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Abstract
This article examines issues with fore-
casting and evaluating production from 
unconventional gas reservoirs such as 
those in the Barnett shale. How can 
reservoirs be commercial with matrix 
permeability measured not in millidar-
cies or even microdarcies (10−3 md), but 
nanodarcies (10−6 md)—typically, 10 to 
100 nanodarcies? The key is maximizing 
the reservoir area that is connected to the 
wellbore by creating a very large man-
made-fracture network. But how do we 
create a fracture network? The answer 
is large-volume high-rate hydraulic-
fracture treatments that use water and 
small-mesh proppant to “activate” or 
stimulate the existing natural fractures 
or rock fabric. The created fractures are 
far from the classic “planar” model; they 
are large, complex flow networks that 
typically encompass 50 acres or more 
where the rock has been “broken.” Gas 
production is a function of the num-
ber and complexity of fractures created, 
the effective fracture conductivity, and 
the matrix permeability. Understanding 
the relationship between gas recovery 
and fracture complexity, fracture con-
ductivity, and matrix permeability is a 

key component of economic shale-gas 
development. This article will highlight 
the application of reservoir simulation 
to model production in shale-gas reser-
voirs, providing significant insights into 
these relationships that can improve 
stimulation designs, completion prac-
tices, and field-development strategies. 
Currently, most shale-gas resources are 
being developed with horizontal wells, 
and the reservoir simulations in this 
article focus on horizontal completions.

Introduction
The exploitation of unconventional gas 
reservoirs has become an ever increasing 
component of the North American gas 
supply. Gas shales are organic-rich shale 
formations and are apparently the source 
rock as well as the reservoir. The gas is 
stored in the limited pore space of these 
rocks, and a sizable fraction of the gas in 
place may be adsorbed on the organic 
material. The success of the Barnett shale 
has led to the development of other 
shale plays in North America, including 
the Woodford, Haynesville, Fayetteville, 
and Marcellus. The natural-gas resource 
potential of gas shales is estimated to be 
between 500 and 1,000 Tcf (Arthur et al. 

2008). Typical shale-gas reservoirs exhib-
it a net thickness of 50 to 600 ft, porosity 
of 2–8%, and total organic carbon (TOC) 
of 1–14%, and they are found at depths 
ranging from 1,000 to 13,000 ft. This 
article focuses on the Barnett shale, in 
north-central Texas, found at depths of 
6,500 to 8,500 ft with 100 to 600 ft of 
net thickness, 4–5% total porosity, and 
4.5% TOC. The basin covers 5,000 sq 
miles (3.2 million acres), and original gas 
in place is estimated at 50 to 200 Bcf/sq 
mile. Typical well spacing ranges from 60 
to 160 acres, with estimated ultimate gas 
recovery of 1 to 10 Bcf/well. 

The economic viability of uncon-
ventional-gas developments relies on 
effective stimulation of extremely-low-
permeability rock, typically 10 to 100 
nanodarcies (0.00001 to 0.0001 md). 
In most cases, economic production is 
possible only if a very-complex high-
ly nonlinear fracture network can be 
created that connects a huge reservoir 
surface area to the wellbore effectively. 
Many conventional hydraulic-fracture 
treatments use high-viscosity fluids to 
reduce fracture complexity and promote 
planar fractures, allowing the placement 
of high concentrations of large prop-
pant. However, stimulation treatments 
in shale reservoirs use low-viscosity fluid 
(water) to promote fracture complexity 
and to place very low concentrations 
of small proppant—a completely differ-
ent approach from that of conventional 
hydraulic fracturing. 

The widespread application of micro-
seismic (MS) mapping has improved 
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our understanding of hydraulic-fracture 
growth in unconventional gas reservoirs 
significantly, leading to better stimula-
tion designs. Hydraulic-fracture growth 
in many unconventional reservoirs is 
very complex and unpredictable. Fig. 1 
shows a typical MS-event pattern for 
a Barnett-shale water-frac stimulation 
treatment, illustrating the complex frac-
ture networks that are typical in many 
unconventional gas reservoirs (Fisher 
et al. 2005). The dots (MS events) show 
the spatial locations where the rock 
has been “broken” or fractured. The 
fracture network in Fig. 1 is extremely 
large, covering approximately 75 acres; 

