cp 30 bpm E = 3e6 psi

Case19 10 cp inj. Fluid viscosity, 3 clusters 200 ft 3 10 cp 30 bpm E = 3e6 psi

Case20 100 cp inj. Fluid viscosity, 3 clusters 200 ft 3 100 cp 30 bpm E = 3e6 psi

Case21 40 bpm injection rate, 3 clusters 200 ft 3 1 cp 40 bpm E = 3e6 psi

Case22 20 bpm injection rate, 3 clusters 200 ft 3 1 cp 20 bpm E = 3e6 psi

Case23 4e6 psi Formation Modulus, 3 clusters 200 ft 3 1 cp 30 bpm E = 4e6 psi

Case24 1e6 psi Formation Modulus, 3 clusters 200 ft 3 1 cp 30 bpm E = 1e6 psi

Case25 250 ft Spacing, 3 clusters 250 ft 3 1 cp 30 bpm E = 3e6 psi

Case26 30ft Spacing, 5 clusters 30 ft 5 1 cp 30 bpm E = 3e6 psi

Case27 50ft Spacing, 5 clusters 50 ft 5 1 cp 30 bpm E = 3e6 psi

Case28 70ft Spacing, 5 clusters 70 ft 5 1 cp 30 bpm E = 3e6 psi

Case29 100ft Spacing, 5 clusters 100 ft 5 1 cp 30 bpm E = 3e6 psi

Case30 150ft Spacing, 5 clusters 150 ft 5 1 cp 30 bpm E = 3e6 psi

Case31 200ft Spacing, 5 clusters 200 ft 5 1 cp 30 bpm E = 3e6 psi

Case32 10 cp inj. Fluid viscosity, 5 clusters 200 ft 5 10 cp 30 bpm E = 3e6 psi

Case33 100 cp inj. Fluid viscosity, 5 clusters 200 ft 5 100 cp 30 bpm E = 3e6 psi

Case34 40 bpm injection rate, 5 clusters 200 ft 5 1 cp 40 bpm E = 3e6 psi

Case35 20 bpm injection rate, 5 clusters 200 ft 5 1 cp 20 bpm E = 3e6 psi

Case36 4e6 psi Formation Modulus, 5 clusters 200 ft 5 1 cp 30 bpm E = 4e6 psi
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4.3 RESULTS 

The results of the thirty-six simulations are presented in this section.  First, two 

example cases are shown to demonstrate the detailed contents of the results.  The featured 

cases are Case 19 (Three clusters, 200 ft spacing, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm), 

and Case 32 (Three clusters, 200 ft spacing, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  

These cases were exhibited because the wide cluster spacing and moderately high 

injection fluid viscosity had allowed all of the perforation clusters to propagate their own 

fractures.  Detailed results of the other simulations can be found in the Appendix. 

Next, the results of sensitivity studies on perforation cluster spacing, injection 

fluid viscosity, injection rate, and the target formation Young’s modulus are presented to 

demonstrate the effects of various hydraulic fracturing parameters on resulting fracture 

dimensions. 

 

4.3.1 Case 19 (Three Clusters, 200 ft Spacing, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm) 

Case 19 had three perforation clusters that were spaced 200 ft apart.  The target 

formation had the Young’s modulus of 3x10
6
 psi, and the injection fluid viscosity was 

moderate at 10 cp.  The injection rate was ramped up from 0 bpm to 30 bpm in the first 

100 seconds, and the total injection time lasted 3600 seconds. 
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Figure 4.1: Left fracture at 3600 seconds (Three clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 10 cp, q = 30 bpm) 

 

 

 

Figure 4.2: Middle fracture at 3600 seconds (Three clusters, Spacing = 200 ft, 

E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm) 
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Figure 4.3: Right fracture at 3600 seconds (Three clusters, Spacing = 200 ft, 

E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm) 

As shown in Figure 4.1, Figure 4.2, and Figure 4.3, all three of the fractures 

propagated to substantial dimensions.  The outer two fractures, however, were longer and 

wider than the middle fracture.  In order to directly compare the fracture dimensions, the 

lengths and widths of all fractures were plotted along the middle of the target formation, 

where the maximum lengths and widths were found. 
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Figure 4.4: Fracture width vs. length at various treatment times for Case 19 (Three 

clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 

As shown in Figure 4.4, the middle fracture was 35% shorter than the left fracture 

and 42% shorter than the right fracture.  Also, it was 20% narrower than the left fracture 

and 25% narrower than the right fracture.  Until 400 seconds, all three fractures had 

propagated to similar dimensions.  However, from 1500 seconds on, the outer fractures 

were propagating faster than the middle fracture. 
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Figure 4.5: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 19 (Three clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 

cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 

 Shown in Figure 4.5 is the map view of the minimum horizontal stress field at the 

end of the treatment.  Since all three fractures propagated to substantial dimensions, each 

developed its own stress shadow.  However, the stress shadows of the outer fractures 

overlapped with the stress shadow of the middle fracture and imposed a restriction on its 

growth.  Therefore, the middle fracture was shorter and narrower than the outer fractures. 
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Figure 4.6: Flow fraction history throughout the fracture treatment for Case 19 (Three 

clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 All three fractures initially received a third of the flow.  The flow distribution, 

however, gradually changed, and from 1000 seconds, the fluid intake into the middle 

fracture decreased to below 20%.  The right fracture received 45% of the total flow, and 

the left fracture received around 35%.  A strong correlation was found when the flow 

fraction was compared to the fracture dimensions. 

The uneven flow distribution among the perforation clusters observed above 

provides another explanation for the size difference between the three fractures.  As the 

outer fractures imposed a restriction on the middle fracture’s growth, less flow entered 

that fracture, and its resistance increased.  Therefore, it received less flow than the outer 

fractures, resulting in a narrower and shorter fracture. 
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Figure 4.7: Net pressure history throughout the fracture treatment for Case 19 (Three 

clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

As shown in Figure 4.7, after the initial spike, the net pressure gradually increased 

from 118 psi to 124 psi.  Compared to the three clusters, 1 cp case, the net pressure was 

55 psi higher due to the increased fluid viscosity and fracture widths. 

The net pressures in these simulations were lower than those observed in the field 

because the model does not consider the pressure drop along the wellbore, pressure drop 

in the perforation tunnels, and other factors that would increase the net pressure. 
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4.3.2 Case 32 (Five Clusters, 200 ft Spacing, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm) 

In Case 32, the number of perforation clusters was increased to five.  In order to 

isolate the effect of increased injection fluid viscosity, all other fracturing parameters and 

in-situ conditions were maintained to be the same as Case 20 (three clusters).  In the five 

perforation cluster cases, the leftmost fracture is called “L2”, while the fracture located 

between the L2 and the Middle fractures is called “L1”.  Similarly, the rightmost fracture 

is called “R2”, while the fracture located between the R2 and the Middle fracture is called 

“R1”.  The dimensions of the five resulting fractures are presented below. 

