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In conventional reservoir simulation, grid block permeabilities must 

frequently be assigned values systematically larger than those observed in core 

measurements to obtain reasonable history matches. Although part of the 

discrepancy might be due to improper 3-D scaleup, part of it might be due to 

substantial flow through natural fractures unaccounted for in the simulation. Here, 

a method to obtain equivalent permeabilities from fracture networks generated by 

a geomechanical model, constrained by geologic deformation and mechanical 

properties of the reservoir rock, is presented. 

A fracture mechanics based crack growth simulator, using laboratory 

measured subcritical indices and reservoir rock properties, rather than a purely 

 vii



stochastic method, was used to generate fracture networks with realistic 

clustering, spacing and fracture length distributions. The effects of subcritical 

index and bed-thickness on fracture attributes such as mean and total lengths were 

observed. 

These fracture networks were represented in a finite-difference simulator 

explicitly by using enhanced grid cell permeabilities and implicitly by using non-

neighbor connections. Coupled fracture-matrix fluid flow simulations of the 

fracture networks, under uniform pressure boundary conditions, were performed 

to obtain equivalent permeabilities. Permeability enhancements by factors of 

between 2 and 10 were observed. 

The results also indicate that even though the permeability of individual 

fractures is highly sensitive to the fracture aperture, the computed equivalent 

permeabilities of a weakly-connected fractured region are not. They are more 

sensitive to the total and mean fracture lengths, as well as the nature of the 

fracture pattern, which include connectivity and clustering attributes. Superposing 

diagenetic effects (mineralization) on a fracture network can also reduce overall 

equivalent permeabilities. 

Equivalent permeability estimates made on the fracture networks under 

uniform flow rate boundary conditions generate lower values than those obtained 

with uniform pressure boundaries. Comparison of the equivalent permeabilities 

and flow behavior for fractured networks embedded in a larger homogeneous 

unfractured matrix indicate that uniform flow rate boundaries yield more reliable 

estimates of the equivalent permeability than uniform pressure boundaries. 

 viii



Table of Contents 

List of Tables.........................................................................................................xii 

List of Figures ...................................................................................................... xiv 

1. Introduction ......................................................................................................... 1 
1.1 Objective .................................................................................................. 1 
1.2 Fractured Reservoirs Worldwide ............................................................. 2 
1.3 A Review of the Modeling of Fractured Reservoirs ................................ 8 

1.3.1 Discrete Network Models............................................................. 8 
1.3.2 Continuum Models ..................................................................... 12 

2. Problem Statement ............................................................................................ 26 

3. Generating Representative Fracture Networks ................................................. 29 
3.1. Stochastic Fracture Network Modeling................................................. 29 
3.2 Linear Elastic Fracture mechanics. ........................................................ 32 

3.2.1 Subcritical Crack Growth........................................................... 35 
3.3 Experimental Determination of subcritical crack index:........................ 41 
3.4 Geomechanical Simulation .................................................................... 47 

4. Finite Difference Flow Simulation.................................................................... 67 
4.1 Explicit Fracture Representation............................................................ 67 
4.2 Non-neighbor Connections .................................................................... 68 
4.3 Model Verification ................................................................................. 72 

4.3.1 Single-Fracture Analytical Solution........................................... 73 
4.3.2 Chirlin Solution .......................................................................... 74 
4.3.3 Effect of x and y grid discretization for NNC representation .... 76 
4.3.4 Effect of y-direction grid discretization for explicit fracture 

representation ............................................................................. 77 
4.3.5 Effect of larger matrix permeability........................................... 78 

 ix



5. Flow Modeling of Simulated Fracture Networks.............................................. 85 
5.1 Equivalent Permeability of a Simulation Grid ....................................... 85 
5.2 Results and Discussion of the Flow Simulation using Explicit 

Fracture Representation....................................................................... 86 
5.2.1: Dependence of equivalent permeability ratio on the total 

strain ........................................................................................... 87 
5.2.2: Dependence of equivalent permeability ratio on the total 

length.......................................................................................... 89 
5.2.3: Dependence of equivalent permeability ratio on the mean 

length.......................................................................................... 90 
5.2.4: Dependence of equivalent permeability ratio on the mean 

aperture....................................................................................... 91 
5.2.5: Comparison of equivalent permeabilities obtained in this 

study with those obtained elsewhere, using stochastically 
generated fractures ..................................................................... 92 

5.3 Flow Simulation on SWCF fracture network using NNC...................... 94 
5.4 Other Factors Affecting Equivalent Permeability .................................. 95 

5.4.1 Synkinematic Cement ................................................................ 95 
5.4.2 Postkinematic Cement................................................................ 98 

5.5 Effect of Well Boundary Conditions...................................................... 99 
5.6 Summary .............................................................................................. 101 

6. Analysis of Boundary Conditions ................................................................... 115 
6.1 Introduction .......................................................................................... 115 
6.2 Uniform Pressure versus Uniform Flow rate Boundary condition ...... 117 
6.3 numerical flow simulation studies........................................................ 122 

6.3.1: Stand-alone Fractured Region................................................. 125 
6.3.1.1: Uniform Pressure Boundary Condition....................... 125 
6.3.1.2 Uniform Flow Rate Boundary Condition..................... 127 

6.3.2: Fractured Region Embedded in a Non-fractured 
homogeneous region ................................................................ 129 

 x



6.3.3: Comparison of Stand-Alone Fracture Networks under 
Different Boundary Conditions with the Embedded Fracture 
Networks .................................................................................. 131 

7. Conclusions ..................................................................................................... 153 

Appendix A: Comparison of Explicit Fracture Representation and NNC 
simulations ................................................................................................. 156 

Appendix B: Comparison of Cardwell-Parsons Limits with Equivalent 
Permeabilities obtained from Flow Simulations ........................................ 158 

References ........................................................................................................... 163 

Vita .................................................................................................................... 175 

 xi



List of Tables 

Table 3.1: Mean values of the subcritical crack (SCC) index for six SWCF 

Depths............................................................................................... 54 

Table 3.2: Input data to the subcritical crack growth simulator............................ 54 

Table 3.3: Total and mean fracture lengths and mean fracture apertures for 

both SCC indices for mechanical bed thickness = 10 m. ................. 55 

Table 3.4: Total and mean fracture lengths and mean fracture apertures for 

both SCC indices for mechanical bed thickness = 5 m. ................... 56 

Table 5.1: Effect of increasing the fracture cell permeability by 10 times on 

the equivalent permeability ratio.................................................... 102 

Table 5.2: Microfracture observations from South Wasson Clear Fork thin 

sections; from Gale et al., 2002...................................................... 102 

Table 6.1: Total and mean fracture lengths and mean fracture apertures for the 

fracture networks used in the boundary condition study................ 136 

Table 6.2: Comparison of the equivalent permeabilities obtained using the 

uniform pressure boundary condition, the two uniform flow-rate 

boundary conditions and using the embedded scenario, embed, 

for fracture networks disc-1 and disc-2.......................................... 137 

Table 6.3: Comparison of the equivalent permeabilities obtained using the 

uniform pressure boundary condition, the two uniform flow-rate 

boundary conditions and using the embedded scenario, embed, 

for fracture networks thru-1 and thru-2. ........................................ 138 

 xii



Table A-1: Comparison of memory and run time requirements and the 

obtained equivalent permeability ratios between the explicit 

fracture representation method and the NNC approach for SWCF 

simulated fracture network (realization 1) with a bed thickness of 

10 m................................................................................................ 156 

Table A-2: Comparison of memory and run time requirements and the 

obtained equivalent permeability ratios between the explicit 

fracture representation method and the NNC approach for SWCF 

simulated fracture network (realization 1) with a bed thickness of 

5 m.................................................................................................. 157 

Table B-1:  The harmonic, kh, arithmetic average of harmonic, kah, harmonic 

average of arithmetic, kha, and arithmetic, ka, averages, of the 

grid cell represented permeabilities for the final fracture patterns 

generated for all realizations (bed thickness =10 m). The 

geometric average (kgeom) and flow simulation results (keqv) are 

also presented. ................................................................................ 160 

Table B-2:  The harmonic, kh, arithmetic average of harmonic, kah, harmonic 

average of arithmetic, kha, and arithmetic, ka, averages, of the 

grid cell represented permeabilities for the final fracture patterns 

generated for all realizations (bed thickness =5 m). The 

geometric average (kgeom) and flow simulation results (keqv) are 

also presented. ................................................................................ 161 

 xiii



List of Figures 

Figure 1.1: A block of a naturally fractured reservoir depicting the matrix, 

vugs and fractures (after Warren and Root (1963)). ........................ 22 

Figure 1.2: Warren and Root idealization of the reservoir in Figure 1.1. 

depicting the matrix blocks and orthogonal network of fractures 

(after Warren and Root (1963))........................................................ 22 

Figure 1.3: Dimensionless pressure response as a function of time for several 

values of ω  and λ , drawdown case, infinite reservoir. From 

Warren and Root (1963), Figure 5. .................................................. 23 

Figure 1.4: Dimensionless pressure response as a function of dimensionless 

time for a dual-permeability reservoir for varying values of 

permeability ratio, for a particular case of λ  and ω . From Liu et 

al. (1987), Figure 5........................................................................... 24 

Figure 1.5: Flow paths for the three representations of the continuum model 

(After Dean and Lo, 1988) ............................................................... 25 

Figure 3.1: An idealized elastic body with crack of length c2 , subjected to 

remote compression minσ and internal fluid pressure, pP  (After 

Segall, 1983)..................................................................................... 57 

Figure 3.2: Loading configuration and crack propagation for uniaxial tension. 

The stress intensity factor is a function of crack length. .................. 57 

Figure 3.3: Normalized stress intensity curves for isolated mode I cracks as a 

function of normalized fracture length under various types of 

loading (From Olson, 1993). ............................................................ 58 

 xiv



Figure 3.4: Crack velocity as a function of the stress intensity on a log-log 

scale. The slope of the curve in region 1 is the subcritical index, 

n (From Atkinson, 1987).................................................................. 58 

Figure 3.5: Photograph of the experimental dual torsion apparatus. .................... 59 

Figure 3.6: Loading configuration and crack propagation for the dual torsion 

method. The stress intensity factor is independent of the crack 

length. ............................................................................................... 60 

Figure 3.7: Plot of load decay versus time obtained from the subcritical crack 

propagation experiment.................................................................... 61 

Figure 3.8: Log-log plot of crack velocity versus the stress intensity factor. ....... 61 

Figure 3.9: SWCF simulated fracture network (realization 3) with a bed 

thickness of 10 m and SCC index of 40. Seed starter cracks for a 

realization are identical. ................................................................... 62 

Figure 3.10: SWCF simulated fracture network (realization 3) with a bed 

thickness of 10 m and SCC index of 80. Seed starter cracks for a 

realization are identical .................................................................... 62 

Figure 3.11: SWCF simulated fracture network (realization 3) with a bed 

thickness of 5 m and SCC index of 40. Seed starter cracks for a 

realization are identical .................................................................... 63 

Figure 3.12: SWCF simulated fracture network (realization 3) with a bed 

thickness of 5 m and SCC index of 80. Seed starter cracks for a 

realization are identical .................................................................... 63 

 xv



Figure 3.13: Bubble plot of fracture apertures for the SWCF simulated 

fracture network (Fig. 3.9) with a bed thickness of 10m and SCC 

index of 40........................................................................................ 64 

Figure 3.14: Bubble plot of fracture apertures for the SWCF simulated 

fracture network (Fig. 3.10) with a bed thickness of 10m and 

SCC index of 80. .............................................................................. 64 

Figure 3.15: Bubble plot of fracture apertures for the SWCF simulated 

fracture network (Fig. 3.11) with a bed thickness of 5m and SCC 

index of 40........................................................................................ 65 

Figure 3.16: Bubble plot of fracture apertures for the SWCF simulated 

fracture network (Fig. 3.12) with a bed thickness of 5m and SCC 

index of 80........................................................................................ 65 

Figure 3.17: Cross plot of total fracture length versus mean fracture length for 

a series of increasing strains for two bed thicknesses (10 m and 5 

m) and two SCC indices (40 and 80). .............................................. 66 

Figure 4.1: Grid cell representation of a fracture patch, showing the cell 

dimension and fracture aperture (dark region). ................................ 80 

Figure 4.2: Schematic of grid, depicting the location of and flow due to a 

fracture. ............................................................................................ 80 

Figure 4.3: Schematic of grid, depicting NNC between cells to model 

transmissibilities due to a fracture.................................................... 80 

Figure 4.4: Illustration showing a fracture extending from end to end in a 

simulation grid.................................................................................. 81 

 xvi



Figure 4.5: Periodic staggered array of fractures depicting parameters used in 

the Chirlin solution........................................................................... 81 

Figure 4.6: The Chirlin solution for equivalent permeability ratio for flow 

parallel to fractures........................................................................... 82 

Figure 4.7: Comparison between results obtained from the flow simulation 

using explicit fracture representation (500 x 500 cells of equal x 

and y dimension of 0.1 m) and the Chirlin analytical solution. ....... 82 

Figure 4.8: Comparison between results obtained from the flow simulation 

using non-neighbor connections and the Chirlin solution................ 83 

Figure 4.9: Effect of y-direction grid discretization on the equivalent 

permeability ratio for a representative fracture network. ................. 83 

Figure 4.10: The equivalent permeability ratio as a function of matrix 

permeability calculated using the explicit fracture representation 

method for two representative fracture networks (realization 3 

with SCC indices of 40 and 80). ...................................................... 84 

Figure 5.1: Tracer simulation of flow through the fracture network (explicit 

fracture representation) for a bed thickness of 10 m and SCC 

index of 40 (0.064 PV). .................................................................. 103 

Figure 5.2: Tracer simulation of flow through the fracture network (explicit 

fracture representation) for a bed thickness of 10 m and SCC 

index of 80 (0.060 PV). .................................................................. 103 

 xvii



Figure 5.3: Values of equivalent permeability ratio versus strain, for all 7 

realizations, for SCC indices of 40 and 80, for a bed thickness of 

10 m................................................................................................ 104 

Figure 5.4: Values of equivalent permeability ratio versus strain, for all 7 

realizations, for SCC indices of 40 and 80, for a bed thickness of 

5 m.................................................................................................. 104 

Figure 5.5: Mean and standard deviation of equivalent permeability ratio 

versus strain, for all 7 realizations, for SCC indices of 40 and 80, 

for a bed thickness of 10 m. ........................................................... 105 

Figure 5.6: Mean and standard deviation of equivalent permeability ratio 

versus strain, for all 7 realizations, for SCC indices of 40 and 80, 

for a bed thickness of 5 m. ............................................................. 105 

Figure 5.7: The effect of average total fracture length on the equivalent 

permeability for given SCC indices and bed thicknesses. ............. 106 

Figure 5.8: The effect of mean fracture length on the equivalent permeability 

ratio for a constant total fracture length. (approx. 990 m). ............ 106 

Figure 5.9: The reduction in equivalent permeability by synkinematic cement 

for a SWCF simulated fracture network (realization 4) with a bed 

thickness of 10 m and SCC index of 40. ........................................ 107 

 xviii



Figure 5.10: Plot of the normalized cumulative fracture length, mean fracture 

length, mean fracture aperture, and the equivalent permeability 

ratio as a function of the emergent threshold ratio, for a SWCF 

simulated fracture network (realization 4) with bed thickness 10 

m and SCC index 40....................................................................... 108 

Figure 5.11: The effect of synkinematic cement. SWCF simulated fracture 

network (realization 4) with a bed thickness of 10 m and SCC 

index of 40 (upper figure) is changed by the application of 

synkinematic cement. The lower figure is a reproduction of the 

upper figure with an emergent threshold ratio of 2. ....................... 109 

Figure 5.12: The effect of postkinematic cement. SWCF simulated fracture 

network (realization 4) with a bed thickness of 10 m and SCC 

index of 40 (upper figure) being progressively changed by 

random postkinematic cement. The lower left figure has 44 % of 

its fractures filled while the lower right figure has 78 % of its 

fractures filled. ............................................................................... 110 

Figure 5.13: The reduction in equivalent permeability by postkinematic 

cement for a SWCF simulated fracture network (realization 4) 

with a bed thickness of 10 m and a SCC index of 40..................... 111 

 xix



Figure 5.14: Plot of the normalized cumulative fracture length, mean fracture 

length, mean fracture aperture, and the equivalent permeability 

ratio as a function of the percentage of fracture filling, for a 

SWCF simulated fracture network (realization 4) with bed 

thickness 10 m and SCC index 40.................................................. 112 

Figure 5.15: Well pair located parallel to fracture orientation for fracture 

network with randomly located fractures....................................... 113 

Figure 5.16: Well pair located perpendicular to fracture orientation for 

fracture network with randomly located fractures. ........................ 113 

Figure 5.17: Effect of well orientation relative to fracture array, on equivalent 

permeability ratio as a function of mean fracture length. .............. 114 

Figure 6.1: Depiction of grid blocks in series indicating extremely large 

permeability from A to B if uniform pressure boundaries are 

assumed at grid block edges........................................................... 139 

Figure 6.2: Fracture network realization, thru-1 (SCC index 40, bed thickness 

10 m) .............................................................................................. 140 

Figure 6.3: Fracture network realization, thru-2 (SCC index 80, bed thickness 

10 m) .............................................................................................. 140 

Figure 6.4: Steady state “snapshot” of the pressure variation along the 

fractured region for the fracture network disc-1. The west (inlet) 

and east (outlet) edges are at uniform pressures of 2000 and 1000 

psia respectively. ............................................................................ 141 

 xx



Figure 6.5: The CV of pressure (along the y-direction) for the fracture 

networks for uniform pressure inlet and outlet boundaries............ 142 

Figure 6.6: The normalized mean pressure (averaged along the y-direction) for 

the fracture networks for uniform pressure inlet and outlet 

boundaries. ..................................................................................... 142 

Figure 6.7: Tracer simulation of fracture network disc-1, using uniform flow-

rate inlet boundary condition (flow rate 2.5 stb/d). Compare with 

figure 5.1 ........................................................................................ 143 

Figure 6.8: Tracer simulation of fracture network disc-2, using uniform flow-

rate inlet boundary condition (flow rate 2.5 stb/d). Compare with 

figure 5.2 ........................................................................................ 143 

Figure 6.9: Mean x-flow rates (averaged along x-axis) for the fracture network 

thru-1 - with uniform pressure and 2 uniform flow rate inlet 

boundary conditions. ...................................................................... 144 

Figure 6.10: Mean x-flow rates (averaged along x-axis) for the fracture 

network thru-2, with uniform pressure and 2 uniform flow rate 

inlet boundary conditions. .............................................................. 144 

Figure 6.11: Plot showing the fractured region embedded within a 

homogeneous unfractured matrix. Uniform pressure boundaries 

are applied to the West (inlet) and East (outlet) edges of the 

region - scenario embed ................................................................. 145 

Figure 6.12: Steady state pressure “snapshot” for the fracture network, thru-1, 

when embedded in a homogeneous matrix. ................................... 146 

 xxi



Figure 6.13: Steady state pressure “snapshot” for the fracture network, thru-2, 

when embedded in a homogenous matrix. ..................................... 146 

Figure 6.14: Steady state snapshot of the x-flow rate for the fracture network, 

thru-2, when embedded in a homogeneous matrix, with uniform 

pressure on the west (inlet) and east (outlet) edges of the larger 

region.............................................................................................. 147 

Figure 6.15: Comparison of CV  of pressures for fracture network, thru-1, with 

uniform pressure and uniform flow rate boundary conditions, and 

when embedded. ............................................................................. 148 

Figure 6.16: Comparison of CV  of pressures for fracture network, thru-2, with 

uniform pressure and uniform flow rate boundary conditions, and 

when embedded.............................................................................. 148 

Figure 6.17: Comparison of CV  of x-flow rates for fracture network, thru-1, 

with uniform pressure and uniform flow rate boundary 

conditions, and when embedded. ................................................... 149 

Figure 6.18: Comparison of CV  of x-flow rates for fracture network, thru-2, 

with uniform pressure and uniform flow rate boundary 

conditions, and when embedded. ................................................... 149 

Figure 6.19: Comparison of normalized x-flow rates for fracture network disc-

1 with uniform pressure and uniform flow-rate boundary 

conditions, and when embedded. ................................................... 150 

 xxii



Figure 6.20: Comparison of normalized x-flow rates for fracture network disc-

2 with uniform pressure and uniform flow-rate boundary 

conditions, and when embedded. ................................................... 150 

Figure 6.21: Comparison of normalized x-flow rates for fracture network thru-

1 with uniform pressure and uniform flow-rate boundary 

conditions, and when embedded. ................................................... 151 

Figure 6.22: Comparison of normalized x-flow rates for fracture network thru-

2 with uniform pressure and uniform flow-rate boundary 

conditions, and when embedded. ................................................... 151 

Figure 6.23: Comparison of normalized x-flow rates for fracture network thru-

2 with uniform pressure and uniform flow-rate boundary 

conditions, and when embedded in a homogeneous matrix - 

identical to Fig. 6.22, but depicted on linear scale........................ 152 

Figure B-1: Grid depiction showing the computation of the harmonic average 

of the arithmetic averages (kha) for flow in x direction. ................. 162 

Figure B-2: Grid depiction showing the computation of the arithmetic average 

of the harmonic averages (kah) for flow in x direction. .................. 162 

 

 

 xxiii



1. Introduction 

1.1 OBJECTIVE 

In weakly connected fracture networks, the fractured system does not 

exhibit dual-porosity or dual-permeability behavior, but the fractures do cause an 

enhancement of the permeability of the region, as well as earlier breakthroughs in 

displacement operations. It is difficult to obtain reservoir scale subsurface fracture 

data but observations on outcrop indicate numerous instances of weakly 

connected fracture networks that occur in swarms or clusters and which in many 

cases are preferentially oriented. Subcritical crack growth - favorable conditions 

for which exist in the subsurface - can produce fractures that exhibit the above 

attributes. 

The objectives of this research were to estimate permeability multipliers, 

due to flow through weakly connected fracture networks, using realistic 

geomechanically simulated fracture patterns. The permeability multipliers so 

obtained can be used as scaled-up permeabilities in a full-scale coarser reservoir 

simulation.  

In this dissertation, a linear elastic fracture mechanics based 

geomechanical crack growth simulator is used to generate fracture networks 

subject to subcritical fracture growth. Dependence of fracture attributes on the 

subcritical index and mechanical bed thickness is observed. The fracture networks 

are used in steady-state single-phase finite-difference flow simulations to obtain 

representative equivalent permeabilities. Comparison of equivalent permeabilities 
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of flow simulations performed on regular staggered periodic arrays of fractures, 

for which analytical solutions are available, is assumed to validate this method. 

 

1.2 FRACTURED RESERVOIRS WORLDWIDE 

Naturally fractured reservoirs occur worldwide and provide a large 

production of oil and gas. The notion of “fractured porosity” was introduced by 

the geologist G. B. Andrews who wrote - quite soon after the original discovery of 

oil in 1859 - that a “law of proportionality was observed between the oil produced 

and the number of fissures” (Van Golf-Racht, 1982).   In the early 1950s 

important discoveries of fractured reservoirs in the Spraberry trend of West Texas 

and in the Middle East created an increasing interest in the understanding and 

modeling of these types of reservoirs. 