connecting millions of square feet of 
reservoir surface area to the wellbore. 
Without this “picture” of the fracture, 
the extreme complexity of fracture 
growth in the Barnett shale may never 
have been understood—instead migrat-
ing back to the planar world reinforced 
by current fracture models. Although 
not the subject of this article, nonpla-
nar hydraulic-fracture models are being 
developed to simulate these complex 
networks and improve stimulation 
designs. In general, the larger and more-
complex the MS-event pattern, the bet-
ter the production (Mayerhofer et al. 
2008). The flow capacity or conductiv-

ity of the fracture network also is a criti-
cal parameter that affects gas recovery.

Where Is the Proppant, and What 
Is the Network Conductivity?
Although MS mapping can provide sig-
nificant insights into fracture growth in 
shale-gas reservoirs, the overall effec-
tiveness of stimulation treatments is 
difficult to determine from MS mapping 
alone because the location of prop-
pant and distribution of conductivity 
within the fracture network cannot be 
measured (and these are critical param-
eters that control well performance). 
Therefore, it is important to develop 
reservoir models that simulate produc-
tion from these complex reservoirs to 
evaluate well performance and improve 
stimulation designs and completion 
strategies. An essential aspect of model-
ing well performance in unconventional 
gas reservoirs is that of characterizing 
flow capacity or conductivity of the frac-
ture network and the primary hydraulic 
fracture (if present). Three key ques-
tions need to be answered when trying 
to characterize the flow capacity of an 
induced-fracture network.

• Where is the proppant within the 
fracture network?

• What is the conductivity of the 
propped-fracture network?

• What is the conductivity of the 
unpropped-fracture network?

Unfortunately, proppant transport can-
not be modeled reliably when fracture 
growth is complex, making it very dif-
ficult to predict the location of proppant 
within a fracture network. However, the 
location of proppant within the fracture 
network can be estimated by use of two 
limiting scenarios: (Case 1) the prop-
pant is evenly distributed throughout 
the complex fracture system or (Case 2) 
the proppant is concentrated in a domi-
nant primary fracture that is connected 
to an unpropped complex fracture net-
work. Fig. 2 shows the two proppant-
distribution scenarios. Recent studies 
have shown that if the proppant is 
distributed evenly in a complex fracture 
network (Case 1), then the concentra-
tion of proppant would be insufficient 
to affect network fracture conductiv-
ity materially. In other words, there is 
insufficient proppant pumped to prop 
extremely large fracture networks effec-
tively and the fractures would behave as 
if they were unpropped. 
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Fig. 1—MS-event pattern for a typical Barnett-shale water frac in a 
vertical well.

Fig. 2—Proppant-transport scenarios. 
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If the proppant is concentrated in a 
dominant primary fracture (Case 2), 
the average proppant concentration 
would be significantly greater. This 
case should result in much higher con-
ductivity in the primary fracture and a 
better connection between the fracture 
network and the wellbore, which could 
significantly improve productivity. 
However, there would be no proppant 
in the fracture network. In either case, 
well productivity in unconventional 
gas reservoirs may be dominated by the 
conductivity of unpropped or partially 
propped network fractures. Therefore, 
it is very important to understand the 
conductivity of unpropped and par-
tially propped network fractures.

Fig. 3 shows laboratory tests that 
approximate the conductivity of partially 
propped and unpropped fractures as a 
function of closure stress. The conduc-
tivity estimates are probably typical for 
many shale-gas reservoirs (adopted from 
Fredd et al. 2001). The bottom curve 
shows the conductivity for an unpropped 
fracture where the two fracture faces 

are aligned upon closing. If the fracture 
faces are aligned, unpropped fractures 
will have very low conductivity at clo-
sure stresses in excess of 3,000 psi that 
are experienced in most shale reservoirs. 
However, if the faces of the fracture are 
displaced because of shear offsets or the 
fracture is partially propped with 0.1 
lbm/ft2 of sand, fracture conductivity 
would be improved significantly (blue 
curve). Unfortunately, sand proppants 
crush easily under the extremely high 
stress on the individual particles when 
the fracture is only partially propped 
(partial monolayer). Fracture conduc-
tivity can be improved significantly if 
the fracture network is partially propped 
with a high-strength proppant such as 
sintered bauxite (orange curve). Because 
typical fracture treatments in shale reser-
voirs likely will result in proppant con-
centrations much less than 0.1 lbm/ft2 in 
the fracture network, it is unlikely that 
partial propping with sand proppant will 
improve conductivity materially in most 
cases because of crushing. However, it 
is possible that some shear offset could 