 

 

Figure 4.8: L2 fracture at 3600 seconds (Five clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 10 cp, q = 30 bpm) 
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Figure 4.9: L1 fracture at 3600 seconds (Five clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 10 cp, q = 30 bpm). 

 

 

Figure 4.10: Middle fracture at 3600 seconds (Five clusters, Spacing = 200 ft, 

E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 
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Figure 4.11: R1 fracture at 3600 seconds (Five clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 10 cp, q = 30 bpm) 

 

Figure 4.12: R2 fracture at 3600 seconds (Five clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 10 cp, q = 30 bpm) 
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Once again, in order to directly compare the fracture dimensions, the lengths and 

widths of all five fractures were plotted along the middle of the target formation, where 

the maximum lengths and widths were found. 

 

 

 

Figure 4.13: Fracture width vs. length at various treatment times for Case 32 (5 Clusters, 

Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 

As shown in Figure 4.13Figure 4.13, at 150 seconds, all five fractures had similar 

dimensions.  However, at 400 seconds and 1500 seconds, the R2 fracture was 25% wider 

and 10% longer than the other fractures.  At the end of the treatment, at 3600 seconds, all 
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five fractures had propagated to substantial dimensions.  The R2 fracture was the longest 

and widest, followed by the L2 fracture.  The three middle fractures L1, Middle, and R1 

were shared comparable dimensions, but the L1 fracture was slightly longer. 

 

 

Figure 4.14: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 32 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 

 The map view of the minimum horizontal stress field at the end of the treatment is 

shown in Figure 4.14.  Since all five fractures propagated to substantial dimensions, each 

developed its own stress shadow.  The stress shadows of the two outer fractures, 

overlapped with the stress shadows of the sub-center fractures L1 and R1, indicating their 

interaction.  Similarly, the stress shadows of the sub-center fractures overlapped with the 

Middle fracture, which indicated their interaction.  In other words, L1, Middle, and R1 

fractures were each influenced by two stress shadows, whereas the two outer fractures 
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were only influenced by one stress shadow.  Therefore, the two outer fractures were able 

to grow faster, resulting in larger dimensions. 

 

 

Figure 4.15: Flow fraction history throughout the fracture treatment for Case 32 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 Initially, all five fractures received 20% of the total flow.  After 200 seconds, 

however, the R2 fracture received the most flow at 35%, followed by the L2 fracture, 

which received about 25% of the flow. The R1, Middle, and L1 fractures each received 

about 13% of the flow throughout the treatment.  Similar to Case 20, there was a strong 

correlation between the flow fraction and the fracture dimensions. 
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Figure 4.16: Net pressure history throughout the fracture treatment for Case 32 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

After the initial spike, the net pressure remained around 110 psi, which is about 

50 psi higher than the five clusters, 1 cp case. 
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4.3.3 Effect of Perforation Cluster Spacing (Three Perforation Clusters) 

In this section, the effect of perforation cluster spacing on the resulting fracture 

dimensions is investigated for the three perforation cluster cases. 

As shown in Figure 4.17, the results from seven simulation cases were evaluated.  

The perforation cluster spacing was varied from 30 ft to 250 ft to investigate its effect on 

the resulting fracture dimensions.  In order to isolate the effect of perforation cluster 

spacing, all of the other parameters were the same in all seven simulations (three clusters, 

E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

Figure 4.17: Effect of perforation cluster spacing on fracture lengths (left) and widths 

(right).  Three clusters, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm. 

As shown in Figure 4.17, at 30 ft cluster spacing, only the left fracture had 

propagated.  When the cluster spacing was increased to 50 ft, however, both the left and 

the right fractures propagated to similar dimensions.  Since the injected fluid volumes 

were equal in both 30 ft and 50 ft cases, the two fractures propagated in the 50 ft case 

were 53% shorter, and 34% narrower than the one fracture propagated in the 30 ft case.  

When the perforation cluster spacing was increased to 70 ft, 100 ft, and 150 ft, the middle 
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fracture was still unable to grow, and the lengths of the two outer fractures essentially 

remained the same.  From the 50 ft case, however, the widths of the outer fractures, were 

increased by 3% in the 70 ft case, 8% in the 100 ft case, and 10% in the 150 ft case. 

When the spacing was increased to 200 ft, the middle fracture was finally able to 

propagate, but its length was 43% shorter and its width was 27% narrower than the right 

fracture.  Finally, when the spacing was increased to 250 ft, the middle fracture grew to 

comparable dimensions as the two outer fractures.  It was, however, still 10% shorter and 

17% narrower than the right fracture. 

The results showed that increasing the perforation cluster spacing reduces the 

stress shadow interactions between the fractures, and the likelihood of some fractures 

having excessively high flow resistances was reduced.  Therefore, increasing the 

perforation cluster spacing tended to increase the number of propagated fractures. 
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4.3.4 Effect of Injection Fluid Viscosity with 200 ft Cluster Spacing (Three 

Perforation Clusters) 

The effect of injection fluid viscosity was investigated at various perforation 

cluster spacings.  Three injection fluid viscosities (1 cp, 10 cp, 100 cp) were investigated 

at three different perforation cluster spacings (200 ft, 100 ft, 50 ft).  In order to isolate the 

effect of injection fluid viscosity and perforation cluster spacing, all other parameters 

were maintained to be the same (Three clusters, E = 3x10
6
 psi, q = 30 bpm). 

First, the effect of injection fluid viscosity on the final fracture dimensions was 

investigated at 200 ft perforation cluster spacing. 

 

 

Figure 4.18: Effect of injection fluid viscosity on fracture lengths (Left) and widths 

(Right).  Three clusters, Spacing = 200 ft, E = 3x10
6
 psi, q = 30 bpm. 

As shown in Figure 4.18, when the injection fluid viscosity was increased, the 

fracture lengths decreased slightly, but the widths increased dramatically.  When the 

viscosity was increased from 1 cp to 10 cp, the fracture lengths of the right fracture and 

the middle fracture remained the same, whereas the length of the left fracture was 

decreased by 11%.  The widths of all three fractures were increased by 75%.   
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When the viscosity was increased to 100 cp, the lengths of all three fractures were 

decreased by 11% from the 10 cp case.  The widths of the outer fractures were increased 

by 75%, and the width of the middle fracture was increased by 50% from the 10 cp case. 
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4.3.5 Effect of Injection Fluid Viscosity with 100 ft Cluster Spacing (Three 

Perforation Clusters) 

In this section, the effect of injection fluid viscosity on the final fracture 

dimensions was investigated at 100 ft perforation cluster spacing. 