Different authors use different classification schemes for fractured 

reservoirs. In Nelson’s method (Nelson, 1985) fractured reservoirs are classified 

into 4 types based on the effect the fractures have on hydrocarbon recovery:  

1) fractures provide the essential reservoir porosity and permeability, 

2) fractures provide the essential reservoir permeability, 

3) fractures assist permeability in an already producible reservoir, or 

4) fractures provide no additional porosity and permeability but create 

significant reservoir anisotropy. 

This classification allows for the prediction of the types of production 

problems that are likely to occur. Examples of Type 1 are Amal (Libya), 

Ellenburger fields (Texas), Edison (California), and La Paz / Mara (Venezuela). 
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Examples of Type 2 reservoirs are Agha Jari and Haft Khel (Iran), Rangely 

(Colorado) and Spraberry (Texas). The reserves in this type are substantially 

higher than for Type 1 since the matrix porosity is usually at least one order of 

magnitude larger than the fracture porosity – 20-30% in matrix versus 1-2% in 

fractures. Examples of type 3 reservoirs are the giant Kirkuk field (Iraq), 

Gachsaran (Iran), Dukhan (Qatar) and Cottonwood Creek (Wyoming). These 

reservoirs are some of the largest as well as some of the most prolific producers. 

Often, the difference between economic and non-economic production depends 

on the time the presence of fractures was detected in the life of the field. In 

general, problems with type 1 reservoirs revolve around the delineation of the 

fracture system intensity and extent, as well as ultimate reservoir volume. 

Problems with type 2 involve documentation of matrix and fracture interaction 

and optimum development patterns. In type 3, virtually all potential problems 

relate to non-recognition of the fracture system.   

Fractured reservoirs can also be classified based on their lithology (Van 

Golf Racht, 1982; Aguilera, 1995). Van Golf Racht (1982) has classified 

reservoirs into 4 types - fractured carbonate reservoirs, fractured silt/sand 

reservoirs, fractured shale reservoirs and fractured basement reservoirs.  

Examples of the fractured carbonate reservoirs include the Ain-Zalah and Kirkuk 

fields of Iraq, the Dukhan field in Qatar, an entire belt of oil fields in south-west 

Iran in the Tertiary Asmari formation and the worlds largest onshore field, the 

Ghawar of Saudi Arabia (Naqib et al., 1971; Hussain, 1993; Aguilera, 1995; 
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Saidi, 1996; Fathi and Ansari, 2000; Al-Ali and Stenger, 2001; Al-Thawad et al., 

2001; Phelps and Strauss, 2002; Al-Ghamdi et al., 2003).  

In Ain-Zalah of Iraq the porosity of the unfractured rock matrix varies 

between 0 and 11%, but the permeability is too small to record (Van Golf Racht, 

1982; Aguilera, 1995). Production depends entirely on the fracture networks, a 

fact which is confirmed by drilling operations. Similarly, permeability and 

production in the Iraqi Kirkuk field are almost entirely along fractures and vugs 

even though most of the oil is contained in matrix porosity. This was corroborated 

by large losses of drilling fluid, poor core recovery and by initial production rates 

as large as 30,000 barrels of oil per day for a bottom hole differential pressure of 

only 3 or 4 psi (Van Golf Racht, 1982). Production from the Kirkuk field started 

in 1934 and a pressure maintenance program by water injection was initiated in 

1961. The recovery process has then been successfully modeled in two steps – the 

initial flushing of oil by water from fractures and the slower recovery of oil from 

matrix by imbibition and gravity drainage  (Al-Naqib et al., 1971). In the Dukhan 

field of Qatar, the limestones have an average porosity of 21% with horizontal 

permeabilities of 75 md, but fractures still play a role in the transport of oil. In the 

Asmari formation of southwest Iran, the rocks are extensively fractured 

carbonates with primary porosities from 5 to 25%. However, the matrix 

permeability is very low, (approximately 2 md) and the observed permeabilities of 

5 Darcies are attributed to the extensive network of fractures (Fathi and Ansari, 

2000). 
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In the Ghawar field of Saudi Arabia, crystalline dolostones of the Arab D 

formation exhibit porosities as large as 24% and permeabilities as large as 3300 

md (Lucia, 2002). Down-hole flow meters indicate certain zones of “super k” 

some of which might be fractured (Phelps and Strauss, 2002). Outcrops of the 

Arab D formation show vertical fractures (Saudi Aramco, 2002). The matrix 

permeabilities are large enough that the presence of fractures may not be 

significant during primary recovery, but they may be important in secondary or 

displacement driven recovery processes. 

There are many notable fractured sandstone/siltstone reservoirs within the 

North American continent. An example is the Altamont trend of the Utah Uinta 

basin (Narr and Currie, 1982). Production is obtained from fine-grained Tertiary-

age sandstones, carbonates and calcareous shales with porosities ranging from 

3-7%. The matrix permeabilities are less than 0.01 md, yet production yields 

initial flow rates greater than 1000 stb/d. Another example of a fractured 

sandstone reservoir is the Spraberry trend of the Midland Basin in West Texas 

(Schechter et al., 1996; Guo et al., 1998; Baker et al., 2001). However, in this 

case shales constitute 87% of the reservoir column and there are virtually no 

structural sand traps. The Spraberry formation is comprised of approximately 305 

ft of various black, carbonaceous shales or silty shales, siltstones or silty 

sandstones and occasional thin limestones or dolomites. Within the siltstone the 

porosity is 8% with permeabilities at 0.5 md (Van Golf Racht, 1982).  There is 

however, significant hydrocarbon presence in capillary and sub-capillary porosity 

in the shale. Thus, although the siltstone forms the main reservoir, the shale itself 
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has reservoir capacity and the fractures act as feeder lines to conduct the oil to the 

wellbore. Guo et al. (1998), have also observed that this reservoir has significant 

permeability anisotropy due to the fractures, with kx/ky values as large as 300. 

Although the siltstone Spraberry reservoir has significant shale content, there are 

many examples within the North American continent where the fractured 

reservoir is entirely shale. These include the Cottageville field in northern West 

Virginia, the Mancos shale in the fractured Rangely anticline in Colorado, and the 

Big Sandy gas field of eastern Kentucky. Although its name implies otherwise, 

the Big Sandy is actually a Devonian shale reservoir (Lancaster et al., 1991), the 

largest in the Appalachian basin, with ultimate recoverable gas reserves of 2 

trillion cubic feet (Kemper et al., 1986). 

Finally, many reservoirs occur in fractured “basement” rocks. These are 

different from the typical reservoirs in sedimentary rock normally associated with 

oil exploration. The term basement refers to rocks in which natural matrix 

porosity and permeability are insignificant, such as igneous and metamorphic 

rocks. In such cases, both storage and transmission of hydrocarbons is due to 

fractures. An example of this is the La-Paz-Mara field of Venezuela.  Although 

this is primarily a fractured carbonate reservoir (Carmona et al., 1997) there is 

significant production that originates from fractured igneous and metamorphic 

basement rocks (Van Golf Racht, 1982). Other examples of basement reservoirs 

include the Edison, Wilminton, El-Segundo, Playa del Ray and Santa Maria 

Valley fields of California. The Orth field of Rice County, Kansas, is in a 

fractured Pre-Cambrian quartzite. The Hall-Gurney and Gorham fields of Russel 
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County, Kansas, and the White Tiger field in offshore Vietnam, are in fractured 

granites. 

In most of the reservoirs listed above, the presence of fractures made 

economic production possible when the matrix permeabilities (and in some cases 

matrix porosities as well) were extremely low. However, the presence of fractures 

is sometimes detrimental to oil recovery. An example of this is the Beaver River 

field on the border of the Yukon and British Columbia territories of Canada 

(Davidson and Snowdon, 1978). The field was originally thought to hold 1 Tcf of 

recoverable reserves, but despite initial production rates of over 200 MM scf/day 

from 6 wells, there was a dramatic decrease in production to 3 MM scfd/day in 

only 5 years leading to ultimate abandonment of the field. The hydrocarbon 

accumulation mechanism for the field was water influx from a steeply dipping 

permeable aquifer, trapping high-pressure gas in the dead-end fractures and vugs. 

During production, the water rapidly moved up the structure via vertical fractures, 

watering out the wells. 

In conclusion, high-permeability fracture networks in a matrix system can 

create high-conductivity channels for the flow of fluids through a reservoir, 

producing larger flow rates and larger apparent permeabilities than that due to the 

matrix alone. Although larger apparent permeabilities are normally beneficial to 

recovery, the effect of fractures can be detrimental when such reservoirs are 

eventually put on enhanced recovery. The fractures can function as short circuits 

for flow causing the displacing fluid to by-pass substantial portions of the 

reservoir. This can lead to early breakthrough and poor sweep in displacement 
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operations. Therefore, including the effects of fractures on fluid flow in reservoir 

modeling is likely to improve our understanding of reservoir performance. 

 

1.3 A REVIEW OF THE MODELING OF FRACTURED RESERVOIRS 

There have conventionally been two major approaches to the modeling of 

naturally fractured reservoirs – the discrete network approach and the equivalent 

continuum approach. The models differ in their representation of the 

heterogeneity of the medium. Discrete network models explicitly include 

populations of individual or equivalent fracture features in the model structure. 

They can thus represent the heterogeneity on a smaller scale than is normally 

considered in a continuum model. In the continuum approach, the actual 

discontinuum of fractures and blocks is replaced with a continuum of equivalent 

properties. Often, the equivalent continuum properties are computed using the 

discrete approach. 

 

1.3.1 Discrete Network Models 

The discrete network approach is best suited for those situations where the 

flow behavior is dominated by significant fractures. According to Chen (1989), 

the initial approach in studying naturally fractured reservoirs was to first study the 

flow behavior in an individual fracture (Baker, 1955; Huitt, 1956) and then to 

study the flow behavior in regular fracture networks with definite sizes and 

configurations (Parsons, 1966; Snow, 1969; Wilson and Witherspoon, 1974). 

Substantial work was done in this field by Long and co-authors (Long et al., 
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1982; Long and Witherspoon, 1985; Long and Billaux, 1987) and Dershowitz and 

co-authors (Dershowitz and Doe, 1988; Dershowitz and Einstein, 1988). 

Discrete network models are predicated on the assumption that fluid flow 

behavior can be predicted from a knowledge of the fracture geometry and data on 

the transmissivity of individual fractures. Spatial statistics associated with a 

fracture network, including fracture transmissivity, can be measured, and these 

statistics can be used to generate realizations of fracture networks with the same 

statistical properties. The fractures in these realizations then become the 

conductive elements in a fracture network flow model. The rock matrix is usually 

impervious; therefore if the fractures have no interconnectivity, the overall 

permeability is zero. 

Initial work in discrete fracture network modeling was done in 2-D 

systems (Long et al., 1982; Smith and Schwartz, 1984; Long and Witherspoon, 

1985). The flow through the network can be computed knowing the hydraulic 

head at various points in the network and ensuring mass conservation at the 

fracture intersections. Flow is typically computed for a large number of 

realizations and inferences are made about the expected behavior of the system 

and the variability about a mean. The behavior of interest could be fluid flux 

across the fracture network or travel times of solute or tracer from one point in the 

network to another. 

However, as pointed out by Long et al. (1985), 2-D analysis has a 

limitation in that fractures, which are not connected in the plane of analysis, may 

be connected in the third dimension. Thus, 2-D analysis will tend to underestimate 
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connectivity and the network will appear to behave less like a continuum than it 

actually does in three dimensions. Long et al. (1985) have presented a model of 

fluid flow in random 3-D networks of disc-shaped fractures, which is based on the 

Baecher-Lanney model (Baecher et al., 1978). Dershowitz and Einstein (1988) 

have also presented a 3-D model for rock joint systems. The Fracman discrete 

fracture analysis package (Golder Associates, 2000) that simulates flow and 

solute transport through a 3-D rock mass is based on Dershowitz’s work. It 

consists of a fracture generation module (Fracman/Fracworks), a finite-element 

mesh generator (MeshMaker), and a flow computation simulator (Matrix/Fracture 

Interactive code, Mafic). 

Although Long et al.’s (1985) justification for introducing a 3-D model 

was that it was more like a continuum, Andersson and Dverstorp (1987) pointed 

out that real 3-D flow and tracer tests in the Stripa test site in Sweden resulted in 

very unevenly distributed flow.  They have also presented a 3-D discrete fracture 

network model based on Baecher and Lanney’s work (1978) and solved for flow 

using the boundary element method. These nonuniform results were attributed to 

irregular flow within the discrete fracture network as well as channeling within 

the individual fractures. Assuming a homogeneous continuum is therefore a 

serious oversimplification.  

Percolation theory is another approach for the study of random networks 

of conductors (Berkowitz, 1995). Percolation theory provides universal laws that 

determine the geometrical and physical properties of a random system (Berkowitz 

and Balberg, 1993). Fluid flow through a random medium may be described as a 
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percolation process. A percolation network is constructed of a lattice of 

conductors with some connections turned off. If the probability that a conductor is 

left on (i.e., conducting) is p, then there is a critical probability, pc, above which 

there is at least one cluster that spans the network. This is called the percolation 

threshold. There is a scaling law for flow rate, q, when p is close to pc, which can 

be written as,  

( τ
cppq −∝ )  (1.1) 

where τ  is a universal scaling exponent. The exponent τ  depends only on the 

spatial dimension of the percolation model and not on the details of the model. 

Percolation theory provides general information about a critical density 

(percolation threshold) for connectivity and parameter scaling laws. However 

percolation theory assumes uniform transmissivity for the “fractures” and random 

locations for the conductors. 

Discrete fracture modeling, unlike percolation theory, can include variable 

fracture transmissivity, spatially correlated fractures and fracture properties 

generated by stochastic or mechanics based approaches. There are generally two 

views concerning the utility of discrete network models (National Research 

Council, 1996). One view is that they are primarily a tool for concept evaluation 

or model-based process studies. They can prove useful in studying scale 

dependence on dispersion, examining how network geometry influences 

spreading patterns and evaluating issues related to the reliability of data on 

fracture position and orientation. The other view is that discrete network models 

are practical tools for site-specific simulations. Volume-averaging approximations 
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are avoided at the scale of the fracture network and thus in cases where an 

equivalent continuum cannot be defined, discontinuum network simulation is a 

viable alternative. 

 

1.3.2 Continuum Models 

Sometimes a fractured reservoir having a well-developed network of 

fractures can be modeled as a single porosity reservoir. Individual fractures are 

not explicitly treated although discrete fracture networks can be used at a smaller 

scale to determine the equivalent continuum properties (Long et al., 1982, Sutopo 

et al., 2001). When treating flow through porous media as flow in a continuum, 

we are replacing Stokes flow through pores with Darcy flow through a porous 

medium. Likewise, flow through fractures can be treated as flow through pores in 

a continuum. The matrix blocks are analogous to the grains. Properties such as 

effective permeability and dispersivity can be volume averaged for the total rock, 

which includes fractures and matrix. Another method of estimating effective 

properties for a single-porosity model is cross-hole testing (Hsieh and Neumann, 

1985; Hsieh et al., 1985) in which well pumping tests are used to compute a 3-D 

hydraulic conductivity tensor. 

The continuum model that is widely recognized for modeling fractured 

reservoirs is the double-porosity model first proposed by Barenblatt and Zheltov 

(1960). In the double-porosity model two overlapping continuums are considered, 

one corresponding to the medium of the fractures and the other to the medium of 

the matrix. Two values of porosity and permeability are assigned to each point 
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corresponding to the matrix and to the fractures. The porosity due to the matrix 

system is generally called the primary porosity, 1φ . The porosity due to the 

fracture system is due to joints, faults, or solution channels and is called the 

secondary porosity, 2φ . 

Considering flow of a slightly compressible homogeneous fluid and 

writing the equations of motion and conservation of mass independently for each 

medium, Barenblatt and Zheltov obtained (Chen, 1989) 

t
PcqPk
∂
∂

=−∇•∇ ∗ 1
111

1 φ
µ  (1.2) 

t
P

cqP
k

∂
∂

=+∇•∇ ∗ 2
222

2 φ
µ  (1.3) 

where  is permeability, k P  is pressure (or potential), t  is time,  is 

compressibility, 

c

µ  is viscosity and  is a source function that represents transfer 

between the matrix and the fractures. The subscripts 1 and 2 denote the matrix 

and fracture systems respectively. The interporosity flow, q , was assumed to be 

quasi-steady state, in which the process is not explicitly time dependent. The 

pressures in the matrix and fracture systems, however, are time dependent 

variables and therefore the interporosity flow has inherited time dependence. An 

expression for the interporosity flow is,  

∗q

∗

( 21 PPq −=∗

µ
)α
 (1.4) 
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where α  is a characteristic of the fracture system. Barenblatt et al. (1960) then 

considered a simplified case of the above system by assuming that the flow 

through the matrix system, as well as the storage capacity of the fracture system, 

was negligible. Substituting for the interporosity flow term, equations 1.2 and 1.3 

reduce to  

( )
t

P
cPP

∂
∂

=− 1
1112 µφα  (1.5) 

and 

( ) 02122 =−+∇•∇ PPPk α   (1.6) 

A third order equation that is satisfied by both and can be written as 

(Chen, 1989) 

1P 2P

[ ] 0
11

22 =∇•∇−∇•∇
∂
∂

−
∂
∂

ii
i P

c
kP

t
k

t
P

µφα  ,      2,1=i  (1.7) 

When ∞→α , i.e., when there is no resistance to transfer of fluid between the 

fracture and matrix systems, equation 1.7 reduces to the classical diffusivity 

equation describing flow of a slightly compressible fluid through a conventional 

porous medium with k  and 2 1φ  as its permeability and porosity. 

In 1963, an idealized model of a naturally fractured reservoir was 

presented by Warren and Root (1963). They used Barenblatt’s concept of a 

double porosity medium but include fracture compressibility.  Thus, we have, 

( )
t

P
cPP

∂
∂

=− 1
1112 µφα  (1.8) 
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( )
t

P
cPPPk

∂
∂

=−+∇•∇ 2
222122 µφα  (1.9) 

The Warren and Root model presents the naturally fractured reservoir (Fig 

1.1.) as an idealized system formed by identical rectangular parallelepipeds 

separated by an orthogonal network of fractures (Fig 1.2). The flow between the 

fracture and matrix systems is considered to take place under quasi-steady state 

conditions. Thus, the transfer between the matrix and fracture systems can be 

written as, 

( )
µ

ξ 211 PPk
q

−
=∗

 (1.10) 

We note that ξ1k  is equivalent to the Barenblatt α . The quantity ξ  is a shape 

factor that governs matrix-fracture transfer and can be specified in terms of the 

dimensions of the matrix blocks. 

For radial flow, the following dimensionless parameters can be 

introduced, 

( )
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where  is the height of the reservoir,  is the flow rate at the well bore, and h q r  is 

the radius (subscript  represents the wellbore). Using equations 1.11 through 

1.15, equations 1.8 and 1.9 can be re-written in dimensionless form as, 

w
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where λ  is known as the interporosity flow coefficient and ω  is the storativity 

ratio. 

For a drawdown case in an infinite reservoir, the solution is, 
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A graphical representation of equation 1.18 from Warren and Root (1963) 

is presented in figure 1.3. The pressure response as a function of time reveals the 

presence of two parallel straight lines (on a semi-log plot of PD versus log tD), 

instead of the one expected for a “conventional” single porosity reservoir. The 

dimensionless pressure is also dependent on the two additional parameters, λ  and 

ω .  For a given λ  and ω , there is an early time straight line whose slope is 

related to the permeability of the fracture system, k2, followed by a transition 

period of constant PD and finally a late time straight line parallel to the first. The 

vertical separation between the early and late time straight lines depends on the 

relative storage capacity of the fractures, ω , whereas the location of the transition 

period depends on the interflow coefficient λ . For the limiting cases, i.e., 

0.1→ω  (all storage capacity of reservoir is in the fractures) or ∞→λ  (no 

impedance to interporosity flow), the behavior approaches that of a homogeneous 

single-porosity reservoir. Warren and Root (1963) presented an approximation to 

compute ξ  but stated that it should be estimated from well test data. Kazemi et al. 

(1976) proposed a formula to compute ξ  based on average reservoir matrix block 

dimensions, which is the method adopted in the finite difference simulator 

ECLIPSE (Schlumberger, 1995).  Johns and Jalali-Yazdi (1991) used a 

probability distribution function to represent matrix blocks of varying sizes and 

hence fractures of different spacing. 

Warren and Root (1963) conceded that the build-up or draw-down data 

curve of a dual-porosity reservoir could not distinguish it from a two-layered one 

without additional data. Further, well-bore storage and skin effects can mask the 
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early time pressure response and make it difficult to observe the signature two 

line pressure response as was noted by Odeh (1965) from a few case studies.  

Nevertheless, the use of the Warren and Root dual porosity model has gained 

widespread acceptance for the representation of fractured reservoirs. The 

idealization of a fractured reservoir composed of regularly shaped blocks of 

uniform size is not necessary.  All that is required is that the reservoir satisfies the 

dual porosity criterion. The interporosity flow coefficient, λ , can be computed as 

a history match parameter from which the shape factor ξ  (for equivalent 

uniformly sized blocks) can be extracted. 

The dual-porosity model, which neglects flow within the matrix system, 

generally yields satisfactory results because matrix permeability is usually much 

lower than that of the fracture system.  However, when the contrast between the 

two permeabilities is not significant, the original Barenblatt-Zheltov model should 

be solved. This is known as the double-permeability model. Exact solutions to this 

model, including well-bore storage and skin effect, were presented by Liu et al. 

(1987). They defined the dimensionless terms slightly differently from Warren 

and Root (1963) and thus a direct comparison of the two models is not possible. 

However, the controlling parameter that differentiates the dual-porosity from the 

dual-permeability model is the permeability ratio, D, defined as 
2

1
k

kD = .  A 

graphical representation of the Liu et al. (1987) solution is presented in figure 1.4. 

As the permeability ratio increases, the effect of the Warren and Root dual-

porosity model weakens. The early straight-line segment of the dimensionless 
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pressure moves closer to the later straight-line segment, and in general they do not 

become parallel to each other as in the Warren and Root case.  

Figure 1.5 summarizes the modes of transport for one-dimensional flow in 

single-porosity, dual-porosity and dual permeability models (Dean and Lo, 1988). 

In the single-porosity model, flow toward the wellbore (sink) takes place from 

matrix cell to matrix cell in sequence. In the dual-porosity model, flow toward the 

wellbore takes place only from fracture cell to fracture cell. Although the matrix 

cells contain fluid, there is no flow from matrix cell to matrix cell. Fluid 

saturation and pressure in the matrix cells change only by the exchange between a 

matrix cell and its associated fracture cell. It is thus seen that for flow to the 

wellbore to be uninterrupted the fracture network must be well connected. In the 

dual permeability model in addition to flow between fracture cells there is also 

flow between matrix cells as well as exchange between a matrix cell and its 

associated fracture cell. The dual porosity model can be considered as a limiting 

case of the dual permeability model where matrix permeability is zero. The single 

porosity model can be considered as a limiting case of the dual porosity model 

where matrix to fracture exchange coefficient is zero. In this case the fractures 

function as the matrix. 