occur, displacing the fracture faces and 
resulting in unpropped-fracture conduc-
tivity of 0.5 to 5 md-ft in many shale-gas 
reservoirs. These estimates of unpropped-
network conductivity provide a starting 
point to evaluate well performance and 
stimulation designs. The next step is inte-
grating the unpropped conductivity data, 
estimates or special laboratory measure-
ments of matrix permeability, and knowl-
edge gained from MS mapping with res-
ervoir modeling to evaluate stimulation 
designs and completion strategies.

Modeling Well Performance
Gas flow from ultralow-permeability 
rock through the complex fracture net-
work must be modeled to evaluate stim-
ulation designs and completion strate-
gies properly. Therefore, the complex 
fracture network and primary hydraulic 
fracture (if present) must be character-
ized discretely in reservoir-simulation 
models. MS fracture mapping provides a 
measurement of the overall stimulated-
reservoir volume (SRV) and special core 
analysis can provide values for matrix 
permeability. With these two parameters, 
reservoir-simulation models can be used 
to estimate the spacing of network frac-
tures (complexity) and their conductivity. 
Simulated production profiles then can 
be compared to actual well performance 
to evaluate the effectiveness of stimula-
tion designs and completion strategies 
and to diagnose the relative conductivity 
of the primary fracture (if present). The 
following simulations assume reservoir 
and fracture properties typical of the 
Barnett shale, but the modeling approach 
and many of the insights gained should 
be applicable to many unconventional 
gas reservoirs. The initial simulations 
assume a uniform-conductivity fracture 
network (Case 1 in Fig. 2), where the 
conductivity of the primary fracture is 
equal to the network conductivity (i.e., 
a primary fracture is not present). The 
effect of a primary fracture with high 
conductivity relative to the network frac-
tures will be discussed later.

Fig. 4 shows a typical pressure distri-
bution for a horizontal-well completion 
after 1 year and 15 years of produc-
tion in an unconventional gas reservoir. 
The pressure distribution is shown for 
one-half of the reservoir (half-symmetry 
simulation model). Red denotes original 
reservoir pressure, and dark blue repre-
sents flowing bottomhole pressure. In this 
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Fig. 3—Unpropped- and partially-propped-fracture conductivity.

Fig. 4—Pressure distribution in an unconventional gas reservoir. 

0.1

1

10

100

1,000

10,000

0               2,000            4,000             6,000            8,000
Closure Stress, psi

R
ef

er
en

ce
 C

on
du

ct
iv

ity
, m

d-
ft

Aligned Fracture

Adapted from SPE 60236, 74138

0.1 lbm/ft2 of bauxite

0.1 lbm/ft2 of Jordan sand, 
or displaced unpropped

Conductivity=4 md-ft 1,500 ft

Fracture Spacing = 400 ft
Treatment horizontal well

k=0.0001 md (matrix)

1,000 ft

2,000 ft

1,500 ft

After 1 Year                                                                                 After 15 Years

SRV=1,200 ×10   ft6 3

Fracture spacing=400 ft



JPT • SEPTEMBER 2009

example, hydraulic fractures are placed in 
a horizontal well and spaced 400 ft apart, 
with the secondary network fractures 
represented as 250-ft square blocks with a 
network-fracture conductivity of 4 md-ft. 
The fracture network extends 1,000 ft 
on each side of the horizontal well. After 
1 year, gas production is limited to the 
reservoir area directly adjacent to the 
network fractures, and after 15 years, 
gas drainage is limited to the proximity 
of the network. This example illustrates 
that because of the very low matrix per-
meability (0.0001 md), gas recovery is 
limited to the area in which an effective 
fracture network is generated. By model-
ing these complex fracture networks, the 
effect of stimulation designs and comple-
tion strategies can be studied. 