 

 

Figure 4.19: Effect of injection fluid viscosity on fracture lengths (Left) and widths 

(Right).  Three clusters, Spacing = 100 ft, E = 3x10
6
 psi, q = 30 bpm. 

As shown in Figure 4.19, at 100 ft perforation cluster spacing, the middle fracture 

was not able to propagate substantially in all ranges of viscosity.  The two outer fractures, 

however, were able to grow to similar dimensions.  At 1cp, the left fracture was 13% 

longer than the right fracture, but their widths were the same.  At 10 cp, the lengths of the 

both fractures were 11% narrower than the respective fractures in the 1 cp case, but their 

widths were approximately 75% greater.  At 100 cp, the length of the left fracture was 

21% shorter and the length of the right fracture was 11% shorter than their respective 

fractures in the 10 cp case.  The widths of both fractures were approximately 67% greater 

than the respective fractures in the 10 cp case. 
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4.3.6 Effect of Injection Fluid Viscosity with 50 ft Cluster Spacing (Three 

Perforation Clusters) 

In this section, the effect of injection fluid viscosity on the final fracture 

dimensions was investigated at 50 ft perforation cluster spacing. 

 

Figure 4.20: Effect of injection fluid viscosity on fracture lengths (Left) and widths 

(Right).  Three clusters, Spacing = 50 ft, E = 3x106 psi, q = 30 bpm. 

Similar to the 100 ft perforation cluster spacing cases, the middle fracture was not 

able to propagate in all ranges of injection fluid viscosity.  When the injection fluid 

viscosity was 1 cp and 10 cp, the dimensions of the two outer fractures were similar.  

Both fractures’ lengths were increased by 11%, and their widths were increased by 

approximately 78%.  When the injection fluid viscosity was increased from 10 cp to 100 

cp, however, the length of the left fracture was decreased by 29%, whereas the length of 

the right fracture was decreased only by 11%.  The widths of the two outer fractures were 

both increased by 66% from the 10 cp case. 
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4.3.7 Effect of Injection Rates with 200 ft Cluster Spacing (Three Perforation 

Clusters) 

The effect of injection rates were investigated at various perforation cluster 

spacing.  Three injection rates (20 bpm, 30 bpm, 40 bpm) were investigated at three 

different perforation cluster spacing (200 ft, 100 ft, 50 ft).  In order to isolate the effect of 

injection rates and perforation cluster spacing, all other parameters were maintained to be 

the same (Three clusters, E = 3x10
6
 psi, µ = 1 cp). 

In this section, the effect of injection rates on the final fracture dimensions was 

investigated at 200 ft perforation cluster spacing. 

 

 

Figure 4.21: Effect of injection rate on fracture lengths (Left) and widths (Right).  Three 

clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp. 

As shown in Figure 4.21, increasing the injection rate led to longer and wider 

fractures, and the number of created fractures increased as well.  When the injection rate 

was 20 bpm, only the two outer fractures propagated.  When the injection rate was 

increased to 30 bpm, however, all three fractures propagated.  The middle fracture, 

however, was 43% shorter and 27% narrower than the right fracture, and the two outer 

fractures shared similar dimensions.  When the injection rate was increased to 40 bpm, 
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the right fracture’s length was increased by 43%, the middle fracture's length was 

increased by 57%, and the left fracture's length was increased by 27%.  Similarly, the 

right fracture’s width was increased by 10%, the middle fracture's width was increased by 

19%, and the left fracture's width was increased by 20%. 
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4.3.8 Effect of Injection Rate with 100 ft Cluster Spacing (Three Perforation 

Clusters) 

In this section, the effect of injection rates on the final fracture dimensions was 

investigated at 100 ft perforation cluster spacing. 

 

Figure 4.22: Effect of injection rate on fracture lengths (Left) and widths (Right).  Three 

clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp. 

Similar to the 200 ft cases, increasing the injection rate led to longer and wider 

fractures.  The number of created fractures, however, did not change, as the middle 

fracture was unable to propagate in all ranges of injection rates.  When the injection rate 

was increased from 20 bpm to 30 bpm, the length of the left fracture was increased by 

60%, and the length of the right fracture was increased by 42%.  Also, the widths of the 

both fractures were increased by 25%.  When the injection rate was increased from 

30 bpm to 40 bpm, the lengths of the both fractures were increased by 27%, and their 

widths were increased by 14%. 
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4.3.9 Effect of Injection Rate with 50 ft Cluster Spacing (Three Perforation 

Clusters) 

In this section, the effect of injection rates on the final fracture dimensions was 

investigated at 50 ft perforation cluster spacing. 

 

Figure 4.23: Effect of injection rate on fracture lengths (Left) and widths (Right).  Three 

clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp. 

As shown in Figure 4.23, increasing the injection rate led to an increased number 

of created fractures.  When the injection rate was 20 bpm, only the left fracture 

propagated.  When the injection rate was increased to 30 bpm, however, both outer 

fractures had propagated to similar dimensions.  Since the injected fluids were divided 

into the two outer fractures, the length of the left fracture was decreased by 22%, and its 

width was decreased by 24%.  When the injection rate was further increased to 40 bpm, 

the middle fracture was still not able to propagate, while the two outer fractures had 

propagated to similar dimensions.  Their lengths were approximately 27% longer and 

20% wider than the results found in the 30 bpm case. 
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4.3.10 Effect of Target Formation’s Young's Modulus with 200 ft Cluster Spacing 

(Three Perforation Clusters) 

The effect of target formation’s Young’s modulus was investigated at various 

perforation cluster spacing.  Three Young’s moduli (1x10
6
 psi, 3x10

6
 psi, 4x10

6
 psi) were 

investigated at three different perforation cluster spacing (200 ft, 100 ft, 50 ft).  In order 

to isolate the effect of target formation’s Young’s modulus and perforation cluster 

spacing, all other parameters were maintained to be the same (Three clusters, 

E = 3x10
6
 psi, µ = 1 cp). 

 

 

Figure 4.24: Effect of target formation Young's modulus on fracture lengths (Left) and 

widths (Right).  Three clusters, Spacing = 200 ft, µ = 1 cp, q = 30 bpm. 