The primary advantage of a dual-porosity flow model is that it provides a 

mechanism to account for the delay in the hydraulic response of the fractured 

system. This delay is caused by the fluid that is resident in less permeable matrix 

whereas the initial production response is due to the fluid that over time has 

accumulated in the highly permeable fractures. For applicability, the fracture 
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system should be extensive and well connected. Thus the dual-porosity model is 

most appropriate in predicting the unsteady state pressure response of a heavily-

fractured or vugular reservoir. The late time response resembles an equivalent 

homogeneous reservoir whose permeability equals the permeability of the fracture 

system. If the fractures were not well connected, the effect of the fractures would 

primarily increase the observed permeability of the “matrix”. The Warren and 

Root dual-porosity pressure response is not expected. A fracture-only discrete 

network model is also inadequate for this scenario because a loss of connectivity 

between the fractures will result in an effective permeability of zero. The best way 

to capture the effect of the disconnected fractures on the reservoir behavior is 

therefore through coupled fracture-matrix fluid flow.  

Previous researchers (Sato and Abbaszadeh, 1994; Lough et al., 1997; 

Nakashima et al., 2000) performed single-phase flow simulations of coupled 

matrix-fracture flow to obtain effective permeabilities.  Sato and Abbaszadeh, 

(1994) and Nakashima et al., (2000) used a complex variable boundary element 

method whereas Lough et al., (1997) used a real variable boundary element. The 

approach in this work is to compute an equivalent permeability for a 

representative fractured region using a finite difference flow simulator. The 

spatial geometry and apertures of the fracture pattern are characterized using a 

geomechanical fracture propagation model (Olson et al., 2001).  The fractures are 

represented explicitly in the simulator and single-phase flow simulations are 

performed to obtain the equivalent permeabilities of the fractured region. The 

advantages of using a finite difference simulator are the capability to conduct 
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multi-phase flow simulations and to compute breakthrough times for 

displacement operations. Further, since the matrix can also be discretized, unlike 

in the boundary element method, the effect of the fractures on the flow through 

the matrix can also be studied. 

Durlofsky (1991) has defined two terms for averaging the permeability of 

a heterogeneous media - effective and equivalent. If the scale of the region over 

which the permeability was averaged is large relative to the scale of the 

heterogeneity, then it is called an effective permeability. However, if the scale 

over which the permeability was averaged does not account for all the scales of 

the variation, then it is called an equivalent permeability. The term equivalent 

permeability is used here in order to allow for the possibility of a larger scale 

heterogeneity unaccounted for in the finite size simulations. Further, the fracture 

characterization has been restricted to the geometry of opening mode fractures, 

but it is recognized that faults may also play a role in reservoir flow at a larger 

scale. 
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Figure 1.1: A block of a naturally fractured reservoir depicting the matrix, vugs 
and fractures (after Warren and Root (1963)). 
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Figure 1.2: Warren and Root idealization of the reservoir in Figure 1.1. depicting 
the matrix blocks and orthogonal network of fractures (after Warren 
and Root (1963)). 
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Figure 1.3: Dimensionless pressure response as a function of time for several 
values of ω  and λ , drawdown case, infinite reservoir. From Warren 
and Root (1963), Figure 5. 
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Figure 1.4: Dimensionless pressure response as a function of dimensionless time 
for a dual-permeability reservoir for varying values of permeability 
ratio, for a particular case of λ  and ω . From Liu et al. (1987), 
Figure 5. 
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Figure 1.5: Flow paths for the three representations of the continuum model 
(After Dean and Lo, 1988) 
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2. Problem Statement 

Permeabilities required for the history match during reservoir simulation, 

also known as reservoir model calibration, are often higher than those inferred 

from standard scale-up procedures of permeabilities obtained from core-plugs and 

well logs. Often, the enhanced permeability is parallel to the bedding, which is in 

the horizontal or subhorizontal plane. Part of the reason for the discrepancy in 

history match permeability might be due to inadequate scale-up procedures such 

as non-identification of flow units or an improper averaging process. However, 

part of the discrepancy might be due to the presence of weakly connected fracture 

networks unaccounted for in the reservoir characterization. The fractures are often 

perpendicular to the bedding plane. Weakly connected fracture networks do not 

produce dual porosity or dual permeability behavior but do cause an enhancement 

in the permeability of the region.  

The South Wasson Clear Fork (SWCF) field, located in Yoakum county, 

West Texas is one such reservoir. Model lateral permeabilities necessary to obtain 

history matches were approximately 2 times larger than those constructed from 

core analysis data with standard modeling methods (Jennings et al., 2002).  The 

SWCF reservoir produces from a carbonate formation composed of the following 

basic rock fabrics (Lucia et al., 2001): dolograinstones, grain dominated 

dolopackstones (both large and medium crystalline), mud dominated dolostones 

(medium and moldic medium crystalline), and silty dolostones with very little 

vuggy porosity. Dolostone is a sedimentary rock altered from a precursor 
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limestone to the mineral dolomite, ( )23COCaMg , during a post-depositional 

chemical process. A dolograinstone is a mud-free grain supported fabric and a 

dolopackstone is a fabric that originally contained some matrix of calcareous mud 

in a self-supported granular framework. 

The absence of vuggy porosity and the absence of dual-porosity behavior 

in the SWCF reservoir indicates that fractures, if present, could perhaps be 

modeled as weakly connected, instead of as dissolution channels or a strongly 

connected fracture network. A conceptual study was therefore performed on the 

behavior of weakly connected fracture networks in the enhancement of region 

permeabilities. The subcritical crack index was measured on core samples of the 

SWCF reservoir. Representative fracture networks were generated using the 

measured subcritical crack indices and other rock and reservoir data of the SWCF 

reservoir. The sensitivity of fracture attributes such as mean and total fracture 

lengths of the fracture networks on the subcritical index and bed thickness were 

also studied.  

The fracture networks so obtained were then used to obtain equivalent 

permeabilities for larger scale flow simulation.  The effects of geometric fracture 

characteristics such as length, spacing and aperture on the equivalent 

permeabilities were examined. The effect of cement filling on fractures and the 

resultant equivalent permeabilities were also studied.  Finally, the effect of 

different flow boundary conditions - uniform pressure and uniform flow rate - on 

the estimated equivalent permeabilities was also considered. In order to determine 

the appropriate boundary conditions for permeability estimation, the fractured 
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region was placed in an unfractured homogeneous space and the results of the 

flow simulations were analyzed. 

This method of obtaining equivalent permeabilities could be used for 

scale-up purposes. Real rock and reservoir data from representative layers can be 

obtained from which geomechanical simulations could be performed to obtain 

fracture networks with certain attributes. These attributes will vary based on the 

rock and reservoir data of representative layers. The obtained fracture attributes 

should be constrained with available observations both from outcrop data, if 

available, and microfracture observations from core. The effect of the nature of 

the heterogeneities, on the scale of the coarser scale flow simulation, could then 

be obtained by fine-scale flow simulations on the representative fracture 

networks. 

The lateral size chosen for this analysis was a 50 m x 50 m representative 

region, which was close to the size of the coarser scale grid block used in the 

larger flow simulation. The bed thicknesses were chosen as being representative 

of the depositional layers (mechanical bed thicknesses) in the reservoir. In 

principle, however, the size of the region modeling the fracture network should 

generate networks that represent the scale of the heterogeneities on the larger 

scale as well. In this case the obtained permeability will be an effective 

permeability and the modeled region would function as a representative 

elementary volume (REV) for scale-up permeability estimation purposes.  
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3. Generating Representative Fracture Networks 

3.1. STOCHASTIC FRACTURE NETWORK MODELING 

The adequate characterization of interwell fracture network geometries for 

the purpose of reservoir flow simulation can be challenging using only direct 

observational data (Laubach et al., 2000). Thus, most modeling approaches have 

been statistical, using data from outcrop and well-bore observations to determine 

distributions for fracture attributes such as fracture length, spacing, and aperture, 

and then randomly populating the model with fractures that honor those statistics 

(Long et al., 1985; Dershowitz and Doe, 1988; Sato and Abbaszadeh, 1994; 

Lough et al., 1997).  Lough et al. (1997) used a tracing of an outcrop to obtain the 

minimum, maximum and average values of length, orientation and fracture 

intensity for a naturally fractured tight gas sand reservoir of the Mesaverde 

formation. They also attempted to observe the nature of the fracture terminations 

– i.e., whether at isolated points, at T-type intersections or at the end of another 

fracture. 

Long et al. (1985), in representing a 3-D network of disc-shaped fractures, 

used the Baecher and Lanney model (1978) in which circular fractures (penny 

shaped) have log-normally distributed radii and are randomly located in space. 

This was based on an analysis of trace data observed in outcrops, intersection data 

in boreholes and the examination of fracture surfaces. For fracture orientation, 

there are a variety of distributions that are used - Arnold’s hemispherical normal, 

Bringham’s, Fisher’s and uniform distributions. Apertures generally have skewed 
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distributions as estimated by pump tests (Snow, 1965). Ortega (2002) and Gale et 

al. (2002), have observed from field data that cumulative aperture distributions 

generally follow a power law relationship.  

Observed data can also be used to establish inter-dependence between 

different fracture characteristics in order to constrain distributions used in the 

statistical study (Andersson and Dverstorp, 1987; Olson et al., 2001). Long et al. 

(1985) have pointed out that a correlation between aperture and fracture extent 

does exist.  In order to explain the concept of interdependence, Dershowitz and 

Einstein (1988) have described two types of characterization of rock joint systems 

- disaggregate and aggregate.  In disaggregate characterization each of the major 

joint characteristics (orientation, location, spacing, length and aperture) is 

separately represented by statistical distributions. In aggregate characterization, a 

joint system model is formed that attempts to capture the interdependence of a 

number of characteristics, thus describing the rock mass geometry as an entity. 

The individual characteristics are still stochastically described, but their 

interdependence is specified. 

The stochastic approaches, although useful, can be limited by the quality 

and quantity of data available. For instance, fracture observations in the wellbore 

are sparse and can be influenced by drilling and completion operations and 

fractures in outcrop can be altered by weathering (Engelder, 1985).  Lough et al. 

(1997) noted that fracture terminations are often obscured by ground cover (soil 

or vegetation). Moreover, even if good outcrop data were available, using 

outcrops as subsurface analogs can be complicated by the fact that each body of 
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rock will have experienced different diagenetic and burial histories.  Rocks that 

are at the surface today often have not been buried as deeply as those that are 

currently in the subsurface, and consequently they have different mechanical 

properties, permeability, porosity and fracture attributes. 

Other authors (Nakashima et al., 2000; Sutopo et al., 2001) have used 

arbitrary distributions without providing a reason for the choice. Those studies 

concerned the effect of fractures on coupled fracture-matrix fluid flow and would 

therefore qualify as a conceptual study of the effect of fractures.  Nakashima et al. 

(2000) used a normal distribution for the lengths of fractures, and all the fractures 

were oriented parallel to the direction of the pressure gradient. The locations of 

the fracture centers were selected randomly, and fracture lengths were assigned 

from the selected distribution (normal) until the sum of the fracture lengths 

reached a preset total length.  Sutopo et al. (2001) did not specify what type of 

distribution was used, but they have also sampled fracture lengths and fracture 

locations randomly as well. 

La Pointe and Hudson (1981), Barton (1984) and Laubach (1991) have 

observed that fractures often occur in swarms of subparallel features, indicating 

spatial correlation between the fractures.  “Zoned” joints have also been described 

by Dyer (1983) in the Entrada sandstone of the Arches National park. In the 

Entrada sandstone the spacing between the zones was approximately equal to the 

bed thickness and within the zones, which were only 0.5 m to 2.0 m wide, joints 

occurred in closely spaced, en-echelon clusters, with some parallel joints running 

side by side for tens of meters. Numerous other authors (Price, 1966; McQuillan, 
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1973; Verbeek and Grout, 1984) have also reported that spacing is often 

proportional to bedding thickness for fractures that are oriented perpendicular to 

bedding. Thus, these observations suggest some systematic rules control the 

occurrence of fractures, and that a purely stochastic modeling approach may not 

be adequate. 

 

3.2 LINEAR ELASTIC FRACTURE MECHANICS. 

Linear elastic fracture mechanics has proven effective in analyzing many 

natural fracture problems (Pollard and Segall, 1987; Pollard and Aydin, 1988), 

and may provide a better method of fracture modeling than the purely stochastic 

approaches. The theory of linear elastic fracture mechanics (LEFM) relates the 

stress concentration at the tip of a crack to the intrinsic strength of a material. 

Renshaw and Park (1997) have used LEFM - specifically the interactions between 

fractures - to model fracture length and aperture scaling effects. Various other 

authors have used LEFM to model propagation of fractures - both opening mode 

(joints or veins) and shearing mode (faults). A comprehensive review of previous 

work is presented in Pollard and Aydin (1988) and Schultz (2000). To be more 

specific about recent work - Segall, (1984a, 1984b) has used LEFM to model the 

formation and growth of extension fractures, Renshaw and Pollard (1994) have 

used LEFM to numerically simulate fracture growth and have been able to 

duplicate the numerical results experimentally, Olson and Pollard (1991) have 

used LEFM to model field-observed en-echelon arrays and Olson (1993) has used 

LEFM with numerical simulation using subcritical crack growth to model 
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naturally observed fracture patterns.  Also, Lin and Parmentier (1988) have used 

LEFM to model growth of a normal fault as overburden pressure increases with 

depth and Aydin and Schultz (1990) have used LEFM to predict whether the 

propagation of a strike-slip fault is enhanced or retarded in the vicinity of a 

neighboring fault segment. 

LEFM assumes that the material around the fracture tip is elastic. Inelastic 

processes (i.e., fracturing, frictional wear and plastic deformation) involved in 

creating new fracture surface area occur in a vanishingly small zone at the tip. 

Strictly speaking, prior to macroscopic fracture formation, there is inelastic 

deformation on the grain scale at the fracture tip (Ingraffea, 1987). Therefore, the 

physical process of fracture initiation in rock is non-linear. However, the inelastic 

zone (process zone) at the tip of a fracture can be ignored if the overall fracture 

length has become large relative to this zone (Lawn and Wilshaw, 1975). 

Opening mode (mode I) fractures or joints propagate in the direction 

perpendicular to the least compressive stress (Lawn and Wilshaw, 1975; Pollard 

and Aydin, 1988). These fractures are characterized by: (1) a displacement 

discontinuity or opening that is perpendicular to the fracture faces, and (2) a lack 

of shear offset. Failure at the crack tip is tensile in nature. In subsurface 

environments, where the ambient stress is compressive, a fluid pressure greater 

than the minimum compressive stress is required for propagation (Secor, 1965). 

Many opening mode fractures also have residual mineral filling.  

The sufficient condition for mode I  fracture propagation is determined by 

the Griffith criterion and the mode I  stress intensity factor, .  for a IK IK
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uniformly loaded, isolated crack of length  (Fig 2.2) is defined as (Lawn and 

Wilshaw, 1975) 

c2

IK

cK II πσ∆=    , (3.1) 

and 

minfI P σσ −=∆    , (3.2) 

where ∆σI is the driving stress, Pf  is the fluid pressure in the fracture, and σmin is 

the in-situ least compressive stress. Critical crack propagation occurs when the 

stress intensity factor is greater than a quantity defined as the critical stress 

intensity factor, , also known as the material’s fracture toughness.  In such 

cases, the fracture propagation velocity accelerates to one-quarter to one-third the 

shear elastic wave speed in the solid media (Lawn and Wilshaw, 1975; Freund, 

1990).  

ICK

From equation 3.1 it follows that  is proportional to c .  Thus, if for 

constant driving stress, a fracture begins propagating and the loading is not 

relaxed, it will “run away” unstably before other cracks can propagate.  Segall 

(1984a) points out that this effect is observed in laboratory experiments, i.e., only 

one fracture is formed when loading a rock sample in tension.  But natural 

fractures have finite lengths implying more stable propagation.  Segall (1984a) 

lists 4 factors that tend to stabilize propagation – decreasing effective stiffness 

(due to increase in cumulative crack length), decreasing internal fluid pressure, 

decreasing remote load and elastic interaction between the fractures. 
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Olson (1993) considered the propagation of an isolated crack under 

constant uniaxial tension (constant stress) and constant uniaxial extension 

(constant displacement) (Fig 3.3).  Under constant stress boundary conditions, the 

stress intensity increases with the square-root of length. Under constant 

displacement boundary conditions for an infinite strip, the stress intensity 

increases initially and then levels off to a constant value after the fracture length 

exceeds the thickness of the strip. If, however, the crack is considered to be 

surrounded by a medium filled with propagating cracks that reduce the effective 

modulus of the body (Segall, 1984a) and the loading is a fixed displacement, then 

the stress intensity decreases after an initial increase. This is similar to the 

behavior of a finite strip under uniaxial extension within an infinite body. Thus 

finite fracture lengths that are observed in the field, implying stable crack 

propagation, can be duplicated by the correct choice of boundary conditions on 

the modeled region and an appropriate effective modulus. 

 

 

3.2.1 Subcritical Crack Growth 

From thermodynamic principles, a crack will propagate if the mechanical 

potential energy released per unit length of crack growth, G , (also called crack 

extension “force”) is equal to or greater than the work necessary to create the 

additional crack surface area, Γ2 .  is a property of the loading conditions and 

crack geometry. Γ , the fracture surface energy per unit area, is a material 

property. In principle, therefore, cracks will propagate only if 

G
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Γ≥ 2G .  (3.3) 

G can be related to the stress intensity factor, , as  IK

( ) 2
21

IK
E

G γ−
=   (3.4) 

for plane strain. 

However, it has been shown from experiments that in some cases cracks 

loaded in the presence of aqueous fluids propagate for some range of G  less than 

 (Lawn and Wilshaw, 1975), i.e., cracks propagate at stress intensities  

much lower than the critical stress intensity, .  Rice (1978) postulated that 

fracture surface energy was reduced to a new effective value, Γ , by the 

adsorption of reactive species from the fluid phase onto the crack face. Thus, 

Γ2 IK

ICK

*

Γ≤≤Γ 22 * G . (3.5) 

Experimental determinations of the magnitude of *Γ  have not been very 

successful (Segall, 1984a). Values of Γ obtained for Westerly granite are 

greater than 3 (Atkinson and Rawlings, 1981) and for mica are approximately 13 

(Lawn and Wilshaw, 1975). Analogous to the quantity, 

*/ Γ

*Γ , Atkinson and 

Meredith (1987) propose a threshold stress intensity factor, , that could be 

defined, as 

*
IK

10
* IC
I

KK = .  (3.6) 
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Fracture propagation can therefore occur at stress intensities lower than  

provided the threshold limit  was reached. 

ICK
*
IK

This type of fracture propagation, i.e. at stress intensities below the 

critical, is called subcritical crack growth and has been observed in various types 

of rock (Atkinson and Rawlings, 1981; Swanson, 1981, 1984).  The velocity of 

subcritical crack propagation is much smaller than that for critical crack 

propagation and has been observed to follow an empirical power law (Atkinson, 

1987), 

n

IC

I

K
K

VV 







= max    , (3.7) 

where Vmax is the maximum propagation velocity at ICI KK =  and n is the 

subcritical crack (SCC) index. A log-log plot of the stress intensity factor versus 

crack velocity is presented in figure 3.4.  The figure depicts three distinct 

fracturing regimes. In region 1, i.e., at low values of strain and therefore low 

values of stress intensity factor, , the velocity of crack growth is limited by the 

rate of stress corrosion reactions at the crack tips. This is a straight line whose 

slope is the subcritical index, n.  In region 2, the velocity of crack growth is 

controlled by the transport of reactive species to crack tips. In this region the 

chemical reactions cannot keep pace with the increase in stress intensity factor 

(increase in applied strain). The slope is zero (horizontal line) indicating that the 

crack velocity is independent of the stress intensity factor. In region 3, i.e., 

dynamic crack growth or critical crack propagation, the crack growth is mainly 

controlled by mechanical rupture and is relatively insensitive to the chemical 

IK
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environment (Atkinson, 1987). The crack is unstable and accelerates into a 

dynamic running crack as evidenced by the vertical line for crack velocity at 

stress intensity factor of . ICK

The development of opening mode (tensile) fracture patterns in rock has 

been successfully modeled using the principle of subcritical fracture propagation 

(Segall, 1984; Olson, 1993; Renshaw and Pollard, 1994; Schultz, 2000). 

Microfractures in many types of rock can act as nucleation points for 

macrofractures (Olsson and Peng, 1976; Tapponier and Brace, 1976; Wang and 

Heard, 1985). Randomly located and oriented grain scale flaws in a rock mass 

grow into microcracks that align perpendicular to the least compressive stress. 

These microfractures then become long enough relative to their separation to 

interact. The interaction between the microfractures favors selective growth of a 

few of them into macrofractures, which later develop into en-echelon arrays. 

Selective growth occurs due to combined effects of stress shielding of some 

cracks and stress enhancement at other crack tips. 

The fracture patterns obtained using the subcritical crack growth law 

(equation 3.7) applied to random arrays of starter cracks can reproduce patterns 

observed in the field. For example, Segall (1984b) has reported on a set of well-

exposed joints of the Sierra Nevada, California. The joints form a single set 

composed of many individual fractures that strike nearly parallel to one another. 

These joints are dilational with displacements ranging from 0.1 mm to 3.5 mm. A 

small number of the fractures have shear displacements of the order of 2 cm while 

the vast majority have no shear displacement. Moreover, there was no evidence of 
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branching of the joint terminations – a phenomenon usually associated with 

dynamic or critical crack propagation (Lawn and Wilshaw, 1975).  There was also 

a region of chemically altered rock adjacent to the joints that suggest that the 

fractures could have been filled with fluid as they formed. 

Renshaw and Pollard (1994) attempted to reproduce fracture patterns 

created on a brittle coating of an acrylic sheet in a numerical simulation based on 

the subcritical crack law.  The initial flaws in the simulator were modeled based 

on the appearance of cracks on the acrylic sheet.  The stress intensities for each of 

the crack tips were computed assuming interaction in an infinite linear elastic 

medium. For each growth iteration, each fracture tip was advanced by a certain 

amount, , given by, advI

( )

n

I

I
adv K

KcI 









=

max
02 , (3.8) 

where  was the maximum stress intensity factor for the most intensely 

loaded fracture in the set and  was the initial flaw length. The initial flaw 

geometry in the simulator was not random but was decided by the location of the 

cracks in the sheet, and therefore the likelihood of the simulation results matching 

the experimental results would be higher. Nevertheless, for subsequent crack 

growth with minute displacement increments, an excellent match was obtained 

between the locations of each of the fracture tips in the acrylic sheet and the 

simulator. 

(maxIK )

02c

The propagation path of fractures is influenced by mechanical interaction 

between nearby cracks and the differential stresses (difference between the 
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maximum and minimum compressive stresses) at the time of propagation (Olson 

and Pollard, 1989). If a propagating planar crack begins to curve, a large crack-

parallel differential stress creates an opposing shearing stress that encourages 

straight propagation. Moreover, there is also the added effect of resistance to 

curved crack growth due to the necessity of opening against maximum 

compressive stress. Olson and Pollard (1989) have shown that a differential 

compression of 5 MPa or more, parallel to the fracture propagation direction, is 

sufficient to guarantee straight fracture propagation. Zoback and Zoback, (1980) 

and McGarr, (1982) have indicated from measurements that the differential stress 

at depths greater than one km is generally larger than 5 MPa. 