Network Size, Fracture 
Spacing, and Network-Fracture 
Conductivity
Reservoir modeling has shown that gas 
recovery can improve dramatically if 

the SRV can be increased. This knowl-
edge has resulted in pumping very 
large water-frac stimulation treatments 
in unconventional gas reservoirs, with 
typical multistage treatments in hori-
zontal wells totaling 5 million gal of 
water and 750,000 lbm of proppant. In 
addition, gas recovery can be accelerat-
ed significantly and drainage improved 
markedly if more-complex fracture 
networks can be created (i.e., smaller 
network-fracture spacing). Insights 
gained from reservoir modeling have 
lead to fracture-treatment designs and 
completion strategies aimed at maxi-
mizing fracture complexity, including 
closer spacing of perforation clusters 
and more fracture treatments in hori-
zontal wells, the use of small proppants 
to divert treatment fluid and create new 
fractures, higher injection rates, closer 
spacing between laterals, and simulta-
neous or alternating fracture treatments 
in offsetting horizontal wells to focus 
the stimulation energy. 

The effect of network-fracture con-
ductivity on gas production is shown 
in Fig. 5. The top portion of the fig-
ure shows the pressure distribution in 
the reservoir after 1 year for fracture 
conductivities of 0.5, 5, and 20 md-ft, 
illustrating that the very tight reservoir 
matrix cannot be drained effectively 
when fracture conductivity is too low. 
The bottom portion of the figure shows 
the cumulative gas production for frac-
ture conductivities ranging from 0.5 
to 50 md-ft, emphasizing the dramatic 
effect network-fracture conductivity can 
have on well performance and gas recov-
ery. Fracture conductivity of 50 md-ft 
or higher may be required to maximize 
production rate and gas recovery in this 
complex fracture network, even when 
matrix permeability is 0.0001 md.

The effect of network-fracture con-
ductivity on well performance and the 
likelihood that much of the fracture 
network may not be propped effectively 
has led to laboratory studies to quan-
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tify likely ranges for unpropped- and 
partially-propped-fracture conductivity. 
To improve network-fracture conductiv-
ity, experiments with treatment designs 
have included increased proppant vol-
umes, higher-strength proppants, and 
smaller proppants that may be trans-
ported deeper into the fracture network.

Primary-Fracture 
Conductivity and Spacing
Previous reservoir simulations assumed 
that proppant was distributed evenly 
throughout the fracture network and 
that conductivity was dominated by 
unpropped or partially propped frac-
tures. However, proppant may not be 
transported effectively into complex 
network fractures and may be con-

tained in a primary or dominant frac-
ture (Case 2 in Fig. 2). In this limiting 
case, the conductivity of the primary 
fracture would be determined by the 
type and concentration of the proppant 
in the fracture, while the network frac-
tures would be unpropped. 

Fig. 6 shows the effect of primary-
fracture conductivity on gas recovery in 
unconventional gas reservoirs (Cipolla 
et. al. 2009). In these simulations, a 
cased-and-cemented horizontal com-
pletion is modeled with fracture treat-
ments every 400 ft (primary fractures) 
and 100-ft square matrix blocks with 
2-md-ft network-fracture conductivity. 
The matrix permeability is 0.0001 md, 
original reservoir pressure is 3,000 psi, 
and flowing bottomhole pressure is 

1,000 psi. The top portion of Fig. 6 
shows the pressure distribution in the 
reservoir after 3 months and 1 year 
when the primary-fracture conductiv-
ity is 100 md-ft, possibly representing 
a case in which proppant is contained 
mostly within the primary fracture and 
is not transported into the adjacent 
fracture network. When the primary-
fracture conductivity is relatively high, 
drainage from the very tight matrix is 
very efficient. The bottom portion of 
Fig. 6 shows the pressure distribution 
when the primary-fracture conductivity 
equals the network-fracture conductiv-
ity (uniform conductivity of 2 md-ft), 
representing the case in which proppant 
is distributed evenly throughout the 
large fracture network. In the absence of 
a relatively-high-conductivity primary 
fracture, drainage is much less effective 
and pressures in the reservoir are sig-
nificantly higher. 