As shown in Figure 4.30, increasing the Young’s modulus of the target formation 

resulted in shorter and narrower fractures.  When the Young’s modulus of the target 

formation was 1x10
6
 psi, all three fractures had similar dimensions.  When the Young’s 

modulus of the target formation was increased to 3x10
6
 psi, however, the dimensions of 

all three fractures, and especially the middle fracture, were reduced.  Compared to the 

E = 1x10
6
 psi case, the right fracture’s length was the same, but its width was reduced by 

9%.  The left fracture’s length was reduced by 11%, and the width was reduced by 21%.  
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The middle fracture’s dimensions were significantly reduced.  Its length was reduced by 

36% and the width was reduced by 32%. 

When the Young’s modulus of the target formation was 4x10
6
 psi, however, the 

length of the right fracture was increased by 13%, while its width was decreased by 5%, 

compared to the E = 3x10
6
 psi case.  Similarly, the length of the left fracture was not 

changed from the E = 1x10
6
 psi case, but its width was decreased by 6%.  The length and 

the width of the middle fracture was reduced by 11%.  It can be seen that as the Young’s 

modulus of the target formation increases, the middle fracture’s growth becomes more 

restricted than the outer fractures. 
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4.3.11 Effect of Target Formation’s Young's Modulus with 100 ft Cluster Spacing 

(Three Perforation Clusters) 

In this section, the effect of the target formation's Young's modulus on the final 

fracture dimensions was investigated at 100 ft perforation cluster spacing. 

 

Figure 4.25: Effect of target formation Young's modulus on fracture lengths (Left) and 

widths (Right).  Three clusters, Spacing = 100 ft, µ = 1 cp, q = 30 bpm. 

As shown in Figure 4.25, due to the decreased perforation cluster spacing, the 

middle fracture was not able to propagate in all ranges of Young's moduli.  Also, 

increasing the Young’s modulus of the target formation had little impact on the fracture 

lengths, but their widths were significantly reduced. 

When the target formation's Young's modulus was increased from 1x10
6
 psi to 

3x10
6
 psi, the lengths of the fractures did not change, but their widths were reduced by 

approximately 25%.  When the target formation's Young's modulus was further increased 

from 3x10
6
 psi to 4x10

6
 psi, only the length of the right fracture was increased by 13%.  

The fractures' widths were further reduced by approximately 8%. 
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4.3.12 Effect of Target Formation’s Young's Modulus with 50 ft Cluster Spacing 

(Three Perforation Clusters) 

In this section, the effect of the target formation's Young's modulus on the final 

fracture dimensions was investigated at 50 ft perforation cluster spacing. 

 

Figure 4.26: Effect of target formation Young's modulus on fracture lengths (Left) and 

widths (Right).  Three clusters, Spacing = 50 ft, µ = 1 cp, q = 30 bpm. 

Similar to the 100 ft spacing case, due to the small perforation cluster spacing, the 

middle fracture was not able to propagate in all ranges of Young's moduli.  When the 

target formation's Young's modulus was increased from 1x10
6
 psi, the right fracture was 

61% longer than the left fracture.  Their widths, however, were similar in all ranges of 

Young's moduli.  When the target formation's Young's modulus was increased from 

1x10
6
 psi to 3x10

6
 psi, the right fracture was shortened by 22% and the left fracture was 

lengthened by 26%, leading the resulting lengths to be similar.  The widths of the both 

fractures were reduced by 27%. 

When the Young's modulus of the target formation was further increased to 

4x10
6
 psi, however, the length of the left fracture was reduced by 11%, whereas the 

length of the right fracture did not change.  The width of both fractures was reduced by 

approximately 3% 
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Effect of Perforation Cluster Spacing (Five Perforation Clusters) 

The effect of various perforation cluster spacing (30 ft, 50 ft, 70 ft, 100 ft, 150 ft, 

200 ft) was investigated with five perforation clusters.  In order to isolate the effect of 

perforation cluster spacing, all other parameters were maintained to be the same (Five 

clusters, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

Figure 4.27: Effect of perforation cluster spacing on fracture lengths (Left) and widths 

(Right). Five clusters, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm. 

As shown in Figure 4.27, at 30 ft cluster spacing, both of the outer fractures R2 

and L2 had propagated.  The R2 fracture, however, dominated over the L2 fracture, as it 

was 1370% longer and 230% wider than the L2 fracture. 

When the cluster spacing was increased to 50 ft, however, the L2 and R2 

propagated to similar dimensions.  Since the injected fluid volume was equal in every 

case, the two created fractures in the 50 ft case were 46% shorter and 26% narrower.  

When the perforation cluster spacing was increased to 70 ft and 100 ft, the three middle 

fractures L1, Middle, and R1 were still unable to grow, and the dimensions of the two 

outer fractures essentially remained the same. 
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When the spacing was increased to 150 ft, the Middle fracture was finally able to 

propagate, but the sub-middle fractures L1 and R1 did not.  In addition, the middle 

fracture was 43% shorter and 21% narrower than the R2 fracture.  In addition, the R2 

fracture’s length was reduced by 11%, and its width was reduced by 15%.  The L2 

fracture’s length was reduced by 21%, and its width was reduced by 19%. 

  Finally, when the spacing was increased to 200 ft, the three middle fractures L1, 

Middle, and R1 grew to comparable dimensions, and the dimensions of the two outer 

fractures R2 and L2 were reduced. 

The results showed that increasing the perforation cluster spacing reduced the 

stress shadow interactions between the fractures, and the likelihood of some fractures 

having excessively high flow resistances was reduced.  Therefore, increasing the 

perforation cluster spacing tended to increase the number of propagated fractures. 
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4.3.13 Effect of Injection Fluid Viscosity with 200 ft Cluster Spacing (Five 

Perforation Clusters) 

The effect of three different injection fluid viscosities (1 cp, 10 cp, 100 cp) was 

investigated at 200 ft perforation cluster spacing with five perforation clusters.  In order 

to isolate the effect of injection fluid viscosity, all other parameters were maintained to be 

the same (Five clusters, 200 ft spacing, E = 3x10
6
 psi, q = 30 bpm). 

 

Figure 4.28: Effect of injection fluid viscosity on fracture lengths (Left) and widths 

(Right). Five clusters = 5, Spacing = 200 ft, E = 3x10
6
 psi, q = 30 bpm. 

As shown in Figure 4.28, when the injection fluid viscosity was increased, the 

fracture lengths decreased slightly, but the widths of all five fractures increased 

dramatically.  When the viscosity was increased from 1 cp to 10 cp, the lengths did not 

change significantly, but the widths increased from the minimum of 73% (L1 fracture) to 

the maximum of 100% (R1 fracture). 

Similarly, when the viscosity was increased from 10 cp to 100 cp, there was no 

significant reduction in lengths, but the widths of all five fractures increased dramatically.  