Since it is postulated that cracks grow in the subsurface due to fluid 

pressure inside of them it is interesting to compare characteristic times for fluid 

flow in the rock matrix to characteristic time for crack growth for unconnected 

cracks. The average characteristic crack tip velocity, V , can be written as (Segall, 

1984b), cDV 2=  where  is the hydraulic diffusivity and  is the crack 

length. Hydraulic diffusivities for flow of water in intact rocks are of the order of 

10

D c2

-5 m2/s for granites and range from 10-2 m2/s to 1 m2/s for sandstones. The 

fracture lengths are typically of the order of 1 to 10 m. Thus average propagation 

velocities should range from 10-6 m/s to 10-5 m/s for granites to 10-3 m/s to 1 m/s 

for sandstones. If the average crack velocities were less than these values then the 

fluid pressures within the fractures would remain constant. If, however, average 

crack velocities exceed V , then the internal pressure would decrease as the cracks 
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propagate (Renshaw and Harvey, 1994). Thus, finite diffusion of pore fluid 

through the rock matrix will tend to limit fracture propagation speed.  

Finally, the zoned and clustered nature of the fractures suggests crack 

propagation under the influence of crack interactions and subcritical crack growth 

(Olson, 1993).  Thus from the above discussions it is seen that although it cannot 

be proved that many of the fractures observed have occurred due to subcritical 

growth, a combination of many factors that favor such growth exist - the corrosive 

aqueous phase in the subsurface, the fairly low hydraulic diffusivities through the 

rock matrix, the geologic time period (of the order of millions of years) since 

many of these formations have been created and the continuous and gentle 

movement of the earth’s crust producing long term loads. Moreover, an 

explanation for the zoned and parallel nature of the cracks, coupled with the lack 

of crack tip branching, could be that the fracture growth was subcritical. Thus 

with the hypothesis that many of the fractures observed in the field have been due 

to subcritical growth, this dissertation proceeds with the measurement of the 

subcritical index for representative rock samples. The subcritical index and other 

rock and reservoir parameters are then used for fracture network generation using 

a geomechanical simulator.  

 

3.3 EXPERIMENTAL DETERMINATION OF SUBCRITICAL CRACK INDEX: 

Subcritical crack velocities are generally measured using a dual torsion 

apparatus (Fig 3.5) (Evans, 1972; Williams and Evans, 1973). The dual torsion 

loading configuration and sample parameters are shown in Fig 3.6. The test 
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specimens used in this study were between 2 and 5 mm thick, 5 to 15 cm long and 

with length-width ratios of 1.5 to 3. The width to thickness ratios were greater 

than 15:1 for all specimens. The specimen was also grooved along its center to 

provide a plane of weakness for the fracture to propagate without deviation.  

In the test procedure the specimen is placed such that its corners rest on 4 

balls positioned on the test apparatus (Fig 3.5) and a fixed displacement is applied 

using a screw gauge micrometer. At the end of the micrometer is a plate with two 

balls that rest on both sides of the groove on the test specimen. Applying the 

displacement produces a moment on both halves of the specimen. The load that is 

generated is measured using a load cell that is mounted between the micrometer 

and loading plate. The load as a function of time is recorded from which the load 

decay rate (first derivative of load with respect to time) can also be computed. 

The constant displacement dual-torsion (DT) test is based on the 

observation that the specimen compliance, i.e., the ratio of the displacement, u , to 

the applied load, , is linearly proportional to the crack (half) length,  (Evans 

1972). Since the crack develops from the edge of the specimen the length 

developed is actually the crack half-length for the purposes of fracture analysis 

Thus, an empirical relationship for the compliance, 

F c

F
u , can be written as, 

DBc
F
u

+=  (3.9) 

where the quantities B  and  are constants. The quantity  is the compliance 

of the uncracked specimen. 

D D

From equation 3.9 we obtain, 
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  (3.10) 

Differentiating equation 3.10 with respect to time, t , (u  is a constant) we 

obtain the velocity of crack propagation, V , 

dt
dF

BF
u

dt
dcV 2−== . (3.11) 

Further, since the displacement u  is a constant, the following relationship holds 

(from equation 3.9),  

[ ] tt FDBcuu +== 0   (3.12) 

where the subscript t  refers to a specific time, e.g., at crack initiation or at final 

crack growth. 

Substituting equation 3.12 into equation 3.11 one obtains an expression for 

the instantaneous crack velocity, V , as a function of the instantaneous load, load 

decay and either the initial crack length and initial load or the final crack length 

and final load. 

( )
dt
dF

B
Dc

F
F

V t
t +−= 2 . (3.13) 

The quantity B
D  is usually small, except in low modulus materials (Williams 

and Evans, 1973), and therefore the crack velocity can be approximated as 







=

dt
dF

F
cF

V tt
2 . (3.14) 
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Generally, at the end of the fracture growth test the final crack length and load are 

obtained for substitution in equation 3.14. 

For the dual torsion test configuration (Fig. 3.6), the stress intensity factor, 

, is (Williams and Evans, 1973), IK

( ) 2
1

3

13







 +
=

nt
mI ddW

FWK ν
IFH≡ , (3.15) 

where d is the specimen thickness, dn is the thickness along a central groove in the 

specimen, ν is Poisson’s ratio, W  is the specimen width, W  is the moment arm 

for the applied load and  is the applied load. For a chosen sample,  is a 

constant (fixed dimensions and Poisson’s ratio), and therefore for a given 

specimen the stress intensity factor, , is a function of only the applied load. It 

is not a function of the crack length as is the case for a lateral uniaxial tension 

(Fig 3.2) as given by equation 3.1. Therefore, the dual-torsion apparatus is a very 

useful apparatus for measuring subcritical crack growth parameters, as it is not 

necessary to observe the crack during fracture growth. Using equations 3.14 and 

3.15 the instantaneous crack velocities and corresponding stress intensity factors 

at each of the recorded load values can be obtained. From a plot of the crack 

velocity, , versus the stress intensity factor, K

t m

F IH

IK

V I, on a log-log scale, the 

subcritical crack index , can be computed as the slope of the obtained straight 

line (Fig. 3.8). 

n

In low porosity rock, ceramics and glass the intact specimen compliance is 

negligible compared with crack growth related compliance changes (Holder et al., 

2001) and therefore the load decay curve would be a reliable means of obtaining 
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the subcritical parameters. In order to test the apparatus, the subcritical index of 1 

mm thick glass microscopic slides (2.5 cm wide by 6 cm in length) was measured. 

Three tests yielded subcritical index values of 12, 15 and 16, which are in good 

agreement with the published value of 17 +/- 2 (Pletka et al., 1979). 

However, in porous sandstones and carbonates, sample compliance, which 

is unrelated to crack growth, could be a potential problem. There is load decay 

indicated by the decay curve following incremental constant displacement steps in 

an intact specimen (Fig 3.7).  Therefore, whether crack growth had occurred or 

not was ensured by visual observation using a mirror placed under the sample. 

However, there could still be sample relaxation during crack growth indicating 

that part of the load decay would be due to fracture growth and part of it would be 

due to sample compliance. Therefore, the following pre-loading procedure was 

adopted to minimize contributions from material transients (sample compliance). 

Prior to the crack growth measurements, the specimen was incrementally 

preloaded with constant displacement steps of a fixed time interval (comparable 

to the crack propagation steps) until a crack was initiated. Following the load 

decay of this first propagation increment, displacement was increased to attain a 

load value near that for crack initiation, and subsequent load relaxation 

measurements were used for subcritical parameter determination. Holder et al. 

(2001) observed that for loads approaching those required for crack initiation and 

propagation, the magnitude of time-dependent load decay in the uncracked 

specimen was about one half that found for subsequent load drops from crack 

propagation.  
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The measurements obtained using the above procedures on the SWCF 

dolomite from a vertical core taken at six different representative layers are 

presented in Table 3.1. Specimens for each indicated depth were slabbed directly 

adjacent to one another at a spacing of approximately one centimeter. The higher 

the subcritical index measured, the less susceptible the rock is to subcritical 

growth. In general, wet tests have lower subcritical indices because the corrosive 

action of water makes the rock more susceptible to subcritical growth (Atkinson, 

1987).  For the SWCF, the grain-dominated dolopackestone and dolomitic 

siltstone samples had intermediate subcritical indices, averaging 38 for wet and 45 

for dry tests.  The dolowackestone, which has a larger component of carbonate 

mud than the other lithologies, had higher subcritical index values: 70 and 81 for 

wet and dry tests, respectively. These values fall within the range of values found 

for other rocks by Atkinson and Meredith (1987). The magnitudes of the crack 

velocities obtained ranged from 10-7 to 10-3 m/s, which are well within the 

velocity range for subcritical crack growth. 

Specimen heterogeneity is a problem for all dual torsion subcritical 

propagation measurements, particularly if the heterogeneity is on the scale of the 

test specimen dimensions. When a crack propagates across a material 

discontinuity, it may accelerate or hesitate, causing steps or bumps in the load 

decay behavior. If the load decay is not smooth, velocity measurements over a 

large range cannot be obtained. Further, the sample may break apart at the 

discontinuity and the final crack length cannot be measured. This behavior was 
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not observed for the SWCF dolomite, but it was seen in other tests such as with 

Austin chalk (Holder et al., 2001). Since the heterogeneity was due to bedding 

related discontinuities, the problem was somewhat mitigated by ensuring that the 

samples used for the tests were slabbed parallel to the bedding. In addition, this 

configuration has the advantage that cracks propagated during subcritical testing 

correspond to vertical fractures in the subsurface. 

 

3.4 GEOMECHANICAL SIMULATION 

A boundary element crack growth simulator based on linear elastic 

fracture mechanics was used in the present study (Olson, 1993).  A representative 

layer is populated with vertical, randomly located starter flaws.  The simulator 

computes individual stress intensities at the tips of each of the starter flaws. The 

stress intensities depend on the homogeneous mechanical properties, the applied 

boundary conditions and the mechanical interaction between the cracks. 

For this study a representative region 50 m by 50 m square was subjected 

to a constant displacement rate (constant strain rate). The starter flaws are each 

composed of two patches of fixed length. Each patch is a boundary element. 

When the reservoir bed is subjected to a strain, the stress intensities at each of the 

flaw tips are changed. Most of them increase. A lower limit for crack initiation of 

10ICI KK =∗  is assumed. Thus for subcritical crack growth, 

ICII KKK ≤≤∗

. (3.16) 
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Those flaws for which the stress intensity is above the stress intensity threshold 

but below the critical stress intensity factor grow at a velocity determined by the 

subcritical index (Eqn 3.7). Numerically, propagation involves the addition of a 

single boundary element to either end of a fracture, as determined by the stress 

intensity criteria.  The crack growth simulation is stopped when the prescribed 

strain has been reached. 

Selective growth determines the nature of the final fracture patterns 

formed. As a fracture tip passes through a body with short flaws, those flaws to 

either side and just ahead of the tip encounter an elevated driving stress and 

experience accelerated growth. In some cases these offset fractures may grow fast 

enough to steal the strain energy from the original fracture and cause it to stop. In 

other cases, the offset fractures may only grow a small amount before the 

propagating tip of the longer fracture passes and they become caught in the 

compressive shadow of that fracture. For subcritical crack growth the velocity of 

crack propagation is determined by the subcritical index. Thus different fracture 

patterns can be obtained with different subcritical indices although the starter 

crack attributes and boundary conditions are the same. 

Olson (1993) showed that fracture clustering can be produced by 

subcritical crack propagation. Subcritical fracture growth simulations were 

performed for subcritical indices (  values) of 1, 3, 6 and 12. Clustering was 

observed to be weaker for  values of 1 and 3, while for n  values of 6 and 12 it 

was observed to be stronger.  Initially, when the extension is applied, sufficient 

stress intensities are created at the fracture tips to cause fairly uniformly 

n

n
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distributed fracture growth. For low  values (1 and 3) the differences in 

propagation velocity of the various fractures is not strongly dependent on the 

stress intensity and so no fracture increases in length relative to the others to cause 

significant stress-shielding. Thus there are numerous fractures all growing at 

similar rates.  At larger  values, however, the fractures with the higher stress 

intensities propagate so much faster than the others, that only the closest ones 

exhibit sufficient driving stress to grow before being passed.  The longer fractures 

then create stress shadows that prevent the shorter cracks from growing. 

n

n

Fracture patterns were generated for the SWCF reservoir using the 

geomechanical simulator described above.  Based on the sample measurements 

presented in section 3.3 and table 3.1, subcritical index values of 40 and 80 were 

used for the grain-dominated and mud-dominated or silty lithologies respectively. 

A Young’s modulus of 40,000 MPa for this formation was estimated based on a 

porosity of 10 percent (Yale and Jamieson, 1994). A strain of 7.25 E-3 was 

inferred from fracture aperture measurements from 4 scanlines of an outcrop of 

the same formation (Gale et al., 2002). The strain was computed by summing up 

all the apertures along the scan-lines and dividing the sum by the total length of 

the scan-lines. However, this observed total strain could not be applied to the 

geomechanical simulation using small displacement increments (to ensure 

subcritical crack growth) and obtain results in a reasonable period of simulation 

run time. Therefore, the geometric mean of the fracture apertures observed from 

the outcrop, i.e., 0.212 mm, was used in constraining the strain applied to the 
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reservoir bed. The strain in the geomechanical simulation that produced fractures 

of geometrical mean aperture close to 0.212 mm was 7.33 E-5.  

From the mean apertures of the fractures (Tables 3.3, 3.4) obtained using 

the smaller total strain one can speculate that the larger strain would have resulted 

in unreasonably large simulated fracture apertures. The reason for the large 

discrepancy between the observed strain on the outcrop and the strain required in 

the simulator to obtain similar geometric mean apertures might be that the starter 

crack density along a scan line in the simulator is not the same as the number of 

fractures on the outcrop. The total scan line length on the outcrop was about 17.2 

m with the strain distributed among 347 fractures (~20 fracture/m of scanline). 

The geomechanical simulation “scanline” was 50 m with the strain typically 

distributed among 40 to 50 starter cracks along this scanline. Further, in the 

geomechanical simulation only some of the starter cracks actually grow into 

fractures that can accommodate the imposed strain (~0.2 fracture/m of scanline). 

Therefore, to obtain an average identical aperture in both cases, the 

geomechanical simulation with the smaller crack density would need a lower 

strain as its stopping point. (7.33 E-5 in the simulation versus 7.25 E-3 in the 

field). Part of this discrepancy might also be due to the fact that in this study a 

linear elastic model is being used to model fracture growth. Non-linear behavior 

of real rock would cause the measured apertures (and therefore inferred strain in 

the field) to be larger than that predicted by a linear elastic model. 

Typical thicknesses for the rock-fabric flow layers in the SWCF field are 5 

m and 10 m (Lucia et al., 2001) and are used as the two mechanical bed thickness 
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for the geomechanical simulation. Four different scenarios were used to generate 

the representative fracture patterns, combining the two bed heights and the two 

subcritical crack indices mentioned above. Other geomechanical simulation 

parameters used to generate the fracture patterns are presented in Table 3.2. For 

each case, seven different realizations were studied, each realization with a 

different set of random starter cracks. However, the same seed of starter cracks 

were used for all four scenarios (two bed thicknesses and two subcritical indices) 

of a particular realization.  Thus, a total of 28 different geomechanical simulations 

were performed, each producing a series of fracture patterns for a sequence of 

increasing strains.  Final fracture patterns obtained from one of the realizations for 

each of the four cases are presented in figures 3.9 through 3.12.  

Unlike for the small indices of 1 and 3 (Olson 1993), in these simulations, 

both subcritical indices of 40 and 80 produce clustered zones of fractures. 

However, for a given bed thickness and a given strain, the larger index of 80 

produces a larger number of smaller length fractures than the smaller index of 40. 

Since fracture propagation velocities are much smaller at a given  for high  

cases, (equation 3.7) fracture propagation is delayed until more strain has 

accumulated and growth consequently occurs at larger stress intensity values. 

Thus, more of the fracture tips have stress intensities larger than the threshold 

stress intensity needed to initiate growth. This causes a smaller mean length for 

the larger subcritical index. However, once a zone of fractures across the body is 

formed, the zone creates stress shielding to prevent fracture growth between the 

zones. This behavior is similar for both indices of 40 and 80.  

IK n
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For a given subcritical index, the smaller bed-thickness of 5m produces 

fracture clusters that are more closely spaced than the larger bed-thickness of 10 

m. The reason for this is that an equivalent strain over a thinner bed initially 

creates a larger number of fracture tips at stress intensities above the threshold. 

The relationship between the fracture patterns obtained for the subcritical indices 

of 40 and 80 are similar to that obtained for the bed thickness of 10 m. However, 

since the initial fracture propagation occurred from a larger number of fractures, 

the spacing between the zones was closer.  

Bubble plots of the fracture apertures scaled to the same value are 

presented in figures 3.13 through 3.16.  For a given bed thickness the index of 80 

produces fractures with apertures larger than that for the index of 40.  For a given 

index, the larger bed thickness of 10 m produces fractures with a mean aperture 

larger than that for the bed thickness of 5 m.  This is because of the larger spacing 

between the zones for the smaller bed thickness. For a scanline across the region 

perpendicular to the fractures, there would be a lesser number of fractures for a 

larger spacing. Thus, the applied strain has to be distributed between a lower 

number of fractures producing larger apertures. Details of the mean fracture 

lengths, total fracture lengths and mean apertures obtained at the final strain for 

all 28 simulations are presented in Tables 3.3 and 3.4 

A cross-plot of the mean fracture length versus the total fracture length for 

a series of increasing strains is presented in Fig. 3.17. Each point on the figure 

with an increased length represents an increased strain. From the plot one sees 

that for total fracture lengths greater than 300 m, the fracture networks grow by 
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the creation of additional fractures of mean length similar to that at its previous 

strain condition. The mean length is independent of the bed thickness but varies 

with the subcritical index, it being larger for the index of 40 than for the index of 

80. 
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Dry Wet Rock Type Depth 

of 

Sample 

(ft) 

No of 

tests 

SCC 

index 

No of 

tests 

SCC 

index 

Dolowackestone 6385 6 81 3 70 

Silty dolostone 6138 11 40 3 34 

Grain-dominated dolopackstone 6091 7 43 5 37 

Grain-dominated dolopackstone 6367 6 60 12 53 

Grain-dominated dolopackstone 6484 5 43 1 37 

Grain-dominated dolopackstone 6520 8 38 10 30 

Table 3.1: Mean values of the subcritical crack (SCC) index for six SWCF 
Depths. 

 
Parameter Value 
Area 50 x 50 m 
Young’s modulus 40,000 MPa 
Critical Stress Intensity Factor 1.5 MPa-m1/2 
Threshold Stress Intensity Factor 0.15 MPa-m1/2 
Displacement Increment 0.00005 m 
No. of increments 83 
Total Strain 7.33E-5 
Time 19.7 million years 
Strain rate 2.30E-19 s-1 
No. of initial flaws 2000 

Table 3.2: Input data to the subcritical crack growth simulator. 
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Mean Fracture 

Aperture (mm). 

Realization No Total Fracture 

Length (m). 

Mean Fracture 

Length (m). 

Arith.  Geom. 

SCC index = 40 

r1 559.40 3.23 0.336 0.177 

r2 496.60 3.57 0.407 0.208 

r3 539.70 3.37 0.365 0.177 

r4 565.50 3.25 0.381 0.198 

r5 490.30 3.61 0.429 0.230 

r6 492.60 3.60 0.342 0.177 

r7 487.20 3.78 0.403 0.212 

Mean 518.76 3.49 0.380 0.197 

 

SCC index = 80 

r1 495.40 2.46 0.373 0.106 

r2 516.90 2.42 0.363 0.116 

r3 470.10 2.26 0.438 0.114 

r4 474.10 2.54 0.412 0.142 

r5 491.10 2.35 0.399 0.106 

r6 500.50 2.65 0.417 0.114 

r7 491.60 2.22 0.434 0.104 

Mean 491.386 2.41 0.405 0.115 

Table 3.3: Total and mean fracture lengths and mean fracture apertures for both 
SCC indices for mechanical bed thickness = 10 m. 
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Mean Fracture 

Aperture (mm). 

Realization No Total Fracture 

Length (m). 

Mean Fracture 

Length (m). 

Arith.  Geom. 

SCC index = 40 

r1 587.20 3.45 0.283 0.190 

r2 600.00 3.53 0.245 0.162 

r3 602.80 3.33 0.262 0.182 

r4 559.00 4.02 0.294 0.191 

r5 587.20 3.54 0.276 0.167 

r6 597.90 3.50 0.300 0.202 

r7 508.30 3.60 0.294 0.201 

Mean 577.49 3.57 0.279 0.185 

 

SCC index = 80 

r1 559.60 2.43 0.272 0.127 

r2 540.30 2.48 0.321 0.162 

r3 551.30 2.51 0.275 0.144 

r4 454.50 2.84 0.292 0.165 

r5 525.60 2.77 0.323 0.168 

r6 540.70 2.59 0.296 0.156 

r7 460.40 2.68 0.317 0.164 

Mean 518.91 2.61 0.300 0.155 

Table 3.4: Total and mean fracture lengths and mean fracture apertures for both 
SCC indices for mechanical bed thickness = 5 m. 
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Figure 3.1: An idealized elastic body with crack of length , subjected to remote 
compression 

c2
minσ and internal fluid pressure,  (After Segall, 1983) pP
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Figure 3.2: Loading configuration and crack propagation for uniaxial tension. The 
stress intensity factor is a function of crack length. 
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Figure 3.3: Normalized stress intensity curves for isolated mode I cracks as a 
function of normalized fracture length under various types of loading 
(From Olson, 1993). 
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Figure 3.4: Crack velocity as a function of the stress intensity on a log-log scale. 
The slope of the curve in region 1 is the subcritical index, n (From 
Atkinson, 1987) 
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Figure 3.5: Photograph of the experimental dual torsion apparatus. 
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Figure 3.6: Loading configuration and crack propagation for the dual torsion 
method. The stress intensity factor is independent of the crack 
length. 

 

 60



  

 

 

 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-600 -400 -200 0 200 400 600 800

Time (sec)

Lo
ad

 (l
b)

constant load steps  

load decay at 
constant displacement 

Crack GrowthPreloading

Figure 3.7: Plot of load decay versus time obtained from the subcritical crack 
propagation experiment. 
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Figure 3.8: Log-log plot of crack velocity versus the stress intensity factor. 
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50 m 

Figure 3.9: SWCF simulated fracture network (realization 3) with a bed thickness 
of 10 m and SCC index of 40. Seed starter cracks for a realization 
are identical. 