The minimum increase was 67% (L2 fracture), and the maximum increase was 80% 

(Middle fracture). 
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4.3.14 Effect of Injection Rate with 200 ft Cluster Spacing (Five Perforation 

Clusters) 

The effect of three different injection rates (20 bpm, 30 bpm, 40 bpm) was 

investigated at 200 ft perforation cluster spacing with five perforation clusters.  In order 

to isolate the effect of injection rates, all other parameters were maintained to be the same 

(Five clusters, 200 ft spacing, E = 3x10
6
 psi, µ = 1 cp). 

 

 

Figure 4.29: Effect of injection rate on fracture lengths (Left) and widths (Right). Five 

clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp. 

As shown in Figure 4.29, increasing the injection rate led to longer and wider 

fractures.  When the injection rate was increased from 20 bpm to 30 bpm, the lengths of 

all five fractures substantially increased, but only the two outer fractures L2, R2, and the 

Middle fracture experienced increased width.   

When the injection rate was further increased from 30 bpm to 40 bpm, the lengths 

of all five fractures increased significantly except for the L1 fracture.  Similarly, all five 

fractures experienced substantial width increase except for the L1 fracture; its width 

remained essentially the same in all three injection cases. 
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4.3.15 Effect of Target Formation Young's Modulus with 200 ft Cluster Spacing 

(Five Perforation Clusters) 

The effect of three different target formation’s Young’s moduli (1x10
6
 psi, 

3x10
6
 psi, 4x10

6
 psi) was investigated at 200 ft perforation cluster spacing with five 

perforation clusters.  In order to isolate the effect of target formation’s Young’s moduli, 

all other parameters were maintained to be the same (Five clusters, 200 ft spacing, µ = 

1 cp, q = 30bpm). 

 

Figure 4.30: Effect of target formation Young's modulus on fracture lengths (Left) and 

widths (Right). Five clusters, Spacing = 200 ft, µ = 1 cp, q = 30 bpm. 

As shown in Figure 4.30, increasing the Young's modulus of the target formation 

resulted in narrower and shorter fractures.  When the Young’s modulus of the target 

formation was increased from 3x10
6
 psi to 4x10

6
 psi, the lengths of the L1 and the 

Middle fractures decreased, while the lengths of the R1 and R2 fractures remained the 

same, and the length of the L2 fracture increased.  The widths of all five fractures 

decreased slightly. 

  



 95 

4.4 DISCUSSION OF THE RESULTS 

A detailed examination of the stress fields and the fluid distribution among the 

perforation clusters revealed that as the fractures propagate, their stress shadows 

restricted the growth of their neighboring fractures.  This induced faster growth among 

the fractures with less stress interference, especially the two outermost fractures.  Fast 

growing fractures had lower fracture tip pressures, and therefore, had smaller flow 

resistance.  Since smaller flow resistance led to increased flow intake, their growths were 

accelerated, completely closing off the slow growing fractures in the vicinity. 

 

4.4.1 Effect of perforation cluster spacing 

In general, a wider perforation cluster spacing increased the likelihood of all 

fractures propagating.  Additionally, a wider perforation cluster spacing also increased 

the lengths and widths of the created fractures.  In both three and five perforation cases, 

when the perforation cluster spacing was at 30 ft, one dominant fracture emerged.  When 

the perforation cluster spacing was increased to 50 ft, 70 ft, and 100 ft, the two outermost 

fractures propagated to similar dimensions in both three and five cluster cases.  At 150 ft 

spacing, the five cluster case was able to grow its middle fracture as well as the two outer 

fractures, but its sub-center fractures did not grow.  In contrast, the middle fracture in the 

three cluster case did not grow at 150 ft spacing.  This is because the actual spacing 

between the outermost fractures and the middle fracture was doubled in the five cluster 

case.  At 200 ft spacing, all five fractures in the five cluster case were able to grow to 

similar dimensions, whereas in the three cluster case, the middle fracture was 

significantly shorter than the two outer fractures.  When the spacing was further increased 
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to 250 ft, the middle fracture in the three cluster case was finally able to propagate to 

similar dimensions as the outer fractures. 

In addition, the results suggested that the fracture spacing has the dominant 

impact on the number of propagated fractures.  Even when other conditions were 

favorable to fracture propagation, small fracture spacing reduced the number of 

propagated fractures. 

 

4.4.2 Effect of the number of perforation clusters 

Increasing the number of perforation clusters decreased the number of propagated 

fractures at a given stage length.  For example, the fracture stage interval lengths were the 

same in Case 18 (3 clusters, 200 ft spacing) and Case 29 (5 clusters, 100 ft spacing).  In 

Case 18, all three fractures propagated, whereas in Case 29, only the two outermost 

fractures propagated.  Close examination of the results revealed that the two extra 

perforation clusters in Case 29 initially grew small fractures, increasing stress 

interference among the three middle fractures.  Therefore, the Middle fracture was 

prohibited from growing. 

 

4.4.3 Effect of injection fluid viscosity 

In general, increasing the injection fluid viscosity significantly increased the 

fracture widths and slightly decreased the fracture lengths.  The number of created 

fractures, however, remained the same, regardless of the injection fluid viscosity.  The 

induced formation stresses, however, were elevated with increased viscosity, due to the 

wider fracture widths. 
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4.4.4 Effect of injection rate 

Increasing the injection rate led to longer and wider fractures, while decreasing 

the injection rate led to shorter and narrower fractures.  In addition, a higher injection rate 

increased the number of created fractures, while a lower injection rate decreased the 

number of created fractures.  For example, at 200 ft spacing, the middle fracture did not 

propagate when the injection rate was 20 bpm.  When the injection rate was increased to 

30 bpm and 40 bpm, however, the middle fracture propagated along with the two outer 

fractures.  Similarly, at 50 ft perforation cluster spacing, only one of the outermost 

fractures propagated at the injection rate of 20 bpm.  When the injection rate was 

increased to 30 bpm and 40 bpm, however, both outer fractures propagated. 

 

4.4.5 Effect of target formation's Young's modulus 

In general, increasing the Young's modulus of the target formation resulted in 

shorter and narrower fractures.  Its impact, however, was more severe on widths than on 

lengths.  In addition, similar to the effect of injection fluid viscosity, the Young's 

modulus of the target formation did not influence the number of created fractures. 
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Chapter 5: Conclusion 

 In this thesis, ABAQUS standard finite element analysis software was used to 

build a 3D geomechanical model to simulate the simultaneous propagation of multiple 

fractures.  Utilizing this model, the impact of various in-situ conditions and hydraulic 

fracturing parameters on resulting fractures were investigated. 

 The model simulated fracture propagation using the cohesive zone method.  Also, 

the flow distribution between the multiple fractures was simulated using a parallel 

resistor model.  The results from these simulations showed that when the mechanical 

interference among the fractures is mild, all of the fractures propagate to similar 

dimensions.  When the mechanical interference is moderate, however, the dimensions of 

the inner fractures tend to be smaller than the outer fractures.  Lastly, when the 

mechanical interference is severe, the inner fractures are completely closed off due to the 

opening of the outer fractures. 

 Although the model did not have the capability to simulate the turning fractures, 

the lack of such capability probably had a minimal impact on the results.  Similar to 

Olson's (2008) results where limited entry injection was not implemented, the results in 

this thesis showed that fractures under severe stress interference closes off early in the 

treatment time.  Therefore, the capability to model turning fractures wouldn’t have 

influenced the results significantly. 

 Based on the results presented above, using a small number of perforation clusters 

per fracture stage is recommended.  For a given fracture stage length, increasing the 

number of perforation clusters reduces the number of propagated fractures due to 

increased mechanical interference.  This result agreed with the field observations made 

by Fisher (2004) and Ketter (2008), where reducing the number of perforation clusters 
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within a fracture stage increased the likelihood of all fractures to propagate.  In addition, 

it provided an explanation for Miller’s (2008) production log analysis, where increasing 

the number of perforation clusters in a fracture stage reduced the number of perforation 

clusters contributing to production. 

Similar to the results presented by Olson (2008), wider perforation cluster spacing 

increased the chance of all fractures growing to substantial sizes.  The results also agreed 

with the field observations made by Fisher (2004) and Ketter’s (2008), where the 

minimum spacing that allowed all fractures to grow was 1.5 times the fracture height.  

Therefore, in order to make sure that all fractures grow to substantial sizes, the minimum 

perforation cluster spacing of 1.5 times the fracture height is recommended.  In addition, 

the results suggested that the fracture spacing has the dominant impact on the number of 

propagated fractures.  Even when other conditions were favorable to fracture 

propagation, small fracture spacing reduced the number of propagated fractures.   

Increasing the injection fluid viscosity significantly increased the fracture widths 

and slightly decreased the fracture lengths.  Higher injection fluid viscosity, however, did 

not influence the number of created fractures.  Therefore, using a moderately high 

injection fluid viscosity is recommended. 

Higher injection rates are recommended because they lead to longer and wider 

fractures.  In addition, the likelihood of all perforation clusters propagating their own 

fractures was increased with higher injection rates. 

When the Young's modulus of the target formation was high, the resulting 

fractures were shorter and narrower.  Therefore, the Young’s modulus of the target 

formation must be considered when designing a hydraulic fracturing job.  Similar to the 

effect of injection fluid viscosity, however, the Young's modulus of the target formation 

did not influence the number of created fractures. 
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 Similar to Roussel et al (2012), higher net pressure was observed when the 

mechanical interaction was more severe.  Therefore, the net pressure could be used in the 

field to monitor the severity of the mechanical interference between the fractures. 

 More studies can be performed using the model presented in this thesis.  Effects 

of heterogeneity in formation properties such as mechanical strength, permeability, and 

porosity can be simulated by assigning different values at each node.  In addition, the 

effects of fracture height on stress interference can be further investigated by varying the 

target formation thickness.   

 This model, however, is limited by the mesh size and the capabilities of the 

cohesive elements.  The resulting fracture dimensions are dependent on the mesh size, 

and the direction of fracture propagation is contained within the planes of cohesive 

elements.  In other words, the model cannot simulate turning fractures.  Therefore, if 

modeling turning fractures is desired, a facture propagation method that is independent of 

meshing scheme, such as Peridynamics, should be considered. 
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Appendix 

 CASE 1 (3 CLUSTERS, SPACING = 30 FT, E = 3X106 PSI, µ = 1 CP, Q = 30 BPM) A.1

 

 

Figure A.1: Fracture width vs. length at various treatment times for Case 1 (3 Clusters, 

Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.2: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 1 (3 Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.3: Flow fraction history throughout the fracture treatment for Case 1 (3 

Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.4: Net pressure history throughout the fracture treatment for Case 1 (3 Clusters, 

Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 2 (3 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.2

 

 

Figure A.5: Fracture width vs. length at various treatment times for Case 2 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.6: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 2 (3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.7: Flow fraction history throughout the fracture treatment for Case 2 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.8: Net pressure history throughout the fracture treatment for Case 2 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

  



 107 

 CASE 3 (3 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 10 CP, Q = 30 BPM) A.3

 

 

Figure A.9: Fracture width vs. length at various treatment times for Case 3 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.10: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 3 (3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 10 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.11: Flow fraction history throughout the fracture treatment for Case 3 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 

 

 

Figure A.12: Net pressure history throughout the fracture treatment for Case 3 (3 

Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 
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 CASE 4 (3 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 100 CP, Q = 30 BPM) A.4

 

 

Figure A.13: Fracture width vs. length at various treatment times for Case 4 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.14: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 4 (3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 10 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.15: Flow fraction history throughout the fracture treatment for Case 4 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 

 

 

 

 

Figure A.16: Net pressure history throughout the fracture treatment for Case 4 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 
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 CASE 5 (3 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 40 BPM) A.5

 

 

Figure A.17: Fracture width vs. length at various treatment times for Case 5 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.18: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 5 (3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 40 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.19: Flow fraction history throughout the fracture treatment for Case 5 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 

 

 

Figure A.20: Net pressure history throughout the fracture treatment for Case 5 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 
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 CASE 6 (3 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 20 BPM) A.6

 

 

Figure A.21: Fracture width vs. length at various treatment times for Case 6 (3 Clusters, 

Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.22: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 6 (3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 20 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.23: Flow fraction history throughout the fracture treatment for Case 6 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 

 

 

 

 

Figure A.24: Net pressure history throughout the fracture treatment for Case 6 

(3 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 
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 CASE 7 (3 CLUSTERS, SPACING = 50 FT, E = 4X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.7

 

 

Figure A.25: Fracture width vs. length at various treatment times for Case 7 (3 Clusters, 

Spacing = 50 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.26: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 7 (3 Clusters, Spacing = 50 ft, E = 4x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.27: Flow fraction history throughout the fracture treatment for Case 7 

(3 Clusters, Spacing = 50 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.28: Net pressure history throughout the fracture treatment for Case 7 

(3 Clusters, Spacing = 50 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 8 (3 CLUSTERS, SPACING = 50 FT, E = 1X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.8

 

 

Figure A.29: Fracture width vs. length at various treatment times for Case 8 (3 Clusters, 