50 m 

Figure 3.10: SWCF simulated fracture network (realization 3) with a bed 
thickness of 10 m and SCC index of 80. Seed starter cracks for a 
realization are identical 
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50 m 

Figure 3.11: SWCF simulated fracture network (realization 3) with a bed 
thickness of 5 m and SCC index of 40. Seed starter cracks for a 
realization are identical 

50 m 

Figure 3.12: SWCF simulated fracture network (realization 3) with a bed 
thickness of 5 m and SCC index of 80. Seed starter cracks for a 
realization are identical 
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Figure 3.13: Bubble plot of fracture apertures for the SWCF simulated fracture 
network (Fig. 3.9) with a bed thickness of 10m and SCC index of 40. 
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Figure 3.14: Bubble plot of fracture apertures for the SWCF simulated fracture 
network (Fig. 3.10) with a bed thickness of 10m and SCC index of 
80. 
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Figure 3.15: Bubble plot of fracture apertures for the SWCF simulated fracture 
network (Fig. 3.11) with a bed thickness of 5m and SCC index of 40. 
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Figure 3.16: Bubble plot of fracture apertures for the SWCF simulated fracture 
network (Fig. 3.12) with a bed thickness of 5m and SCC index of 80. 
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Figure 3.17: Cross plot of total fracture length versus mean fracture length for a 
series of increasing strains for two bed thicknesses (10 m and 5 m) 
and two SCC indices (40 and 80). 
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4. Finite Difference Flow Simulation 

Finite difference flow simulations were performed using the 

geomechanically generated fracture networks described in Chapter 3. The 

fractures were explicitly included into a low matrix permeability layer using two 

different methods:  

1) Explicit fracture representation, and 

2) Non-neighbor connections.  

The fractures produced by the crack growth simulations are a network of 

contiguous, equal-length patches. These patches are the minimum quantity by 

which a fracture grows from one iteration to the next and represent the resolution 

of the geomechanical simulation. Since each patch is an independent unit, each 

can have a different fracture aperture. Thus, fracture permeability may vary along 

the length of the fracture.  

 

 

4.1 EXPLICIT FRACTURE REPRESENTATION 

One method for computing flow through a fractured media is to modify 

the permeability in all the cells containing fractures.  To apply this approach the 

flow area was divided into grid cells with the same resolution as the 

geomechanical simulation.  Each patch from the geomechanical simulation was 

represented by one grid cell in the flow simulation. The geomechanical simulation 

used a 50 m by 50 m square region with 0.1 m-long fracture patches. Thus, the 2-
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D finite difference simulation grid was divided into 250,000 cells (500 in x and 

500 in y with a z-dimension of 0.5 m.) 

The permeability of a fracture patch, kfrac, with uniform aperture, w, (Fig. 

4.1) can be computed using the parallel plate law (Lamb, 1932; Snow, 1965) as 

12

2wk frac =   (4.1) 

The overall permeability parallel to the fracture direction of a cell with a fracture 

of permeability kfrac and matrix of permeability kmat can be computed as 

( )( )
y

wykwk
k matfrac

cell ∆

−∆+
=   (4.2) 

where ∆y is the width of the simulation cell perpendicular to the flow direction. A 

matrix permeability of 1 md was used for all flow simulations.  Thus, each cell in 

the flow simulation was assigned a unique permeability on the basis of the 

location and aperture of the patches. The y and z direction permeabilities 

remained unchanged.  Although the permeability in the z direction would be 

substantially enhanced due to the fractures, the current analysis considers only 2-

D flow in the x-y direction and therefore the z direction permeability is irrelevant.  

 

4.2 NON-NEIGHBOR CONNECTIONS 

Flow through fractured media can also be modeled in a traditional finite 

difference simulator using non-neighbor connections (NNC) (Hearn et al., 1997). 

In this approach, the fractures are assumed to have infinite conductivity, making 
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fracture aperture information irrelevant. The presence of the fractures is 

incorporated by assigning transmissibilities between nonadjacent cells - i.e., non-

neighbor connections. The length of the fracture is reflected in the number of non-

neighbor connections.  

In this approach, the flow area is gridded such that the fractures lie at the 

boundaries between grid cells. The grid cell dimensions in the x, y and z directions 

are , , and ∆ . The matrix flow transmissibility in the x direction, between 

any two grid cells is 

x∆ y∆ z

    
Tx (mat ) =

kx Ax

∆x , (4.3) 

where Ax is the area perpendicular to flow in the x direction ( zy ∆×∆ ) and kx is 

the permeability in the x direction (Fig. 4.2). If there is a fracture between the 

cells as shown in Fig. 4.2, there would be flow governed by a matrix permeability, 

in the y direction from the midpoint of cell 1 to it’s bottom edge, then flow at 

infinite conductivity, in the x-direction along the fracture between cells 1 and 2, 

and finally flow subject to matrix permeability, up from the bottom edge of cell 2 

to it’s midpoint. If, therefore, the y direction permeabilities of both the cells are 

the same, then an additional transmissibility for fracture flow related to the matrix 

portion of the flow path can be assigned using  

y
Ak

y
Ak

T yyyy
fracx ∆

=





∆

=

22
)( , (4.4) 
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where Ay is the area perpendicular to flow in the y direction ( zx ∆×∆ ), and ky is 

the permeability in the y direction.  The total x direction transmissibility, Tx(total), 

accounting for both matrix and fracture flow, is therefore 

y
Ak

x
Ak

TTT

yyxx

fracxmatxtotalx

∆
+

∆
=

+= )()()(

 (4.5) 

The transmissibility between adjacent cells due to matrix flow is computed 

automatically by the simulator, connecting cell i to cells i-1 and i+1.  The 

transmissibility between cells due to fracture flow can be entered explicitly using 

NNC, connecting cell i to cells i-1 and i+1 as well as to all other cells on that 

same fracture.  The NNC between cell i and its neighbors i-1 and i+1 is in 

addition to that due to matrix flow. Thus, a fracture extending between cells 1 and 

m (Fig 4.3) connects cell 1 to cells 2 through m, cell 2 to cells 3 through m, and so 

on. The total number of NNC per fracture is given by  

)1(2
2

)1(
−=






 −

= mmmmNNCtotal  (4.6) 

The multiplication by 2 accounts for cells on both sides of the fracture.  

A fracture between rows 1 and 2 extending from cells 1 to m results in the 

following non-neighbor transmissibilities for connections between cell 1 and the 

others in row 1: 

y
zxk

TTT y
fracm ∆

∆∆
=)(,13,12,1 ,.....,,  (4.7) 
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Likewise the non-neighbor transmissibilities between cell 2 and cells 3 through m 

are 

y
zxk

TTT y
fracm ∆

∆∆
=)(,24,23,2 ,.....,, , (4.8) 

and so on, for cells 3 through m-1. The transmissibilities for cell connections in 

row 2 are computed similarly. 

2-D, single-phase flow simulations were performed using a finite 

difference simulator (Schlumberger, 1995), and by using both NNC 

transmissibilities and explicit fracture representation to represent the natural 

fracture pattern. Constant uniform pressure conditions were maintained on the 

two opposing edges perpendicular to the fractures while the two edges parallel to 

the fractures were no-flow boundaries.  Constant pressure was maintained by 

assigning producing wells on pressure control to each of the cells on the 

downstream boundary and injector wells on pressure control to each of the cells 

on the upstream boundary.  The numbers of producers and injectors were each 

equal to the number of rows in the flow grid. The flow simulation was performed 

until a steady-state flow rate, q, was obtained.  Knowing q, the pressures at the 

upstream and downstream ends of the body (P1 and P2), the distance between the 

boundaries (L - (2(∆x)/2)), and the fluid properties, the equivalent permeability 

for the fractured body was computed as  

( )21

)(
PPA

xLqkeqv −
∆−

=
µ

, (4.9) 
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where µ is the fluid viscosity and A is the area perpendicular to flow. Using this 

result an equivalent permeability ratio was defined as 

mat

eqv
k k

k
R = . (4.10) 

 

4.3 MODEL VERIFICATION 

Previous approaches to representing fractures explicitly and performing 

coupled fracture-matrix fluid flow have relied on boundary element (Sato and 

Abbaszadeh, 1994; Lough et al., 1997; Nakashima et al., 2000) and finite volume 

element (Sutopo et al., 2001) methods. Lough et al. (1997) represented the 

fractures as planar sources in a matrix and ended up with a coupled system of 

boundary integral equations that were solved using the real variable boundary 

element method. Sato and Abbaszadeh (1994) and Nakashima et al. (2000) 

represented the line fractures as circles using conformal mapping and then used 

the complex variable boundary element method to solve for the effective 

permeability of a fractured region. The boundary element methods do not 

discretize the matrix and treat the fractures as lines of infinitesimal aperture. 

As described in the previous sections, I have chosen to model flow in 

fractured regions using a conventional finite difference simulator. In order to 

verify the accuracy of this approach, I compared the simulator results with 

analytical solutions for two cases:  

1) a single finite aperture fracture extending across the entire 

simulation grid, and  
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2) the Chirlin solution for flow through a staggered, periodic array 

of infinite conductivity fractures (Chirlin, 1985; Nakashima et 

al., 2000).  

 

4.3.1 Single-Fracture Analytical Solution 

The analytical solution for the effective permeability of a rectangle with a 

single fracture extending across the entire area (Fig. 4.4) is given by (Van Golf-

Racht, 1982) 

grid

matmatfracfrac
eqv w

wkwk
k

+
= . (4.11) 

Flow simulations were conducted using the explicit fracture method for 

two different grid cell sizes of 0.5 m and 0.05 m and a series of fracture widths 

ranging from 1 to 10,000 microns.  The effective permeabilities obtained from the 

flow simulations agreed to within 0.5 percent of the effective permeabilities 

obtained using the analytical solution for all fracture apertures studied and for 

both grid sizes. 

The NNC method does not give a good match with the analytical solution 

for the case of a fracture going all the way across the simulation grid. The 

permeability obtained in the flow simulation is significantly smaller. The reason 

for this is that in the flow simulation the boundary conditions are established with 

constant uniform pressures and fluid injection or production at the midpoints of 

the left and right columns of grid cells. However, in the NNC approach the 

fractures are assumed to lie between the grid cells, and the flow resistance from 
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the midpoint of a boundary cell to its edge at both ends of the fracture is sufficient 

to cause a substantial discrepancy between the simulated and analytical effective 

permeabilities. This problem does not occur in the explicit fracture approach 

because the constant uniform pressure boundaries can be applied directly to both 

ends of the fracture. 

 

4.3.2 Chirlin Solution 

Chirlin (1985) proposed an analytical solution for the effective 

permeability in a staggered periodic array of infinite conductivity fractures in a 

permeable medium (Fig. 4.5). The fractures are preferentially oriented in one 

direction and are non-connected, thus necessitating flow through the matrix 

between the fractures. The perpendicular spacing between adjacent rows of the 

fractures is  and W  is half the distance between the midpoints of two fractures 

in one row. The rectangular box of side W  by  represents the intersection of 

adjacent lines of symmetry in both directions for the staggered array.  The 

quantity 

h

h

α  is the ratio of the unfractured (matrix) length of the side to the total 

length of the side W  of the box.  

The effective permeability ratio Rk for such an array is given as follows 

(Chirlin, 1985): 
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where G(r) is the complete elliptic integral of the first kind. The modulus, r, of the 

elliptic integral is given by 

    

1
r

=
2m P −1( )2
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2m P −1( )2
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where 
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dn is a Jacobian elliptic function, and m is the modulus of the elliptic integral, 

obtained by solving, 
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These equations have been implemented in Mathematica (Wolfram, 1999), 

and the solution is plotted in Fig. 4.6. The analytical solution for the equivalent 

permeability ratio, Rk, is a function of the fracture array spacing, h , and half-

length, ( )Wα−1 .  The solution for  is presented as a function of a 

dimensionless “aspect” ratio 

kR

hW2 , for varying values of the ratio, α , which 

represents the proportion of matrix in the flow path between co-planar fractures. 

For a given α , as the aspect ratio hW2  increases,  increases. In other words, 

a decrease in the relative spacing between the fractures increases the effective 

kR
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permeability. As α  increases, the matrix represents a larger portion of the flow 

path, so the effective permeability decreases. Moreover, the rate of decrease in 

 with a decrease in kR hW2  is larger for the smaller α . This effect, once again, 

is due to the matrix portion dominating flow at larger values of α . 

α

In order to verify the validity of representing the fractures explicitly and 

using NNC, flow simulations were performed using both methods for various 

values of α  and hW2 . The simulation results were then compared with the 

Chirlin analytical solutions. The cases studied were for an  of 1/3 and three 

different values of hW2  (i.e., 2, 6 and 18). The analytical solutions for  for 

these three cases are 1.95, 5.84 and 34.94, respectively. In the explicit fracture 

representation method, for a particular combination of 

kR

α  and hW2 , each 

fracture was assigned a uniform aperture, which was varied from 100 to 100,000 

microns. Comparison between the flow simulation results and the analytical 

solution (Fig. 4.7) indicates that as the fracture aperture increases, the finite 

difference simulation results approach the infinite conductivity analytical solution 

as expected. 

 

4.3.3 Effect of x and y grid discretization for NNC representation 

For the NNC case, the fractures are represented as non-neighbor 

connections between cells that lie adjacent to the same fracture. The non-neighbor 
connection transmissibility ( yxzk y ∆∆∆ ) is insensitive to the resolution of the 

grid cells provided both the x and y dimensions are reduced by the same factor. 

However, as the grid resolution increases the number of NNC representing a 
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given fracture increases. Thus, as Figure 4.8 shows, as the grid resolution 

increases, the NNC simulation results approach the analytical solution. 

 

4.3.4 Effect of y-direction grid discretization for explicit fracture 
representation 

In the real variable boundary element approach, the fractures are lines of 

infinitesimal aperture that function as planar sources in the matrix (Lough et al., 

1997). Although the finite difference simulations treated the fractures as discrete 

conduits of high permeability separate from the matrix, the width of the fracture 

cells was larger than the width of the fractures themselves. An effective 

permeability was computed for each of the grid cells containing the fractures 

based on fracture aperture and matrix properties (equation 4.2). To determine if 

this method of representing the fractures was sensitive to the cell discretization, 

flow simulations for one of the fracture networks was repeated with the number of 

grid cells in the y direction increased from 500 to 1000 and then to 2000. This 

changed the y-dimension of the cells from 0.1 m to 0.05 m and then to 0.025 m. 

Although the permeability of the fracture cell changes with y-direction grid cell 

dimension the transmissibility of the fracture cell remains essentially unchanged. 

Flow simulations with the increasing grid resolution showed no appreciable 

change in the equivalent permeability ratios (Fig. 4.9) indicating that the coarsest 

grid resolution of 500 by 500 cells, tried on the fracture networks modeled above, 

was sufficient to describe the flow field. 
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4.3.5 Effect of larger matrix permeability 

The explicit fracture flow simulations were repeated for two representative 

sets of fracture networks (realization 3 with subcritical indices of 40 and 80) with 

matrix permeabilities ranging from 0.1 md to 1000 md.  All other parameters 

remained the same. The results are presented in Fig. 4.10.  It is seen that for the 

lower matrix permeabilities ( k  = 0.1 md to 10 md) the dependence of the 

equivalent permeability on the matrix permeability is slight. However, for the 

larger matrix permeabilities of 100 md and 1000 md, the fractures have less of an 

impact in enhancing the equivalent permeability. The reason for this is that the 

fractures are like extended ellipses with larger apertures toward their centers and 

smaller apertures toward their edges. When the fractures are represented in the 

flow simulation using the explicit method, the fracture cell permeabilities ( ) 

for the smaller apertures, (those at the fracture ends) are similar in magnitude to 

the matrix permeability when the matrix permeability is large. The larger matrix 

permeabilities can therefore be interpreted as creating a reduction in the effective 

mean (and total) length of the fractures. 

mat

cellk

The effect of the larger matrix permeabilities can also be thought of in 

reverse – i.e., how large should the fracture permeability be, relative to the matrix, 

to be considered infinitely conductive? Once a state of infinite fracture 

conductivity has been reached, further increases in fracture permeability are 

unimportant. What is important is the spatial relationship between the fractures. In 

the above example the effect of the larger matrix permeabilities in reducing the 

equivalent permeability ratio is due to the fact that the fractures at the tips cannot 
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be considered as infinitely conductive with respect to the matrix. Thus, for 

variable aperture representation of the fractures, the effect of the larger matrix 

permeabilities is to essentially shorten the fractures. For the NNC representation, 

however, as the fractures are assumed to be infinitely conductive, the matrix 

permeability is not expected to have an effect on the equivalent permeability ratio. 
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Figure 4.1: Grid cell representation of a fracture patch, showing the cell 
dimension and fracture aperture (dark region). 
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Figure 4.2: Schematic of grid, depicting the location of and flow due to a fracture. 
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Figure 4.3: Schematic of grid, depicting NNC between cells to model 
transmissibilities due to a fracture. 
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Figure 4.4: Illustration showing a fracture extending from end to end in a 
simulation grid. 
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Figure 4.5: Periodic staggered array of fractures depicting parameters used in the 
Chirlin solution. 
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Figure 4.6: The Chirlin solution for equivalent permeability ratio for flow parallel 
to fractures. 
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Figure 4.7: Comparison between results obtained from the flow simulation using 
explicit fracture representation (500 x 500 cells of equal x and y 
dimension of 0.1 m) and the Chirlin analytical solution. 
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Figure 4.8: Comparison between results obtained from the flow simulation using 
non-neighbor connections and the Chirlin solution. 

 

Figure 4.9: Effect of y-direction grid discretization on the equivalent permeability 
ratio for a representative fracture network. 
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Figure 4.10: The equivalent permeability ratio as a function of matrix 
permeability calculated using the explicit fracture representation 
method for two representative fracture networks (realization 3 with 
SCC indices of 40 and 80). 
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5. Flow Modeling of Simulated Fracture Networks 

5.1 EQUIVALENT PERMEABILITY OF A SIMULATION GRID 

This chapter describes how the fracture pattern information described in 

chapter 3, and the fracture representation techniques, outlined in chapter 4, can be 

used to obtain equivalent permeabilities.  These equivalent permeabilities can 

then be used in a larger scale full field flow simulation. Chapter 3 describes how 

the geomechanical simulation produces fracture networks whose characteristics 

depend on the reservoir rock properties and applied strain. Since the fractures are 

weakly connected, they can be represented explicitly in a finite difference 

simulator using either an enhanced matrix permeability for the individual 

“fracture” cells or using non-neighbor connections. If the fractures are represented 

using enhanced matrix permeabilities, then a simulation grid with distributed 

heterogeneous permeabilities is generated. If the fractures are represented using 

non-neighbor connections then a list of additional transmissibilities between the 

appropriate cells due to the fractures is included.  

After the fracture network is represented in a numerical flow simulator, 

directional permeabilities can be obtained by performing flow simulations for 

flow from one end of the grid to the other. Cardwell and Parsons (1945) states that 

the equivalent permeability of a heterogeneous system should lie between the 

arithmetic average of the harmonic averages, , and the harmonic average of 

the arithmetic average permeabilities, . Alternatively, Warren and Price (1961) 

state that for a 2-D system the effective permeability of a heterogeneous system, 

ahk

hak
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with random heterogeneous permeabilities, is equal to the geometric mean of the 

individual permeabilities. For the fracture networks considered, represented by 

the distributed heterogeneous permeabilities (explicit fracture representation), the 

Cardwell and Parsons limits,  and k  were computed. The geometric means 

were also computed. The results are tabulated in Appendix B.  It is seen that the 

range of the Cardwell and Parson limits are not narrow enough to provide any 

useful information for this problem. Further, the geometric mean does not capture 

the spatial relationship between the permeabilities. As seen in Chapter 3, since the 

fracture networks are obtained based on a physical fracturing process, the spatial 

distribution of the high permeability zones is not random. Therefore, fine scale 

numerical flow simulations on the networks are necessary in order to obtain 

equivalent permeabilities. It is seen that these values obtained by the flow 

simulation differ considerably from the geometric means and the Cardwell and 

Parsons limits shown in Appendix B. 

ahk ha

 

5.2 RESULTS AND DISCUSSION OF THE FLOW SIMULATION USING EXPLICIT 
FRACTURE REPRESENTATION 

Using the finite difference model and explicit fracture representation, 

single-phase flow simulations were run on “snapshots” of the geomechanically 

simulated fracture networks at a series of increasing strains. Tracer patterns for 

flow simulations performed on two of the fracture networks (realization 3 with 

bed thickness 10 m and subcritical indices of 40 and 80) obtained at the final 

strain are presented in Figs. 5.1 and 5.2.  At the time of the picture, the quantity of 
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fluid injected into the fracture networks with n = 40 and 80 were 0.064 and 0.060 

pore volumes respectively.  It is seen that the fractures create short-circuits for the 

flow of the fluid. This results in a higher permeability for depletion operations as 

well as earlier breakthrough times for displacement operations. 

In this analysis, only the single-phase permeabilities have been computed. 

Constant pressure boundaries were maintained on the edges perpendicular to the 

fractures and the steady-state flow rates were measured. The equivalent 

permeabilities were obtained from equation 4.9. The equivalent permeability 

ratio, Rk, is plotted against total strain for each of 7 realizations for the four 

combinations of bed thickness (5 and 10 m) and subcritical index (40 and 80) 

(Figs 5.3 and 5.4). The same data is plotted again as a mean curve with bounding 

lines at plus and minus one standard deviation (Figs 5.5 and 5.6). Although there 

is a fair degree of variability between the realizations, there is a definite 

segregation in the Rk values based upon both the bed thickness and the subcritical 

crack index.  (In subsequent analysis and figures, only the average of the seven 

realizations will be discussed.) 

 

5.2.1: Dependence of equivalent permeability ratio on the total strain 

The flow results show a strong increase in the equivalent permeability 

ratio as a function of total strain after an initial strain threshold has been exceeded 

(Figs. 5.3 and 5.4).  Using a subcritical index of 40, the first significant fracture 

growth does not occur until a strain of 2.0E-5 for both the 5 and 10 m thick beds 

(Figs. 5.3 and 5.4).  This delay of fracture growth is more significant for a 
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subcritical crack index of 80, where crack propagation doesn’t begin until a larger 

strain of 3.2E-5 (Figs 5.3 and 5.4).  The reason for this delay in fracturing is the 

slow subcritical propagation velocity for low stress intensity factor values 

(equation 3.10).  The larger the subcritical crack index, the smaller the 

propagation velocity and therefore the greater the delay until visible crack growth.  

Furthermore, since the velocity of propagation is larger for the smaller subcritical 

crack index, the total fracture length develops more quickly and is larger at a 

given strain. Thus, other conditions remaining the same, Rk at a given strain is 

larger for the smaller subcritical crack index material because there is more 

fracture length created. It is also evident that for a given subcritical crack index, 

the rate of increase in Rk with strain is lower for the bed thickness of 10 m (Fig. 

5.5) than for 5 m (Fig. 5.6).  At a particular strain and the same initial areal flaw 

density, a larger number of starter flaws propagate in a thinner bed due to the 

smaller stress shadows around those fractures. A smaller mechanical bed 

thickness results in quicker development of fracture permeability at lower strain. 

These results are similar to those obtained by Olson (1997). From the fracture 

patterns (Figs 3.9 through 3.12) it is evident that for other factors remaining the 

same, the spacing between the clusters is smaller for the bed thickness of 5 m as 

compared to the bed thickness of 10 m.  

Surprisingly though, in this study, the spacing between the clusters does 

not affect the permeability if the total fracture length and mean fracture length are 

the same. This is seen in the next section (section 5.2.2) where there is no 

dependence of Rk on the bed thickness provided the total and mean fracture 
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lengths are identical. It is to be emphasized however, that the flow simulations 

studied generated permeabilities in the principal direction of maximum 

permeability anisotropy. The overall flow direction across the grid used in 

estimating the permeability was parallel to the orientation of the fractures. It could 

be expected though that with “single-well boundary conditions” or with principal 

fracture orientations oblique to the direction of flow, the spacing between the 

clusters could have an effect on the observed permeability. 

 

5.2.2: Dependence of equivalent permeability ratio on the total length 

If we ignore the strain dependency of the propagation problem and simply 

plot the permeability multiplier against the total (cumulative) created fracture 

length for a given case (averaged over the seven realizations), we see an almost 

linear correspondence between Rk and the total length (Fig. 5.7).  However, given 

the same total fracture length, the case with the subcritical index of 40 has a 

higher Rk than that for the case with an index of 80. This is attributed to the fact 

that the mean fracture segment length is greater for n=40 (~3.2 m) than for n=80 

(~2.5 m).  Very high subcritical index values ( n ) produce strongly clustered 

fracture patterns with shorter individual fracture segments (Olson et al., 2001). 

The average fracture segment lengths for fracture patterns with no fracture-to- 

fracture connectivity but the same cumulative length affects the directness of the 

flow path from one side of the body to the other.  One extreme would be where all 

the fracture length is contained in one fracture that completely spans the distance 

between the flow boundaries (high average segment length), resulting in very high 

40>
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equivalent permeability because all the flow can shortcut through the fracture at 

low resistance compared to the matrix.  On the other hand, if the same cumulative 

length were distributed between numerous short, non-interconnected fractures, 

flow would be required to move through both the fractures and the intervening 

matrix to get from one side of the body to the other.  Therefore, the more 

clustered fracture pattern with a smaller mean segment length for n=80 is more 

affected by matrix flow properties and has a lower equivalent permeability ratio 

than the fracture pattern generated for n=40.   

Interestingly, although the bed thickness affects the spacing between 

fractures (Figs. 3.9 through 3.12) it has almost no impact on Rk (Fig 5.7).  Bed 

thickness only impacts the strain level required to get to a particular cumulative 

length but doesn’t seem to influence average segment length.  Thus in Fig 5.7, it 

is seen that bed thickness has only a minor impact on Rk. The dependence of Rk on 

the bed thickness for a given strain (compare Figs. 5.5 and 5.6) was due to the 

larger cumulative total length obtained in the smaller bed at that given strain. 

 

5.2.3: Dependence of equivalent permeability ratio on the mean length 

As the geomechanical simulations progress, i.e., for increasing strain, the 

cumulative fracture total length as well as the mean fracture length is in principle 

supposed to increase. However, in this numerical crack simulation, for a total 

fracture length greater than 300 m, the total fracture length grew by the addition 

of fracture segments of fairly uniform mean length. In fact, this made the analysis 

of section 5.2.2, i.e., variation of Rk on only the total length (having constant 
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mean length), possible. It was also postulated in section 5.2.2 that the larger Rk , at 

the same total length, for the fracture network with n = 40 versus n = 80, was due 

to it’s larger mean length. 

Because the mean length for the fracture networks described above, for a 

given bed thickness and SCC index, even with increasing strain, was fairly 

uniform, a plot of Rk versus the mean fracture length would not give meaningful 

information. Therefore, to study the effect of the mean fracture length 

independent of total fracture length, random fracture networks with approximately 

constant total fracture length (990 m) and varying mean lengths were generated. 

The generation of fracture networks with constant total length but varying mean 

lengths was done by applying large displacement increments (critical growth) to 

fracture networks with different numbers of random starter cracks. Each of the 

geomechanical simulations was terminated when a preset total length was 

reached. The large displacement forces all the starter cracks to grow thus ensuring 

that the mean lengths for each of the obtained networks were different. The mean 

lengths varied from 0.83 m to 7.87 m. Due to the random spacing of the starter 

cracks (and propagation of all of them) the fracture patterns generated had a more 

uniform distribution. A plot of Rk versus mean length (Fig 5.8) indicates that the 

equivalent permeability increases strongly with mean length. 

 

5.2.4: Dependence of equivalent permeability ratio on the mean aperture 

Another fracture attribute often assumed to be a controlling factor in 

determining fracture permeability effects is the fracture aperture or opening.  To 
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study the effect of the mean fracture aperture on Rk, the flow simulations were 

repeated for one set of 7 fracture network realizations using fracture cell 

permeabilities increased by a factor of 10. The average Rk values, however, 

increased by only a factor of 1.06 (Table 5.1). Thus, the equivalent permeability 

ratio is not very sensitive to the fracture aperture in cases with a poorly connected 

fracture network. The reason for this is that the fracture cell permeability is 

already so much larger than the matrix permeability that the overall resistance to 

flow is controlled more by the permeability and geometry of the matrix flow paths 

between the fractures than by the permeabilities and the pressure drop within the 

fractures themselves. 

 

5.2.5: Comparison of equivalent permeabilities obtained in this study with 
those obtained elsewhere, using stochastically generated fractures 

Nakashima et al. (2000), have presented a similar 2-D study on the effect 

of fractures on effective permeability estimates, using the complex variable 

boundary element method. They generated 100 models of stochastic fracture 

systems on a unit cell (1 m x 1 m) complying with fracture statistics on total 

fracture length (2.5, 5.0 and 10 m), mean fracture length (0.025, 0.05 and 0.1 m), 

and standard deviation of fracture length (0, 0.01, 0.02, and 0.04). 

In this study, the domain was 50 m x 50 m and the mean lengths were 

approximately 2.5 (n = 80) and 3.5 m (n = 40). The total length varied from zero 

to a value of approximately 500 m at the maximum imposed strain. Thus the ratio 

of mean length to domain length was 0.05 (2.5m/50m) and 0.07 (3.5m/50m). The 

ratio of total fracture length at the maximum strain to domain length was 10 (500 
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m/50m). Data on the standard deviation of the fracture lengths generated in this 

geomechanical study were not obtained. Thus, the interrelationships between the 

mean and total fracture lengths and domain in the Nakashima et al. (2000) study 

were fairly similar to those obtained here. 

Nakashima et al. (2000) found that for a constant mean length and 

standard deviation on length the effective permeability increased with total 

fracture length. Further, for a constant total length, as the mean length was 

increased, the effective permeability was found to increase. Those results are 

consistent with this study. However, the magnitudes of the permeability 

enhancements are substantially lower than those obtained in the current study. In 

order to make a comparison, recall that the 0.05 m mean length and 5.0 and 10.0 

m total lengths of the Nakashima et al. (2000) study are equivalent to the 2.5 m 

mean length and 250 m and 500 m total lengths respectively of this study. 

Nakashima et al. (2000) reported that for a mean length of 0.05 m and standard 

deviation of 0.02, the mean of the effective permeability, , was 1.29 for a total 

length of 10.m. This value for  of 1.29 is substantially lower than the  = 4 

(2.5 m mean, 500 m total, length) obtained in this study. Similarly, for a total 

length of 5.0 m, they obtained a mean  of 1.145 for a mean length of 0.05 m. 

This value for  of 1.145 is lower than the  = 2.25 (2.5 m mean, 250 m total, 

length) obtained in this study. 

kR

kR kR

kR

kR kR

The reason for this apparent discrepancy is that in the Nakashima et al. 

(2000) approach the fractures were located randomly in the domain, leading to a 

more uniform spacing. In the geomechanical simulations performed in this study 
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the fractures were located in zones or clusters, with each cluster extending from 

one end of the fractured region to the other. The closer spacing of the fractures, 

forming clusters, represents a fairly uninterrupted flow path of larger 

permeability, which can lead to larger equivalent permeabilities. Nakashima et al. 

(2000) have also found that for a constant total length and constant average mean 

length, as the standard deviation of the length increased, the mean and standard 

deviation of the effective permeability increased. They also attempted to express 

the effective permeability as a linear function of the total, mean and standard 

deviation of the fracture lengths, with a positive correlation, such that the larger 

any of the parameters, the larger the effective permeability. However, as this 

study has just shown, the effect of clustering and zones on the magnitude of the 

effective permeability cannot be ignored and a scheme to be able to quantify the 

effects of clustering must be developed. 

 

5.3 FLOW SIMULATION ON SWCF FRACTURE NETWORK USING NNC 

Single-phase flow simulations on fracture “snapshots” at a series of 

increasing strains were also performed on one realization (realization 1) of the 

SWCF simulated fracture network, for both bed thicknesses (10 m and 5 m), and 

both subcritical indices (40 and 80), using the NNC approach. As explained 

previously (section 4.2), the fracture aperture information is irrelevant as the 

fractures are assumed to be infinitely conductive.  The equivalent permeability 

behavior is similar to that obtained using the explicit fracture representation 

except that the Rks are bigger by about 30 % (Appendix A).  This is because in the 
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explicit fracture representation method the tapering at the ends of the fractures is 

incorporated, which effectively shortens the fractures. That is not done for the 

NNC case where the fractures are considered to be infinitely conductive 

throughout their entire length. However, the Rk values are still fairly close in 

magnitude to those obtained using the explicit fracture representation because the 

equivalent permeability is more sensitive to details of the spatial distribution of 

the fractures than the fracture permeability. 

The fluid flow simulations were performed using the fully implicit 

method. The memory and run time requirements for the non-neighbor connection 

approach depend on the number of fractures, and were much higher than that 

required for the explicit fracture representation method. The memory required 

varied from about 1.5 to 3 times that of the explicit fracture representation method 

while the CPU run time varied from about 15 to 30 times that of the explicit 

fracture representation method. Details of the equivalent permeability estimates, 

memory and run times and comparison with the explicit fracture representation 

method are presented in Appendix A. 

 

5.4 OTHER FACTORS AFFECTING EQUIVALENT PERMEABILITY 

5.4.1 Synkinematic Cement 

Thus far, we have assumed that the mechanically predicted fracture 

aperture is the same as the fracture aperture open to flow.  However, in the 

subsurface, over geologic time scales, carbonate, quartz or other cement can 

precipitate on the fracture walls partially or completely occluding flow.  Cement 
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that is precipitated contemporaneously with fracture propagation is called 

synkinematic cement (Laubach et al., 2000). Observations suggest that fractures 

below a certain mechanical aperture size, termed the emergent threshold, et, are 

completely closed with this type of cement. Fractures with larger apertures are 

only partially filled and can still conduct flow. To estimate the effect of this 

fracture mineralization process on permeability, the aperture in each fracture 

patch was reduced by a constant amount  computed as,  te

gmrt wee =  (5.1) 

where  is the geometric mean of the simulated apertures and egmw r  is the 

emergent threshold ratio. 

The effect of the emergent threshold was studied on one fracture pattern 

realization with a bed thickness of 10 m and subcritical crack index of 40.  The 

emergent threshold ratio was varied from zero (no reduction in aperture) to 

two.  The equivalent permeability ratio, R

re

k, was computed for each case, showing 

that as the emergent threshold increases, Rk decreases (Fig. 5.9). However, this 

decrease in Rk is more due to a reduction in fracture length resulting from some 

fracture segments becoming completely filled, rather than a reduction in fracture 

aperture. The permeability of the grid cells containing the fractures is much 

higher (on the order of Darcies) than the permeability of the matrix cells that (1 

md), so a reduction of the aperture by even a fairly large amount would still result 

in fracture grid cells having a high permeability. Only if the fractures were 

completely filled in would the permeability of the fracture grid cells drop to the 

matrix permeability.  
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The total fracture length, mean fracture length and mean (geometric) 

fracture apertures for the varying emergent thresholds for the realization studied 

are presented in Fig 5.10. Each of the parameters is normalized by its initial 

magnitudes.  Surprisingly, the mean aperture is larger than the initial, for  

values from 0.25 to 1.0. The increase in mean aperture is probably because 

initially there were a larger number of narrower fractures (skewed histogram), 

which were completely filled in at the smaller e  (until 1). It is to be noted that 

once a fracture is completely filled in it is dropped from the distribution. Only 

fractures that are still open even after the cement filling are included in the 

fracture statistical distribution. The low  did not significantly affect the larger 

aperture fractures.  However at an of 2 there was a reduction in the mean 

aperture. It is expected that the synkinematic cement would continue to decrease 

the mean aperture at larger values of e .  

re

r

re

re

r

The total fracture lengths and the mean fracture lengths decrease with an 

increase in  as expected (Fig 5.10). The trace patterns of the open fractures for 

emergent threshold ratios of 0 and 2 (Fig. 5.11) show that cumulative fracture 

length decreases with increasing emergent threshold ratio and the fracture pattern 

becomes more disjointed.  This increases the matrix flow component in the 

system, reducing overall permeability.  Since the equivalent permeability ratio 

decreases with a decrease in both cumulative fracture length and mean fracture 

length (Figs 5.3 and 5.8), the equivalent permeability ratio is expected to drop 

with an increase in e as evidenced in Fig 5.9.  

re

r
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5.4.2 Postkinematic Cement 

In some cases, cement is precipitated after fractures are formed, in 

addition to the synkinematic cement. This cement is termed postkinematic cement 

(Laubach et al., 2000) and fills in all kinds of porosity including fracture porosity. 

Unlike synkinematic cement, that produces an approximately uniform reduction 

in fracture aperture, postkinematic cement is typically more heterogeneously 

distributed than synkinematic cement, and causes those fractures that are affected 

to be completely filled regardless of their aperture.  This effect was modeled in 

the reservoir simulations by randomly eliminating some of the fractures 

independent of their aperture. 

It is possible from point-count data of thin sections to obtain the fraction 

of pore space filled in with cement, termed the degradation index. This often 

correlates well with the percentage of fractures filled in microfracture 

observations and hence is frequently used to predict the amount of filled 

macrofractures (Laubach et al., 2000). However, in the South Wasson Clear Fork 

reservoir, the percentage of microfractures filled did not correlate well with the 

degradation index (Gale et al., 2002). Therefore, instead of a degradation index, 

the extent of microfracture filling obtained directly from thin section analysis 

(Gale et al., 2002) was used (Table 5.2) to compute the fraction of fractures to be 

removed from the flow network.  The partly filled fractures were treated as fully 

open in one case and fully closed in another. From this data the following values 

for post-kinematic fracture filling percentages were obtained: 44 % (i.e., 16/36) 

and 78 % (i.e., (16+12)/36). The trace fracture patterns obtained for these two 
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values of post-kinematic cement are presented in Fig. 5.12. Equivalent 

permeability estimates indicate that increased levels of post-kinematic 

cementation, cause a significant reduction in the predicted permeability ratio (Fig. 

5.13).  Plots of the total fracture length, mean fracture length and mean fracture 

apertures normalized against their maximum values versus the percentage of 

fracture filling are presented in Fig. 5.14. It is seen that the increased post-

kinematic cement primarily causes a reduction in the total fracture length. The 

variation in the mean fracture length and mean fracture apertures evidenced in Fig 

5.14 are merely a statistical variation since the post-kinematic cement, modeled in 

this exercise, causes the complete closure of a fracture irrespective of its length or 

aperture. 

 

5.5 EFFECT OF WELL BOUNDARY CONDITIONS 

As described in sections 5.2 through 5.4, flow simulations on a simulation 

grid with constant and uniform pressure boundaries on the edges perpendicular to 

the fractures did result in permeability enhancement with a greater enhancement 

for the fractures with a larger mean length (section 5.2.3). Constant and uniform 

pressure boundaries on the edges parallel to the fractures would result in no 

permeability enhancement. However, if the constant pressure edge boundaries 

were replaced with wells, i.e., point sources and sinks, a somewhat different result 

is obtained as outlined below. 

Fracture networks with fractures of fairly uniform length and random 

spacing were generated in order to reduce the effects of fracture spacing and 
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clustering. All of the fracture networks had a constant total fracture length of 990 

m with mean lengths varying from 0.83 m to 7.87 m. Sample fracture networks 

are depicted in Figs. 5.15 and 5.16 showing the location of the well pairs, i.e., an 

injector (source) and a producer (sink), located parallel to (Fig 5.15) and 

perpendicular to (5.16) the orientation of the fracture array. Single-phase flow 

simulation on these two arrangements, for fracture networks with varying mean 

lengths, were performed. The permeability enhancement was computed by 

repeating the flow simulation (same fluid) on the same simulation grid, with 

identical pressure drop between the source and sink, but with the fractures 

removed. The steady state flow rate for the case with the fractures was divided by 

the flow rate without the fractures to obtain the equivalent permeability ratio. The 

results indicate that, consistent with the results generated previously (section 

5.2.3), the largest permeability enhancement is obtained for the fracture network 

with the largest mean length. However, it is interesting to note that even for the 

well pair located perpendicular to the fracture array (Fig. 5.16), there is noticeable 

permeability enhancement (Fig. 5.17) due to the fractures. 

For each of the mean fracture length cases, the ratio of permeability 

enhancement for the well pair located perpendicular to the fracture orientation to 

the permeability enhancement for the well pair parallel to the fracture orientation 

was obtained (Fig. 5.17). This ratio of perpendicular to parallel enhancement was 

found to increase as the mean fracture length decreased (Fig. 5.17), being almost 

95 %, for the mean fracture length case of 0.87 m.  This suggests that very short, 

poorly connected fractures do not have a strong directional effect on the 
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permeability field. The reason for this behavior is that outward (or inward) flow 

near a well occurs radially, and there is a substantial component of flux parallel to 

the fractures even if the well pairs are located perpendicular to the fracture array. 

Moreover most of the pressure drop occurs near the wells where the flow is radial. 

A linear constant pressure boundary will only occur far away from the source or 

sink. 

 

5.6 SUMMARY 

In conclusion, it has been seen in this chapter that equivalent 

permeabilities could be obtained from the fracture pattern information. The 

equivalent permeabilities are observed to depend on the cumulative fracture 

length and mean fracture length, which are, in turn, affected by the subcritical 

index, total strain and bed thickness for a given type of rock. It was also seen that 

both types of cement, i.e., synkinematic and postkinematic, fill in the fractures 

which reduce the equivalent permeabilities. The above analysis was performed 

with constant and uniform pressure boundaries on the edges perpendicular to the 

direction of the fractures with no flow across the edges parallel to them. However, 

as it shall be seen in chapter 6, the type of boundary condition applied influences 

the magnitude of the equivalent permeability. 
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Equivalent Permeability Ratio Case 

kcell unchanged kcell ×10 

1 7.22 7.66 

2 6.98 7.48 

3 12.12 12.95 

4 5.35 5.66 

5 7.34 7.88 

6 7.42 7.84 

7 7.53 7.95 

Mean 7.71 8.20 

Table 5.1: Effect of increasing the fracture cell permeability by 10 times on the 
equivalent permeability ratio. 

 

 
Aperture Reduction by 
 Postkinematic Cement 

No. of 
fractures

None 8 
Partially filled 12 
Completely filled 16 
Total fracture observations 36 

Table 5.2: Microfracture observations from South Wasson Clear Fork thin 
sections; from Gale et al., 2002. 
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Concentration of tracer 1.0 0 
 

Figure 5.1: Tracer simulation of flow through the fracture network (explicit 
fracture representation) for a bed thickness of 10 m and SCC index of 40 (0.064 
PV). 

 

 

 

 

 

 

 

 

 

Figure 5.2: Tracer simulation of flow through the fracture network (explicit 
fracture representation) for a bed thickness of 10 m and SCC index 
of 80 (0.060 PV).

Concentration of tracer 1.0 0 
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Figure 5.3: Values of equivalent permeability ratio versus strain, for all 7 
realizations, for SCC indices of 40 and 80, for a bed thickness of 10 
m. 
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Figure 5.4: Values of equivalent permeability ratio versus strain, for all 7 
realizations, for SCC indices of 40 and 80, for a bed thickness of 5 
m.
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Figure 5.5: Mean and standard deviation of equivalent permeability ratio versus 
strain, for all 7 realizations, for SCC indices of 40 and 80, for a bed 
thickness of 10 m. 
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Figure 5.6: Mean and standard deviation of equivalent permeability ratio versus 
strain, for all 7 realizations, for SCC indices of 40 and 80, for a bed 
thickness of 5 m. 
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Figure 5.7: The effect of average total fracture length on the equivalent 
permeability for given SCC indices and bed thicknesses. 
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Figure 5.8: The effect of mean fracture length on the equivalent permeability ratio 
for a constant total fracture length. (approx. 990 m). 
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Figure 5.9: The reduction in equivalent permeability by synkinematic cement for 
a SWCF simulated fracture network (realization 4) with a bed 
thickness of 10 m and SCC index of 40. 

 107



 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.
Emergent threshold ratio (dimensionless)

N
or

m
al

is
ed

 v
al

ue
s 

(d
im

en
si

on
le

ss
)

Cumul Length
Mean Length
Mean Aperture
Product of Cumul & Mean Length
Equivalent Permeability Ratio

5

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Plot of the normalized cumulative fracture length, mean fracture 
length, mean fracture aperture, and the equivalent permeability ratio 
as a function of the emergent threshold ratio, for a SWCF simulated 
fracture network (realization 4) with bed thickness 10 m and SCC 
index 40. 
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Figure 5.11: The effect of synkinematic cement. SWCF simulated fracture 
network (realization 4) with a bed thickness of 10 m and SCC index 
of 40 (upper figure) is changed by the application of synkinematic 
cement. The lower figure is a reproduction of the upper figure with 
an emergent threshold ratio of 2. 
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Figure 5.12: The effect of postkinematic cement. SWCF simulated fracture 
network (realization 4) with a bed thickness of 10 m and SCC index 
of 40 (upper figure) being progressively changed by random 
postkinematic cement. The lower left figure has 44 % of its fractures 
filled while the lower right figure has 78 % of its fractures filled. 
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Figure 5.13: The reduction in equivalent permeability by postkinematic cement 
for a SWCF simulated fracture network (realization 4) with a bed 
thickness of 10 m and a SCC index of 40. 
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Figure 5.14: Plot of the normalized cumulative fracture length, mean fracture 
length, mean fracture aperture, and the equivalent permeability ratio 
as a function of the percentage of fracture filling, for a SWCF 
simulated fracture network (realization 4) with bed thickness 10 m 
and SCC index 40. 
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Figure 5.15: Well pair located parallel to fracture orientation for fracture network 
with randomly located fractures. 

 

 

 

 

 

 

 

 

 

Figure 5.16: Well pair located perpendicular to fracture orientation for fracture 
network with randomly located fractures. 
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Figure 5.17: Effect of well orientation relative to fracture array, on equivalent 
permeability ratio as a function of mean fracture length. 
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6. Analysis of Boundary Conditions 

6.1 INTRODUCTION 

In Chapter 5 it was demonstrated that equivalent permeabilities for use in 

larger scale flow simulations can be obtained from steady- state single-phase flow 

simulations using uniform pressure boundary conditions perpendicular to the 

orientation of the fractures, and no flow across the edges parallel to the fractures. 

This method can be used if the fractures are preferentially unidirectional and will 

produce equivalent permeabilities in the direction parallel to the fracture 

orientation. The equivalent permeability in the direction orthogonal to the fracture 

orientation is equal to the matrix permeability (provided the fracture faces do not 

act as “barriers”). 

No-flow boundaries may not be appropriate if there are fractures at some 

non-zero angle to the direction of the imposed pressure gradient. Durlofsky 

(1991) has shown that in order to obtain the full permeability tensor, periodic 

boundary conditions are necessary.  Periodic boundary conditions imply that 

when a potential gradient is applied in one direction the fluxes across the two 

faces in the orthogonal direction are equal (i.e., what comes in through one face 

must exit through the opposite face). From the flow rates in the direction 

orthogonal to the imposed gradient the cross-term permeabilities are computed. 