Spacing = 50 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.30: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 8 (3 Clusters, Spacing = 50 ft, E = 1x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.31: Flow fraction history throughout the fracture treatment for Case 8 

(3 Clusters, Spacing = 50 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

Figure A.32: Net pressure history throughout the fracture treatment for Case 8 

(3 Clusters, Spacing = 50 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 9 (3 CLUSTERS, SPACING = 70 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.9

 
 

 

 

Figure A.33: Fracture width vs. length at various treatment times for Case 9 (3 Clusters, 

Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.34: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 9 (3 Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.35: Flow fraction history throughout the fracture treatment for Case 9 

(3 Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.36: Net pressure history throughout the fracture treatment for Case 9 

(3 Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 10 (3 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.10

 

 

Figure A.37: Fracture width vs. length at various treatment times for Case 10 (3 Clusters, 

Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.38: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 10 (3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.39: Flow fraction history throughout the fracture treatment for Case 10 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.40: Net pressure history throughout the fracture treatment for Case 10 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 11 (3 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 10 CP, Q = 30 BPM) A.11

 

 

Figure A.41: Fracture width vs. length at various treatment times for Case 11 (3 Clusters, 

Spacing = 100 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.42: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 11 (3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 10 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.43: Flow fraction history throughout the fracture treatment for Case 11 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 

 

 

Figure A.44: Net pressure history throughout the fracture treatment for Case 11 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 
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 CASE 12 (3 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 100 CP, Q = 30 BPM) A.12

 

 

Figure A.45: Fracture width vs. length at various treatment times for Case 12 (3 Clusters, 

Spacing = 100 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.46: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 12 (3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 100 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.47: Flow fraction history throughout the fracture treatment for Case 12 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 

 

 

 

Figure A.48: Net pressure history throughout the fracture treatment for Case 12 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 
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 CASE 13 (3 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 40 BPM) A.13

 

 

Figure A.49: Fracture width vs. length at various treatment times for Case 13 (3 Clusters, 

Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.50: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 13 (3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 40 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.51: Flow fraction history throughout the fracture treatment for Case 13 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 

 

 

 

Figure A.52: Net pressure history throughout the fracture treatment for Case 13 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 
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 CASE 14 (3 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 20 BPM) A.14

 

 

Figure A.53: Fracture width vs. length at various treatment times for Case 14 (3 Clusters, 

Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.54: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 14 (3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 20 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.55: Flow fraction history throughout the fracture treatment for Case 14 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 

 

 

 

Figure A.56: Net pressure history throughout the fracture treatment for Case 15 

(3 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 
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 CASE 15 (3 CLUSTERS, SPACING = 100 FT, E = 4X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.15

 

 

Figure A.57: Fracture width vs. length at various treatment times for Case 15 (3 Clusters, 

Spacing = 100 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.58: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 15 (3 Clusters, Spacing = 100 ft, E = 4x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.59: Flow fraction history throughout the fracture treatment for Case 15 (3 

Clusters, Spacing = 100 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

Figure A.60: Net pressure history throughout the fracture treatment for Case 15 

(3 Clusters, Spacing = 100 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 16 (3 CLUSTERS, SPACING = 100 FT, E = 1X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.16

 

 

Figure A.61: Fracture width vs. length at various treatment times for Case 16 (3 Clusters, 

Spacing = 100 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.62: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 16 (3 Clusters, Spacing = 100 ft, E = 1x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.63: Flow fraction history throughout the fracture treatment for Case 16 

(3 Clusters, Spacing = 100 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.64: Net pressure history throughout the fracture treatment for Case 16 

(3 Clusters, Spacing = 100 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 17 (3 CLUSTERS, SPACING = 150 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.17

 

 

Figure A.65: Fracture width vs. length at various treatment times for Case 17 (3 Clusters, 

Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.66: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 17 (3 Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.67: Flow fraction history throughout the fracture treatment for Case 17 (3 

Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

 

Figure A.68: Net pressure history throughout the fracture treatment for Case 17 (3 

Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 18 (3 PERF. CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, A.18

Q = 30 BPM) 

 

 

 

Figure A.69: Fracture width vs. length at various treatment times for Case 18 (3 Perf. 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.70: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 18 (3 Perf. Clusters, Spacing = 200 ft, E = 3x10
6
 psi, 

µ = 1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.71: Flow fraction history throughout the fracture treatment for Case 18 (3 Perf. 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.72: Net pressure history throughout the fracture treatment for Case 18 (3 Perf. 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 19 (3 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 10 CP, Q = 30 BPM) A.19

 

 

Figure A.73: Fracture width vs. length at various treatment times for Case 19 (3 Clusters, 

Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.74: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 19 (3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.75: Flow fraction history throughout the fracture treatment for Case 19 (3 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 

 

 

Figure A.76: Net pressure history throughout the fracture treatment for Case 19 (3 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 
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 CASE 20 (3 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 100 CP, Q = 30 BPM) A.20

 

 

Figure A.77: Fracture width vs. length at various treatment times for Case 20 (3 Clusters, 

Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.78: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 20 (3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.79: Flow fraction history throughout the fracture treatment for Case 20 

(3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 

 

 

 

 

Figure A.80: Net pressure history throughout the fracture treatment for Case 20 

(3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 
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 CASE 21 (3 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 40 BPM) A.21

 

 

Figure A.81: Fracture width vs. length at various treatment times for Case 21 (3 Clusters, 

Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.82: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 21 (3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 40 bpm).  Presented stresses were calculated at the middle of the formation height. 

 



 163 

 

Figure A.83: Flow fraction history throughout the fracture treatment for Case 21 

(3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 

 

 

 

 

Figure A.84: Net pressure history throughout the fracture treatment for Case 21 (3 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 
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 CASE 22 (3 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 20 BPM) A.22

 

 

Figure A.85: Fracture width vs. length at various treatment times for Case 22 (3 Clusters, 

Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.86: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 22 (3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, 

q = 20 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.87: Flow fraction history throughout the fracture treatment for Case 22 

(3 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 

 

 

 

 

Figure A.88: Net pressure history throughout the fracture treatment for Case 22 (3 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 
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 CASE 23 (3 CLUSTERS, SPACING = 200 FT, E = 4X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.23

 

 

Figure A.89: Fracture width vs. length at various treatment times for Case 23 (3 Clusters, 

Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.90: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 23 (3 Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.91: Flow fraction history throughout the fracture treatment for Case 23 

(3 Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.92: Net pressure history throughout the fracture treatment for Case 23 (3 

Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 24 (3 CLUSTERS, SPACING = 200 FT, E = 1X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.24

 

 

Figure A.93: Fracture width vs. length at various treatment times for Case 24 (3 Clusters, 