However, for the problem analyzed in this study the fractures are unidirectional 

and the directions of maximum and minimum permeability anisotropy are parallel 
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to and perpendicular to the direction of the fractures. The application of periodic 

boundary conditions is unnecessary since the cross term permeabilities are zero.  

The use of periodic boundary conditions has found favor with a number of 

researchers because it yields symmetric, positive definite permeability tensors 

(Pickup et al., 1994; Lough et al., 1999; Nakashima et al., 2000). However, 

periodic boundary conditions can strictly be applied only if the flow system being 

modeled is periodic in the larger scale. Moreover the use of periodic boundary 

conditions implies that the permeability tensor is symmetric and positive definite 

and that the principal axes of permeability anisotropy are orthogonal. However, 

Collins (1961) has pointed out that the principal axes need not always be 

orthogonal. This effect may be more likely to occur in scale-up problems where 

there are preferential flow channels, bedding planes etc. However, for the 

problems analyzed in this study, the non-orthogonality of the principal directions 

of permeability anisotropy is not an issue. 

Nevertheless, the issue of whether uniform pressure boundary conditions 

are appropriate for the determination of equivalent permeabilities deserves further 

investigation. Lough et al. (1999), and Nakashima et al. (2000), have used 

uniform pressure ends (along with periodic boundary sides) for their individual 

methods of estimating effective permeabilities of a representative fractured 

region. In the next section (section 6.2) an argument for the use of a uniform flow 

rate (uniform flux) boundary condition is presented. In section 6.3, numerical 

flow simulations are performed on the fractured region with uniform pressure and 
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uniform flow rate boundary conditions and the results compared with the behavior 

of the fractured region when embedded in a homogeneous matrix. 

 

6.2 UNIFORM PRESSURE VERSUS UNIFORM FLOW RATE BOUNDARY 
CONDITION 

The equivalent permeability results presented in Chapter 5, for the 

geomechanically simulated fracture networks, were generated with uniform 

pressure boundaries. Most other researchers (White and Horne, 1987; Kasap and 

Lake, 1990; Durlofsky, 1991; Durlofsky and Chung, 1993; Pickup et al., 1994; 

Lough et al., 1999; Nakashima et al., 2000) have also used uniform pressures on 

two edges or parts of those edges that are considered boundaries that drive the 

flow.  In 2-D analysis, the other two edges usually have no-flow boundaries, 

producing zero cross term permeabilities, or are subject to a “leaky-boundary 

condition” or periodic flux, producing non-zero cross term permeabilities.  The 

analysis is usually repeated with the uniform pressure and no-flow/leaky-

boundary/periodic flux boundary conditions interchanged, to obtain permeabilities 

in the orthogonal direction. 

However, the use of uniform pressure inlet and outlet boundaries at the 

edges implicitly makes the assumption that those edges are infinite capacity 

sources or sinks. This assumption does not matter in most cases because most of 

the heterogeneous regions that have been considered do not consist of zones or 

channels of extremely large permeability that extend or almost extend from one 

end of the region to the other. However, if the fractures are long relative to the 

 117



problem size, 50 m x 50 m, then the uniform pressure boundary condition will 

result in extremely large permeabilities. 

To highlight this problem, consider a hypothetical example shown in 

Figure 6.1. There is a series of 3 grid blocks with disconnected fractures staggered 

from each other but nevertheless extending beyond both edges of a grid block. If 

the fractures were infinitely conductive, using uniform pressure boundaries for 

permeability determination on each individual grid block will result in an estimate 

of infinite conductivity in the x-direction. Using those gridblock estimates, the 

conductivity for flow from ‘A’ to ‘B’ will also be infinite, which is clearly not the 

case.  There is no continuous fracture path from ‘A’ to ‘B’ so another approach is 

required to estimate conductivity on the grid block scale to avoid overestimation.  

Lee et al. (2001) approached the problem of modeling fractures for 

equivalent permeability estimation in an interesting manner. They assigned 

fractures to three different classes based upon their lengths,  
(1) short fractures ( gf ll << ),  

(2) medium length fractures ( l gf l≈ ) and  

(3) long fractures ( l ). gf l>>

where  is the length of the fracture and l  is the length of the grid block. Their 

method involves a hierarchical modeling of fractures, whereby the effect of the 

short fractures on the effective permeability is incorporated first by means of an 

analytical solution. A new anisotropic matrix effective permeability (due to the 

presence of the short fractures) is then computed and the medium length fractures 

introduced. A boundary element method, with uniform pressure and periodic 

fl g
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boundary conditions, is employed to solve for coupled fracture-matrix flow using 

the anisotropic (modified) matrix permeability and explicitly incorporating the 

medium length fractures to obtain a new grid block effective permeability. 

Finally, the long fractures are modeled on the larger scale (full field simulation) 

explicitly as horizontal wells. 

However, in order for this approach to work, the short fractures should be 

randomly distributed throughout the matrix. If there is a spatial relationship 

between the fractures as postulated by subcritical crack growth, then information 

on “connectivity” will be lost by hierarchical modeling. Consequently, all the 

fractures should be modeled explicitly and simultaneously in order to compute an 

effective/equivalent permeability for the grid block. For extremely large fractures, 

faults, or flow channels, one has no choice and therefore they can be modeled 

explicitly in the larger scale simulation. It should be appreciated that information 

on “connectivity” between the large fracture and smaller fractures is however lost. 

Generally the extremely large fractures and faults are fewer in number and their 

presence and effect on reservoir performance might possibly be studied by other 

more explicit methods. 

Due to the fact that uniform pressure boundaries assume infinite capacity 

sources/sinks and therefore will overpredict the permeabilities, it is postulated that 

a uniform flow rate boundary condition may be a better approximation in order to 

generate equivalent permeabilities for scale-up purposes. The idea behind this is 

based on the conservation of mass principle. Since an almost incompressible fluid 

(and rock) is being considered here this is equivalent to a conservation of volume. 
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For a given flow problem with an overall resistance and pressure drop, a certain 

fixed overall volumetric flow rate will be obtained. The increased flow through a 

high permeability section can occur but only at the expense of flow through the 

low permeability sections. Therefore, boundary conditions to be used in 

generating equivalent permeabilities should not yield abnormally high flow rates 

through a particular section although the capacity for an abnormally high flow 

rate through that section does exist. The use of a uniform flow rate boundary 

enforces this condition and no infinite source or sink is assumed. 

To test this idea a few flow simulations were performed using uniform 

flow rate boundary conditions with equal and constant flow rate injectors on one 

end and equal and constant pressure producers at the other end. Attempts were 

made to apply uniform flow rate at both ends, but at the average pressures chosen 

for the fractured region, the producers were unable to sustain steady state 

production at required rates. The choice of a much higher average pressure would 

probably have solved this problem. The use of uniform flow rates at both ends 

would probably lead to a lower permeability than that obtained using uniform 

flow rate at one end and uniform pressure at the other, because in specifying a 

uniform pressure end, the assumption is still being made that the end is an infinite 

capacity source/sink. However, as is demonstrated in section 6.3.2, the method 

adopted here leads to permeability values reasonably close to values obtained 

when the networks were embedded in a larger region of matrix permeability. 

The use of a uniform flow rate boundary condition however, does create a 

problem in the definition of an equivalent permeability. Due to the heterogeneity 
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of the representative fractured region, a uniform flow rate boundary condition at 

the inlet implies non-uniform grid cell pressures. Equivalent permeability 

estimates are made on the assumption that pressures at the edges are uniform (and 

constant). However, in this case, as the pressures at the inlet are not uniform, the 

equivalent permeability has to be defined differently. For the flow system 

considered there is a global pressure gradient in the x-direction that drives overall 

flow in the x–direction. There are also local gradients in the y-direction due to the 

presence of the fractures that distribute the flow locally in the y-direction. 

Averaging of the pressure along the y-direction however, should not change the 

estimated overall x-direction pressure gradient.  Therefore, in obtaining equivalent 

permeabilities the arithmetic average pressure was used at the uniform flow rate 

end in computing the pressure gradient that drives the flow.  

Narasimhan (1980) has pointed out that as pressure is an intensive 

property it strictly cannot be averaged to obtain a thermodynamically meaningful 

“measure”. For a property to be meaningfully averaged it needs to have the 

additive property, possessed only by extensive properties. An intensive property is 

one that does not depend on the quantity of the substance whereas an extensive 

property is one that does. Other examples of intensive properties are temperature 

and density and examples of extensive properties are mass and volume. In the 

treatment in this dissertation, however, the arithmetically averaged pressure is a 

thermodynamically meaningful measure since low compressibility fluid and rock 

has been used and the flow system is made up of uniformly sized grid cells. It is 

to be emphasized, however, that the thermodynamically meaningful average may 
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still be meaningless since fluids are driven by pressure (or potential) gradients and 

the averaging procedure causes the loss of information about the pressure 

gradients that exist between the cells averaged.  However, as the averaging 

procedure is performed only over the y-direction, i.e. for a fixed column of cells, 

information only about y-direction (localized) flows due to y-direction (local) 

pressure gradients is lost. In estimating the equivalent permeabilities as only the 

overall x-direction flow is being considered, and the averaging procedure should 

not change an overall x-direction global gradient, the permeability estimates 

obtained are assumed to be reasonable. 

 

6.3 NUMERICAL FLOW SIMULATION STUDIES 

In order to obtain a better understanding of the flow behavior within the 

fractured region, a detailed analysis of the steady-state grid cell pressures and grid 

cell flow rates were performed for single-phase flow simulations of representative 

fractured regions. Such flow simulation studies, with individual grid cell analysis, 

were performed on: 

1) The stand alone fractured region, using both uniform pressure and uniform 

flow rate boundary conditions, and 

2) The fractured region embedded within a homogeneous matrix, using a 

boundary condition that generated flow parallel to the fractures. 

For the detailed analysis, four, sample, geomechanically simulated 

fracture network realizations were chosen. Two of these cases were sample 

realizations of the representative fracture networks generated in chapter 3 – i.e., 
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realization 3 with a bed thickness of 10 m and subcritical crack indices (n values) 

of 40 and 80. The fracture networks were fairly disconnected and therefore the 

flow simulations with uniform pressure boundary conditions did not yield 

extremely large permeabilities. These fracture networks, disc-1 (n = 40) and disc-

2 (n = 80), are presented in chapter 3 (Fig. 3.9 and 3.10). Two other fracture 

networks were generated using properties identical to those that generated disc-1 

and disc-2 except that the number of starter flaws used was much lower.  This 

caused the fracture network in one of the cases to have an almost connected 

fracture set that extended from one end of the fractured region to the other. The 

fracture networks generated using the sparser flaws were named thru-1 (n=40) 

and thru-2 (n=80). The fracture networks thru-1 and thru-2 are shown (Fig 6.2 

and 6.3). Properties such as the total fracture length, mean fracture length, and 

mean fracture apertures for the fracture networks used in the boundary condition 

study, disc-1, disc-2, thru-1, and thru-2 are presented in table 6.1. 

The representative elementary volume (REV) is a concept essential to the 

representation of porous media – a collection of pores and grains – as a 

continuum. Bear (1972) defines it with respect to porosity as the volume below 

which the value of the porosity fluctuates widely and where the actual presence of 

the pores and solid particles must be considered. The REV with respect to 

porosity is the smallest volume about a point for which porosity can be 

meaningfully defined. The concept of a REV can be extended to large-scale 

effective permeabilities as well. For a heterogeneous region one could define a 

REV with respect to permeability as the smallest volume about a point for which 
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flow experiments would generate effective permeability values identical to those 

generated for larger volumes about that same point. It is interesting to see how the 

representative fracture networks considered here behave with regard to being a 

REV. As this is a 2-D analysis, the REV can be replaced by the representative 

elementary area (REA) for the fracture networks studied. 

For each of the 4 sample cases, the mean pressures, P , and coefficient of 

variation, , of the pressures, for each column of grid cells (i.e., a fixed x value) 

were computed (Jensen et al., 1997). The mean pressure for a given column of 

cells, 

VC

(xP ) , was computed as follows, 
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where x is the column index and y is the row index. The mean pressures were 

normalized to read 1.0 at the inlet (2000 psi) and 0.0 at the outlet (1000 psi). The 

coefficient of variation of a quantity is a normalized measure of the variation of 

that quantity and is defined as the standard deviation divided by the mean. The 

coefficient of variation, C , of pressure, for a given column of grid cells was 

computed as follows, 
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From the profile of the mean pressures, the deviation of the fractured 

region from being an REA with respect to permeability can be understood. Also 
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the profile of the coefficient of variation is an indication of the heterogeneity 

within the modeled fractured region. The grid cell flow rates can also be obtained 

from the flow simulation after the runs are completed. For 2-D analysis there can 

be flow in two directions from every grid cell – in the x-direction and y-direction. 

Flow in the x-direction is called x-flow and in the y-direction is called y-flow. The 

means and coefficient of variation (averaged along y-direction) of the x-flow rates 

were also computed. Finally, in section 6.3.3 the profiles of the means and 

coefficient of variation for the pressures and flow rates, obtained using the various 

boundary conditions are compared with those obtained when the fracture 

networks are embedded in a homogeneous matrix. 

 

6.3.1: Stand-alone Fractured Region 

6.3.1.1: Uniform Pressure Boundary Condition 

For each of the 4 fracture networks considered, the equivalent 

permeability was computed as outlined in chapter 4. The results are presented in 

Tables 6.2 and 6.3.. It is seen that the permeability of one of the fracture 

networks, thru-2, is large (283 md) although the mean and total fracture lengths 

(and incidentally apertures) are comparable to that of the other networks studied 

(Compare Tables 6.1 and 3.3). The reason for this is the presence of a through-

going fracture zone in thru-2 (Fig. 6.3). A detailed analysis of the performance of 

this zone under various boundary conditions will be presented subsequently. 

A sample picture of the pressure variation for one of the representative 

fracture networks (disc-1) with uniform pressure boundaries is shown in Fig. 6.4. 
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It is seen that the presence of the fractures distorts the pressure field such that the 

variation in the pressure from the inlet (west) to the outlet (east) is neither uniform 

nor gradual. There are jumps and discontinuities in the pressure field at each of 

the numerous fracture-matrix interfaces. The absence of pressure discontinuities 

at the inlet and outlet of the simulation grid although the fracture zone extends 

unto or almost unto the edges, is because an external uniform inlet and outlet 

pressure boundary condition has been applied to the simulation grid.  In Fig. 6.5 

the  of the pressures, for each column (variation along the y-axis) is presented. 

It is seen that it varies from zero at both the ends (uniform pressure) to some 

maximum value - not necessarily at the midpoint - within the fractured region 

indicating that the specifics of the heterogeneity have a strong influence on the 

nature of the pressure field within the fractured region. The maximum value, 

obtained for the fracture network thru-1, is at a location fairly close to the outlet.  

VC

The normalized mean pressures for all four of the fracture networks are 

presented in Fig. 6.6.  It is seen that the mean pressure deviates from a straight-

line of uniform slope from the inlet to the outlet for all 4 of the fracture networks. 

This indicates that any sub-region along x-direction within the fractured region 

cannot be considered an REA with respect to x-direction permeability, since the 

particular choice of the two points, within the region, would determine the 

pressure gradient and hence the equivalent permeability.  However, the deviation 

from straight-line behavior is less for the disconnected fracture networks, disc-1 

and disc-2 than it is for the fracture networks thru-1 and thru-2.  Therefore, for 

disc-1 and disc-2, the equivalent permeabilities computed using the mean 
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pressures at any two points along the x-direction within the fractured region 

would give a more stable approximation than for networks thru-1 and thru-2. 

 

6.3.1.2 Uniform Flow Rate Boundary Condition 

In the uniform flow-rate flow simulations, each of the injectors at the inlet 

were assigned to inject at equal and constant flow rates but each of the producers 

were assigned to operate on constant pressure as outlined in section 6.2. This 

creates a uniform flow-rate edge at the inlet end of the modeled region and a 

uniform pressure edge at the outlet of that region. Two different uniform flow rate 

studies were performed using total flow rates an order of magnitude apart - 2.5 

stb/day and 25 stb/day. At the inlet, each of the 500 injectors was assigned to 

inject at constant flow rates of 0.005 stb/day or 0.05 stb/day. Each of the 

producers was on constant pressure control of 1000 psi. Since the uniform flow 

rate boundary condition produces a non-uniform pressure boundary the 

permeabilities for the uniform flow-rate case were computed as follows, 

( )
( )21 PPA

qxLkeqv −×
××∆−∆

=
µ

 (6.3) 

where 1P  is the arithmetic mean pressure at the inlet and the other variables are as 

described previously. The permeability values computed are presented in table 

6.2. It is seen that the permeabilities obtained for all four fracture networks are 

smaller than those computed using uniform pressure boundary conditions. The 

most noticeable effect is observed for fracture network thru-2. Uniform pressure 
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boundary conditions indicate a permeability of 283 md whereas the two uniform 

flow rate boundary conditions indicate a permeability of only 9.5 md. 

Tracer “snapshots” of the flow simulation using the uniform flow rate 

boundary condition (2.5 stb/day) for the fracture networks disc-1 and disc-2 are 

presented in Figs. 6.7 and 6.8. It is seen that although the west face of the 

fractured region (inlet) is subject to a uniform flow rate, the presence of the 

fractures ensures that the tracer flows preferentially through them. After a certain 

distance along the fractured region, the tracer flow path obtained with the uniform 

flow rate boundary condition cannot be distinguished from that due to the uniform 

pressure boundary condition. Compare Figs. 6.7 and 6.8 with Figs. 5.1 and 5.2. 

However, although the flow path is similar in both boundary condition cases, the 

intensity of the tracer concentration around the fracture outlets/tips is lower for 

the uniform flow rate boundary condition than for the uniform pressure boundary 

condition because more of the tracer is remaining at the inlet.  At the time the 

snapshots (Fig. 6.7 and 6.8) were taken, 0.070 PV had been injected in both the 

fracture networks which is similar to the pore volumes injected in the 

corresponding networks when Figs. 5.1 and 5.2 were generated (0.064 and 0.060 

PV). 

For the fracture networks thru-1 and thru-2, the x-flow rates were averaged 

along the rows (along x-direction) to compute the mean x-flow rate for a particular 

row (Figs. 6.9 and 6.10). The increase in the mean x-flow rate at regular intervals 

is caused by the presence of fractures, which has created zones of larger 

permeability. It is also seen that the uniform pressure and uniform flow rate 
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boundary conditions create significantly different profiles in the mean x-flow rate. 

For the uniform flow rate boundary condition the corresponding increases in 

mean x-flow rate in zones of high permeability is at the expense of the mean x-

flow rate in nearby zones of low permeability - the matrix zones. For the uniform 

pressure boundary condition the increase in mean x-flow rates in the zones of high 

permeability do not cause a corresponding decrease in the mean x-flow in the 

nearby matrix. 

 

 

6.3.2: Fractured Region Embedded in a Non-fractured homogeneous region 

In order to study how the fractured region, for which equivalent 

permeability estimates were obtained, would behave in a larger flow field, the 

flow simulations were repeated on each of the fracture networks, disc-1, disc-2, 

thru-1, and thru-2, after embedding them in a matrix of permeability 1 md. Thus, 

the fractured portion (50 m x 50 m) was surrounded by a homogeneous non-

fractured matrix portion of length 25 m, on each side (Fig 6.11). The total 

modeled region was 100 m x 100 m. Employing the same grid resolution (0.1 m x 

0.1 m) as used for the previous studies, a 1,000,000 cell simulation grid was 

obtained. Uniform pressure boundaries were applied to the edges of the larger 

region by using constant and uniform pressure injectors (5000 psi) at the inlet 

(west) edge and constant and uniform pressure producers (1000 psi) at the outlet 

(east) edge. This is called scenario embed. As this is a specific case study, general 

conclusions cannot be drawn. However, the behavior of this system provides 
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insight into the behavior of a weakly-connected fracture network. The grid cell 

pressures and x and y-flow rates, for all the grid cells, were extracted as done 

previously for the stand-alone fractured region studies (section 6.3.1). The means, 

averaged along both the x and y-axes, and coefficients of variation, C , for all 

three parameters (pressure and x and y flow rates), were computed. 

V

The equivalent permeabilities for each of the fractured regions within the 

homogeneous matrix portion were computed as follows, 

( )
( )21 PPA

qxLkeqv −×
××∆−∆

=
µ

 (6.4) 

where 1P  is the arithmetic average of the pressure at the inlet (location 25 m) and 

2P  is the arithmetic average of the pressure at the outlet of the fractured region 

(location 75 m). The equivalent permeabilities computed are presented in table 

6.2 and 6.3. It is seen that the equivalent permeabilities obtained in this manner 

are closer in magnitude to those obtained for the stand-alone fracture network 

using the uniform flow-rate boundary condition. 

The steady state pressure “snapshots” for fracture networks thru-1 and 

thru-2, with scenario embed, are presented in Figs. 6.12 and 6.13. The color 

resolution has been increased in order to highlight the pressure variation at the 

inlet and outlet of the fractured region indicating the inappropriateness of a 

uniform pressure boundary condition.  A steady state “snapshot” of the x-flow 

rates for the fracture network thru-2 is presented in Fig. 6.14. Recall that the 

network thru-2 is the one that produced the large equivalent permeability of 283 

md using uniform pressure boundary conditions. The x-flow rate picture (Fig. 
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6.14) indicates that though there is increased flow rate through the fractures, the 

fractured region is subject to a far-field uniform flow-rate boundary condition. 

 

6.3.3: Comparison of Stand-Alone Fracture Networks under Different 
Boundary Conditions with the Embedded Fracture Networks 

The following study was performed on the stand-alone fracture networks 

considered in section 6.3.1 and on the embedded fractured networks considered in 

section 6.3.2. The coefficient of variation, C , of the pressures and x-flow rates 

for fracture networks thru-1 and thru-2 under uniform pressure and uniform flow 

rate boundary conditions were compared with those obtained for the fractured 

region when embedded in a homogeneous matrix. The C  of the pressures are 

presented in Figures 6.15 and 6.16. The magnitudes of the C  of pressure for the 

embedded case are significantly lower than for the stand-alone fracture networks 

because the embedding of the network in a larger homogeneous matrix enables an 

equalization of the pressures. However, the fact that the  is still a maximum at 

the inlet and outlet of the network indicates that the effect of the fractures is to 

cause a deviation from a uniform pressure boundary at the edge of the 

heterogeneous region. For the stand-alone fracture networks the  of the 

pressures is a maximum at the uniform flow rate boundary end and is of course 

zero at the uniform pressure ends. From the behavior of the C  of pressure, 

therefore, the embedded fracture network resembles a network subject to a 

uniform flow rate boundary more than one subject to a uniform pressure 

boundary. 

V

V

VC

V

VC

V
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The  of the x-flow rates (along the y-direction) are presented as a 

function of the x-location in Figures 6.17 and 6.18. The C  of the x-flow rates for 

the stand-alone fracture networks subject to the 2 uniform flow rate boundary 

conditions coincide with each other and remain smaller in magnitude than that for 

the uniform pressure boundary condition. The difference in theC  in x-flow rates 

between the uniform pressure and uniform flow rate boundary conditions is 

significant for the fracture network thru-2 since the flow through it under a 

uniform pressure boundary condition is controlled primarily by one high 

permeability section. As expected, the C  of the x-flow rate is zero at the uniform 

flow rate end and non-zero elsewhere. For the embedded fracture network there is 

a minimum in the  of the x-flow rates at the inlet and outlet edges of the 

fractured region. The C  of the x-flow rates rises to a maximum within the 

fractured region. It is also significant to note that the profile of the C  of the x-

flow rates for the embedded region resemble that of the stand-alone fracture 

network subject to the uniform flow rate boundary condition for a considerable 

distance along the flow path. It is the uniform pressure end at the outlet end that 

causes the deviation of the C  of the x-flow rates for the stand-alone fracture 

from those of the embedded case.  

VC

V

V

V

VC

V

V

V

Finally, the mean of the x-flow rates for each of the stand-alone fracture 

networks, under the various boundary conditions, are compared with those 

obtained for the embedded case. In this case, however, the interesting parameter is 

the variation along the y-direction. Therefore, the mean x-flow rate for each row 

(i.e., averaged along x-direction) was computed and normalized by the sum of the 
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mean x-flow rates of all the rows.  The sum of the normalized mean x-flow rates is 

therefore equal to one. The normalized mean x-flow rates as a function of the y-

location are presented in Fig. 6.19 through 6.22. The increases in the normalized 

mean x-flow rates seen in the profile are due to the fractures at those locations. 

The profile of the normalized mean x-flow rates for both the uniform flow rate 

boundary conditions coincide with each other, as expected. However, this profile 

is significantly different from that obtained for the uniform pressure boundary 

condition. For the uniform flow rate boundary condition there is decreased x-flow 

rate in the matrix adjacent to the zones of increased x-flow rate through the 

fractures. For the uniform pressure boundary there is a uniform “base-line” 

indicating that the flow through the matrix is independent of the flow through the 

fractures It is interesting to note however, that the profile of the normalized x-flow 

rates for the embedded case follow that of the uniform flow rate boundary 

condition closely.  There is decreased x-flow rate adjacent to the zones of 

increased x-flow rate indicating that the embedded fracture network resembles the 

stand-alone fracture network subject to uniform flow rate boundary conditions. 

Further, the base-line for the uniform pressure boundary condition is 

consistently shifted to the left of an “average base line” for the uniform flow rate 

boundary condition and the embedded case, indicating that for the uniform 

pressure boundary condition a disproportionately larger quantity of fluid flows 

through the zones of high permeability. This effect is less pronounced for the 

fracture network, disc-2 (Fig. 6.20), than for the other 3 fracture network cases 

(Figs. 6.19, 6.21 and 6.22). This is most noticeable however, for the fracture 
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network thru-2 (Fig. 6.22). The base-line is considerably shifted to the left 

because most of the x-flow rate takes place through one high permeable zone. Fig. 

6.22 has also been depicted in linear scale (Fig. 6.23) to highlight the fact that 

approximately 95% of the flow rate for this fracture network (under uniform 

pressure boundary condition) takes place through this one high permeable zone. It 

is important to point out that although this high permeable zone exists for thru-2, 

the profile of the normalized mean x-flow rate for the 2 uniform flow rate 

boundary conditions and the embedded case still follow reasonably similar paths 

(Fig 6.22 and 6.23). 

It is also interesting to note that the permeability values obtained using the 

uniform flow rate boundary condition and for the embedded case for fracture 

network thru-2 (table 6.3) are consistent with what the fracture length information 

for the respective networks (table 6.1) would predict. As the mean and cumulative 

lengths for thru-2 have values between the values for disc-1/disc-2 and thru-1, the 

magnitude of the equivalent permeability for thru-2 should lie between the 

permeability estimates obtained for those networks. This is indeed the case 

(Tables 6.2 and 6.3). The uniform flow rate boundary and the embedded scenario 

for thru-2 generate equivalent permeability ratios of 9.5 and 8.1 respectively 

which are larger in magnitude than those obtained for disc-1 – 5.7 (uniform flow-

rate) and 5.4 (embedded), and smaller than those obtained for thru-1 – 10.7 

(uniform flow rate) and 10 (embedded).  

In conclusion it is to be pointed out that it was not attempted to duplicate 

the boundary condition of the embedded fracture network. The edges of the 

 134



embedded fracture network would experience neither a uniform pressure nor a 

uniform flow-rate boundary condition. However, the attempt was made to obtain 

a boundary condition that would approximately duplicate the behavior of the 

fractured region when subject to a larger flow field. From the results and 

discussion above, it can be reasonably concluded that the uniform flow-rate inlet 

boundary conditions approximate the flow behavior within the fractured region of 

the embedded fracture network more closely. Also, the equivalent permeabilities 

computed are reasonable estimates of the fractured region permeability when 

embedded in a homogeneous matrix and can therefore be used for scale-up 

purposes. 
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Mean Fracture 

Aperture (mm). 

Fracture 

network 

Total Fracture 

Length (m). 

Mean Fracture 

Length (m). 

Arith.  Geom. 

disc-1 539.70 3.37 0.365 0.177 

disc-2 470.10 2.26 0.438 0.114 

thru-1 542.30 5.83 0.560 0.300 

thru-2 508.60 4.24 0.587 0.235 

Table 6.1: Total and mean fracture lengths and mean fracture apertures for the 
fracture networks used in the boundary condition study. 
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Boundary condition Inlet press 

(psia) 

Outlet press 

(psia) 

Total x-flow 

rate (stb/d) 

Equiv. 

perm. 

disc-1 (n = 40)  

Uniform press 2000.00 1000.00 4.57 8.082

Unif flow-rate  

(2.5 stb/d) 

1777.41 1000.00 2.5 5.693

Unif flow-rate 

(25 stb/d) 

8750.86 1000.00 25.0 5.711

embed 3400.49 2611.68 2.38 5.350

  

disc-2 (n = 80)  

Uniform press 2000.00 1000.00 2.11 3.736

Unif flow-rate  

(2.5 stb/d) 

2473.00 1000.00 2.5 3.005

Unif flow-rate  

(25 stb/d) 

15652.02 1000.00 25.0 3.021

embed 3614.82 2420.24 1.99 2.948

  

Table 6.2: Comparison of the equivalent permeabilities obtained using the 
uniform pressure boundary condition, the two uniform flow-rate 
boundary conditions and using the embedded scenario, embed, for 
fracture networks disc-1 and disc-2. 
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Boundary condition Inlet press 

(psia) 

Outlet press 

(psia) 

Total x-flow 

rate (stb/d) 

Equiv. 

perm. 

thru-1 (n = 40)  

Uniform press 2000.00 1000.00 11.95 21.157

Unif flow-rate  

(2.5 stb/d) 

1414.87 1000.00 2.50 10.669

Unif flow-rate  

(25 stb/d) 

5138.54 1000.00 25.00 10.695

embed 3246.89 2763.00 2.74 10.028

  

thru-2 (n = 80)  

Uniform press 2000.00 1000.00 160.00 283.272

Unif flow-rate  

(2.5 stb/d) 

1466.04 1000.00 2.50 9.497

Unif flow-rate  

(25 stb/d) 

5638.41 1000.00 25.00 9.542

embed 3296.29 2725.96 2.52 8.143

  

Table 6.3: Comparison of the equivalent permeabilities obtained using the 
uniform pressure boundary condition, the two uniform flow-rate 
boundary conditions and using the embedded scenario, embed, for 
fracture networks thru-1 and thru-2. 
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Fracture B A 

 

 

 

 

 

Figure 6.1: Depiction of grid blocks in series indicating extremely large 
permeability from A to B if uniform pressure boundaries are 
assumed at grid block edges. 
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Figure 6.2: Fracture network realization, thru-1 (SCC index 40, bed thickness 10 
m) 

 

 

 

 

 

 

 

 

 

Figure 6.3: Fracture network realization, thru-2 (SCC index 80, bed thickness 10 
m) 
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Fractures 

 

 

 

 

 

 

Figure 6.4: Steady state “snapshot” of the pressure variation along the fractured 
region for the fracture network disc-1. The west (inlet) and east 
(outlet) edges are at uniform pressures of 2000 and 1000 psia 
respectively. 
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Figure 6.5: The CV of pressure (along the y-direction) for the fracture networks for 
uniform pressure inlet and outlet boundaries. 
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Figure 6.6: The normalized mean pressure (averaged along the y-direction) for the 
fracture networks for uniform pressure inlet and outlet boundaries. 
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Figure 6.7: Tracer simulation of fracture network disc-1, using uniform flow-rate 
inlet boundary condition (flow rate 2.5 stb/d). Compare with figure 
5.1 

Concentration of tracer 1.00 

Concentration of tracer 1.00 

 

 

 

 

 

 

 

 

 

Figure 6.8: Tracer simulation of fracture network disc-2, using uniform flow-rate 
inlet boundary condition (flow rate 2.5 stb/d). Compare with figure 
5.2 
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Figure 6.9: Mean x-flow rates (averaged along x-axis) for the fracture network 
thru-1 - with uniform pressure and 2 uniform flow rate inlet 
boundary conditions. 
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Figure 6.10: Mean x-flow rates (averaged along x-axis) for the fracture network 
thru-2, with uniform pressure and 2 uniform flow rate inlet boundary 
conditions. 
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Figure 6.11: Plot showing the fractured region embedded within a homogeneous 
unfractured matrix. Uniform pressure boundaries are applied to the 
West (inlet) and East (outlet) edges of the region - scenario embed 
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Figure 6.12: Steady state pressure “snapshot” for the fracture network, thru-1, 
when embedded in a homogeneous matrix. 

 

Figure 6.13: Steady state pressure “snapshot” for the fracture network, thru-2, 
when embedded in a homogenous matrix. 
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Figure 6.14: Steady state snapshot of the x-flow rate for the fracture network, 
thru-2, when embedded in a homogeneous matrix, with uniform 
pressure on the west (inlet) and east (outlet) edges of the larger 
region. 
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Figure 6.15: Comparison of C  of pressures for fracture network, thru-1, with 
uniform pressure and uniform flow rate boundary conditions, and 
when embedded. 
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Figure 6.16: Comparison of C  of pressures for fracture network, thru-2, with 
uniform pressure and uniform flow rate boundary conditions, and 
when embedded. 
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Figure 6.17: Comparison of C  of x-flow rates for fracture network, thru-1, with 
uniform pressure and uniform flow rate boundary conditions, and 
when embedded. 
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Figure 6.18: Comparison of C  of x-flow rates for fracture network, thru-2, with 
uniform pressure and uniform flow rate boundary conditions, and 
when embedded. 
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Figure 6.19: Comparison of normalized x-flow rates for fracture network disc-1 
with uniform pressure and uniform flow-rate boundary conditions, 
and when embedded. 
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Figure 6.20: Comparison of normalized x-flow rates for fracture network disc-2 
with uniform pressure and uniform flow-rate boundary conditions, 
and when embedded. 
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Figure 6.21: Comparison of normalized x-flow rates for fracture network thru-1 
with uniform pressure and uniform flow-rate boundary conditions, 
and when embedded. 
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Figure 6.22: Comparison of normalized x-flow rates for fracture network thru-2 
with uniform pressure and uniform flow-rate boundary conditions, 
and when embedded. 
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Figure 6.23: Comparison of normalized x-flow rates for fracture network thru-2 
with uniform pressure and uniform flow-rate boundary conditions, 
and when embedded in a homogeneous matrix - identical to Fig. 
6.22, but depicted on linear scale. 
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7. Conclusions 

In this study, a potential reason for the enhancement of permeability 

necessary in the calibration (history matching) of reservoir simulation models is 

postulated – the presence of weakly connected fracture networks. A method for 

characterizing such weakly connected fracture networks by generating fracture 

networks using subcritical crack growth was presented. Case studies of fracture 

generation, using a subcritical crack growth simulator, subcritical index values 

measured on actual reservoir rock samples, and representative values for reservoir 

parameters such as strain and bed thickness, were performed.  Dependence of 

fracture parameters such as total fracture length and mean fracture length on the 

parameters like bed thickness and subcritical index were also studied. 

Next, in order to use the “fracture information” in obtaining permeability 

multipliers, two methods of representing fractures in a finite difference simulator 

– explicit representation and using non-neighbor connections - was postulated and 

comparison made of flow simulations on a regular, staggered array of periodic 

fractures with analytical solutions available for such arrays. Flow simulations 

were then performed on the fracture networks generated by the crack growth 

simulator to obtain equivalent permeabilities. Conclusions on the behavior of the 

fracture networks, presented below, were based on uniform pressure boundary 

conditions applied to the edges of the fractured region during the flow simulation.  

It was found that the permeability in a network of weakly connected 

fractures increases with total fracture length and mean fracture length. In such a 
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network the equivalent permeability is not very sensitive to the fracture aperture. 

It is more sensitive to details of the fracture pattern. For a given strain, Young’s 

modulus, Poisson’s ratio, bed thickness, and fracture toughness, beds having a 

lower subcritical index tend to have a higher equivalent permeability because they 

tend to have fractures with larger mean lengths. 

Equivalent permeability is also highly sensitive to fracture filling by 

synkinematic and postkinematic cements. Both types of cement close a portion of 

the fracture network, reducing the equivalent permeability by decreasing the 

fracture lengths. In future studies, careful observations of fracture patterns and 

connectivity are needed to meaningfully include the presence of fractures in 

discrete fractured reservoir modeling.  Aperture information is not critical, except 

for modeling the effects of fracture filling by cements. 

It was also found that the flow behavior of a fractured region is sensitive 

to the imposed boundary conditions if the fractures or fracture clusters have 

lengths approaching the problem size. The choice of boundary conditions can 

affect the observed permeabilities in two ways - firstly by the nature of the flow 

path created and secondly by the implicit assumption of an infinite capacity 

source or sink. For linear flow perpendicular to the fracture trend there is no 

permeability enhancement, but a well pair (radial flow) oriented perpendicular to 

such an array does exhibit limited permeability enhancement. The use of uniform 

pressure conditions at the edges of the fractured region does imply the availability 

of an infinite capacity source or sink at those edges. Although the permeabilities 

obtained on representative fracture networks in this study were not significantly 
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affected, it was shown by flow simulations on a fracture network with a fracture 

cluster size approaching that of the simulation grid, that uniform pressure 

boundary conditions produce large permeabilities. 

Uniform flow rate boundary conditions were postulated as being more 

representative of the behavior at the inlet of the fractured region. This was 

validated by flow simulations on the fractured region embedded in a 

homogeneous matrix, with uniform pressure boundary conditions at edges some 

distance away from the heterogeneous region, and comparison with flow 

simulations using uniform flow rate boundary conditions of the stand-alone 

fracture networks. The obtained equivalent permeabilities as well as the flow 

behavior within the fractured region, evidenced by the coefficients of variation in 

pressure and flow rates and the magnitudes of the flow-rates, between the 

embedded fracture network and the stand-alone fracture networks with uniform 

flow rate boundary condition matched each other fairly closely. In future studies, 

the appropriate boundary conditions that the fractured region of interest will be 

subject to should be carefully analyzed.  

Finally, in summary, this dissertation has presented a technique whereby 

rock properties measured from core samples can be used in generating 

representative fracture networks. These networks can be used to compute 

equivalent permeabilities for different rock types using appropriate boundary 

conditions. This approach can be used to generate a slightly more realistic 

permeability model for reservoir simulation. 
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Appendix A: Comparison of Explicit Fracture Representation 
and NNC simulations 

Explicit fracture NNC Strain 

level Mem 

Reqd. 

(MB) 

User 

run 

time 

(hr) 

Rk No. of 

NNC 

entries. 

Mem 

Reqd. 

(MB) 

User 

run 

time 

(hr) 

Rk 

% Diff 

in Rk 

SCC index = 40 

2.41 E-05 162.3 1.39 3.85 193,242 202.4 20.80 4.98 29.24 

2.59 E-05 162.3 1.38 3.93 196,428 204.5 20.00 5.06 28.77 

2.93 E-05 162.3 1.40 5.27 276,718 256.4 20.44 6.95 31.83 

3.28 E-05 162.3 1.39 5.50 286,558 262.9 21.37 7.18 30.51 

SCC index = 80 

3.45 E-05 162.3 1.30 3.27 189,990 302.5 31.11 4.14 26.69 

3.62 E-05 162.3 1.37 4.07 280,562 313.7 35.73 5.20 27.81 

3.97 E-05 162.3 1.35 5.32 333,236 320.7 44.78 6.81 27.97 

4.31 E-05 162.3 1.55 5.49 338,408 512.1 46.59 6.98 27.15 

Table A-1: Comparison of memory and run time requirements and the obtained 
equivalent permeability ratios between the explicit fracture 
representation method and the NNC approach for SWCF simulated 
fracture network (realization 1) with a bed thickness of 10 m. 
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Explicit fracture NNC Strain 

level Mem 

Reqd. 

(MB) 

User 

run 

time 

(hr) 

Rk No. of 

NNC 

entries. 

Mem 

Reqd. 

(MB) 

User 

run 

time 

(hr) 

Rk 

% Diff 

in Rk 

SCC index = 40 

2.41 E-05 162.3 1.38 6.08 310,738 318.0 37.81 8.38 37.85 

2.59 E-05 162.3 1.38 6.25 314,638 318.5 39.17 8.55 36.77 

2.76 E-05 162.3 1.38 6.90 340,144 321.8 38.57 9.64 39.76 

2.93 E-05 162.3 1.38 7.09 345,162 322.5 38.38 9.87 39.16 

3.10 E-05 162.3 1.39 7.97 400,582 337.6 40.27 11.13 39.70 

SCC index = 80 

3.45 E-05 162.3 1.33 3.10 189,734 302.1 27.56 3.77 21.51 

3.62 E-05 162.3 1.38 3.80 248,062 309.4 31.43 4.69 23.46 

Table A-2: Comparison of memory and run time requirements and the obtained 
equivalent permeability ratios between the explicit fracture 
representation method and the NNC approach for SWCF simulated 
fracture network (realization 1) with a bed thickness of 5 m. 
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Appendix B: Comparison of Cardwell-Parsons Limits with 
Equivalent Permeabilities obtained from Flow Simulations 

Cardwell and Parsons (1945) have discussed the problem of estimating a 

single equivalent permeability of a heterogeneous system. The equivalent 

permeability of a reservoir segment is defined as the permeability of a 

homogeneous segment of the same dimensions that would pass the same flux 

under the same pressure drop. They have developed limiting averages for general 

types of permeability variations and have shown that the equivalent permeability 

lies between the arithmetic average of the harmonic averages ( ) of the 

individual permeabilities as a lower limit and the harmonic average of the 

arithmetic averages ( ) as the upper limit. More specifically, 

ahk

hak

 

ahaeqvahh kkkkk ≤≤≤≤   (B.1) 

 

where  and are the harmonic mean and arithmetic mean of the individual 

permeabilities respectively. A visual representation of the  and  are shown 

in figure B.1. Warren and Price (1961) have stated that the effective permeability 

of a heterogeneous system is equal to the geometric mean of the individual 

permeabilities when there is no spatial correlation. 

hk ak

ahk hak

For the fractured networks discussed in section 2 (i.e., 4 cases with 7 

realizations of each) the above mentioned averages of the x-direction individual 

grid cell permeabilities were computed (tables B-1, B-2). We see that the range 
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between the kah and kha values is too large to be of any use in constraining the 

equivalent permeability. Further, the geometric means (kgeom) for all realizations 

of the 4 cases are quite close to each other to be virtually indistinguishable based 

on case type.  

As the fracture patterns are obtained based on a physical fracturing 

process, the locations of the high permeability zones are not random. There is a 

definite spatial relationship between the fractures. Further, attributes such as the 

mean fracture lengths and spacing between the clusters are dependent on the 

subcritical index and bed thickness. In order to capture this effect in obtaining an 

equivalent permeability small-scale single-phase flow simulations would have to 

be performed. 
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Realization 

No. 

kh kah kgeom kha ka keqv from flow 

simulation 

SCC index = 40 

r1 1.021 1.052 1.218 657.99 1967.37 5.50

r2 1.019 1.034 1.207 876.83 2797.56 5.60

r3 1.020 1.030 1.213 796.06 2410.68 6.24

r4 1.022 1.050 1.232 974.48 2836.02 6.43

r5 1.019 1.061 1.206 1028.55 3365.64 9.57

r6 1.019 1.030 1.194 595.91 1631.20 7.22

r7 1.019 1030 1.203 928.97 2434.22 6.42

mean 1.020 1.041 1.211 836.97 2491.81 6.71

SCC index = 80 

r1 1.017 1.024 1.173 1201.27 4550.03 5.49

r2 1.018 1.023 1.181 1067.93 3978.01 3.76

r3 1.016 1.022 1.169 1725.87 6818.49 3.32

r4 1.017 1.025 1.180 1236.49 4449.88 4.55

r5 1.017 1.023 1.179 1080.33 4346.30 4.01

r6 1.017 1.024 1.181 1591.58 6415.54 5.79

r7 1.017 1.021 1.177 1698.88 6664.13 4.05

mean 1.017 1.023 1.177 1371.77 5317.48 4.42

Table B-1:  The harmonic, kh, arithmetic average of harmonic, kah, harmonic 
average of arithmetic, kha, and arithmetic, ka, averages, of the grid 
cell represented permeabilities for the final fracture patterns 
generated for all realizations (bed thickness =10 m). The geometric 
average (kgeom) and flow simulation results (keqv) are also presented. 
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Realization 

No. 

kh kah kgeom kha ka keqv from flow 

simulation 

SCC index = 40 

r1 1.023 1.044 1.233 420.89 873.55 7.97

r2 1.024 1.052 1.223 317.50 619.55 5.88

r3 1.024 1.038 1.232 359.24 721.88 6.09

r4 1.022 1.036 1.219 426.41 986.50 7.24

r5 1.023 1.041 1.228 366.03 800.69 9.59

r6 1.024 1.042 1.240 514.99 1095.44 7.70

r7 1.020 1.087 1.200 384.95 801.16 12.05

mean 1.023 1.048 1.225 398.57 842.68 

SCC index = 80 

r1 1.020 1.026 1.196 538.35 1103.14 3.80

r2 1.020 1.029 1.203 719.33 1688.28 4.51

r3 1.021 1.033 1.199 473.98 1094.82 3.78

r4 1.017 1.024 1.169 468.60 920.87 5.27

r5 1.020 1.025 1.200 720.54 1602.88 5.00

r6 1.020 1.028 1.201 633.29 1213.78 3.37

r7 1.017 61.240 1.172 560.71 1269.47 12.52

mean 1.019 9.629 1.191 587.83 1270.47 5.46

8.07

Table B-2:  The harmonic, kh, arithmetic average of harmonic, kah, harmonic 
average of arithmetic, kha, and arithmetic, ka, averages, of the grid 
cell represented permeabilities for the final fracture patterns 
generated for all realizations (bed thickness =5 m). The geometric 
average (kgeom) and flow simulation results (keqv) are also presented. 
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Figure B-1: Grid depiction showing the computation of the harmonic average of 
the arithmetic averages (kha) for flow in x direction. 
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Figure B-2: Grid depiction showing the computation of the arithmetic average of 
the harmonic averages (kah) for flow in x direction. 
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