Spacing = 200 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.94: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 24 (3 Clusters, Spacing = 200 ft, E = 1x10
6
 psi, µ = 1 cp, 

q = 30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.95: Flow fraction history throughout the fracture treatment for Case 24 

(3 Clusters, Spacing = 200 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.96: Net pressure history throughout the fracture treatment for Case 24 

(3 Clusters, Spacing = 200 ft, E = 1x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 25 (3 CLUSTERS, SPACING = 250 FT, E = 3X10
6
 PSI, µ = 1CP, Q = 30 BPM) A.25

 

 

Figure A.97: Fracture width vs. length at various treatment times for Case 25 (3 Clusters, 

Spacing = 250 ft, E = 3x10
6
 psi, µ = 1cp, q = 30 bpm).  Presented widths were calculated 

at the middle of the formation height. 
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Figure A.98: Map view of the minimum horizontal stress field at the end of the treatment 

(t = 3600 seconds) for Case 25 (3 Clusters, Spacing = 250 ft, E = 3x10
6
 psi, µ = 1cp, q = 

30 bpm).  Presented stresses were calculated at the middle of the formation height. 
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Figure A.99: Flow fraction history throughout the fracture treatment for Case 25 (3 

Clusters, Spacing = 250 ft, E = 3x10
6
 psi, µ = 1cp, q = 30 bpm). 

 

 

 

 

Figure A.100: Net pressure history throughout the fracture treatment for Case 25 (3 

Clusters, Spacing = 250 ft, E = 3x10
6
 psi, µ = 1cp, q = 30 bpm). 
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 CASE 26 (5 CLUSTERS, SPACING = 30 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.26

 

 

Figure A.101: Fracture width vs. length at various treatment times for Case 26 (5 

Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.102: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 26 (5 Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.103: Flow fraction history throughout the fracture treatment for Case 26 

(5 Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.104: Net pressure history throughout the fracture treatment for Case 26 (5 

Clusters, Spacing = 30 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 27 (5 CLUSTERS, SPACING = 50 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.27

 

 

Figure A.105: Fracture width vs. length at various treatment times for Case 27 (5 

Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.106: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 27 (5 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.107: Flow fraction history throughout the fracture treatment for Case 27 

(5 Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.108: Net pressure history throughout the fracture treatment for Case 27 (5 

Clusters, Spacing = 50 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 28 (5 CLUSTERS, SPACING = 70 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.28

 
 

 

Figure A.109: Fracture width vs. length at various treatment times for Case 28 (5 

Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.110: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 28 (5 Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.111: Flow fraction history throughout the fracture treatment for Case 28 

(5 Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.112: Net pressure history throughout the fracture treatment for Case 28 (5 

Clusters, Spacing = 70 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 29 (5 CLUSTERS, SPACING = 100 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.29

 

 

Figure A.113: Fracture width vs. length at various treatment times for Case 29 (5 

Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.114: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 29 (5 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.115: Flow fraction history throughout the fracture treatment for Case 29 

(5 Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.116: Net pressure history throughout the fracture treatment for Case 29 (5 

Clusters, Spacing = 100 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 30 (5 CLUSTERS, SPACING = 150 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.30

 

 

Figure A.117: Fracture width vs. length at various treatment times for Case 30 (5 

Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.118: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 30 (5 Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.119: Flow fraction history throughout the fracture treatment for Case 30 

(5 Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

Figure A.120: Net pressure history throughout the fracture treatment for Case 30 

(5 Clusters, Spacing = 150 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 31 (5 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.31

 

 

Figure A.121: Fracture width vs. length at various treatment times for Case 31 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.122: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 31 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 

 

  



 193 

 

Figure A.123: Flow fraction history throughout the fracture treatment for Case 31 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.124: Net pressure history throughout the fracture treatment for Case 31 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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 CASE 32 (5 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 10 CP, Q = 30 BPM) A.32

 

 

Figure A.125: Fracture width vs. length at various treatment times for Case 32 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.126: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 32 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 

10 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.127: Flow fraction history throughout the fracture treatment for Case 32 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 

 

 

 

 

Figure A.128: Net pressure history throughout the fracture treatment for Case 32 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 10 cp, q = 30 bpm). 
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 CASE 33 (5 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 100 CP, Q = 30 BPM) A.33

 

 

Figure A.129: Fracture width vs. length at various treatment times for Case 33 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm).  Presented widths 

were calculated at the middle of the formation height. 
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Figure A.130: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 33 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 

100 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.131: Flow fraction history throughout the fracture treatment for Case 33 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 

 

 

 

 

Figure A.132: Net pressure history throughout the fracture treatment for Case 33 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 100 cp, q = 30 bpm). 

 

 

  



 200 

 CASE 34 (5 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 40 BPM) A.34

 

 

Figure A.133: Fracture width vs. length at various treatment times for Case 34 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm).  Presented widths were 

calculated at the middle of the formation height. 
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Figure A.134: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 34 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 40 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.135: Flow fraction history throughout the fracture treatment for Case 34 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 

 

 

 

 

Figure A.136: Net pressure history throughout the fracture treatment for Case 34 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 40 bpm). 
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 CASE 35 (5 CLUSTERS, SPACING = 200 FT, E = 3X10
6
 PSI, µ = 1 CP, Q = 20 BPM) A.35

 

 

Figure A.137: Fracture width vs. length at various treatment times for Case 35 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm).  Presented widths were 

calculated at the middle of the formation height. 

 



 204 

 

Figure A.138: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 35 (5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 

1 cp, q = 20 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.139: Flow fraction history throughout the fracture treatment for Case 35 

(5 Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 

 

 

 

 

Figure A.140: Net pressure history throughout the fracture treatment for Case 35 (5 

Clusters, Spacing = 200 ft, E = 3x10
6
 psi, µ = 1 cp, q = 20 bpm). 
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 CASE 36 (5 CLUSTERS, SPACING = 200 FT, E = 4X10
6
 PSI, µ = 1 CP, Q = 30 BPM) A.36

 

 

Figure A.141: Fracture width vs. length at various treatment times for Case 36 (5 

Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm).  Presented widths were 

calculated at the middle of the formation height. 

 



 207 

 

Figure A.142: Map view of the minimum horizontal stress field at the end of the 

treatment (t = 3600 seconds) for Case 36 (5 Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 

1 cp, q = 30 bpm).  Presented stresses were calculated at the middle of the formation 

height. 
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Figure A.143: Flow fraction history throughout the fracture treatment for Case 36 

(5 Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 

 

 

 

 

Figure A.144: Net pressure history throughout the fracture treatment for Case 36 (5 

Clusters, Spacing = 200 ft, E = 4x10
6
 psi, µ = 1 cp, q = 30 bpm). 
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