The effect of primary-fracture con-
ductivity on 15-year gas recovery in 
unconventional reservoirs is shown in 
Fig. 7, showing that gas recovery is 
significantly lower without a relatively-
high-conductivity primary fracture (uni-
form network conductivity of 2 md-ft). 
The figure shows that gas recovery can 
be accelerated significantly even when 
primary-fracture conductivity is as low 
as 20 md-ft, while primary-fracture con-
ductivity above 100 md ft provides little 
additional production benefit. The pro-
duction profiles are significantly differ-
ent when a high-relative-conductivity 
primary fracture is present compared 
to the uniform-conductivity network. 
Insights into current completions may 
be possible by comparing actual pro-
duction profiles to the simulated gas 
recoveries for these two cases. The gas 
recovery for a reference Barnett-shale 
horizontal-well completion is shown 
in Fig. 7 for comparison. The reference 
well has an SRV and completion compa-
rable to the reservoir-simulation model. 
This well exhibits a production profile 
that follows the simulation results for 
a uniform-conductivity network, indi-
cating that a high-relative-conductivity 
primary fracture may not be present. 

Fig. 8 shows the effect on gas pro-
duction of the spacing between the 
primary fractures in a horizontal-well 
completion. The spacing between 
the primary fractures in a cased-and-
cemented horizontal well is a function 

Fig. 6—Effect of primary-fracture conductivity.

Fig. 7—Effect of primary-fracture conductivity.
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of the number of fracture-treatment 
stages that are pumped. The spacing of 
the matrix or network blocks is 100 ft, 
and the fracture-network conductivity 
is 2 md-ft (unpropped) for all cases. The 
simulations also illustrate the effect of a 
high-relative-conductivity (200 md-ft) 
primary fracture. The figure shows that 
if a high-relative-conductivity primary 
fracture can be created, the effect of pri-
mary fracture spacing is small. However, 
if a high-relative-conductivity primary 
fracture cannot be created, then reduc-
ing the spacing between the primary 
fractures by pumping more fracture-
treatment stages will affect production 
rates and gas recovery materially. The 
implications of these results are sig-
nificant. In addition to large increases 
in production, the number of fracture-
treatment stages may be reduced if a 
high-relative-conductivity primary frac-
ture can be created, resulting in poten-
tial cost savings. The production from 
two horizontal Barnett wells is shown 
on Fig. 8 for comparison to the reser-
voir-simulation results (the upper curve 
is the same as in Fig. 7). The SRV from 
MS mapping for these wells is similar 
to that used in the reservoir model. The 
two wells follow the production trend 
for a 2-md-ft uniform-conductivity net-
work with primary-fracture spacing of 
500 to 600 ft. The actual spacing of 
the primary fractures in these wells 
was 500 to 700 ft. Production data for 
these two wells indicate that a high-

relative-conductivity primary fracture 
was not created and that significant 
potential increases in production rates 
and gas recovery may be possible by 
changing stimulation designs. Design 
changes that are being trialed or that 
have been proposed include pump-
ing lower-density higher-strength prop-
pants and pumping larger proppants at 
the beginning and/or end of the fracture 
treatment. Larger proppants may be less 
likely to enter the network fractures 
and more likely to accumulate in the 
primary fracture, increasing primary-
fracture conductivity.

Nonuniqueness, Simplifications, 
and Uncertainties
As fracture complexity increases, it 
becomes more difficult to obtain unique 
solutions when evaluating well perfor-
mance. There is a limited amount of 
special core analysis available to estimate 
matrix permeability and unpropped-
fracture conductivity in unconventional 
gas reservoirs, and these tests have their 
own uncertainties. Although MS map-
ping can provide much information 
about the volume of rock that has been 
stimulated and provide insights into 
fracture complexity, it cannot provide 
a detailed description of the spacing of 
the network fractures or of the location 
of the proppant. In addition, shale-gas-
reservoir models often neglect water 
production and gas desorption to sim-
plify the simulations. Therefore, it may 

not be possible to determine matrix 
permeability, network block size and 
conductivity, and primary-fracture con-
ductivity accurately by history match-
ing production. However, it may be 
sufficient to develop reasonable ranges 
for these parameters and evaluate their 
effect on well performance, identifying 
basic production trends that can provide 
critical insights to improve stimulation 
designs and completion strategies. The 
comparisons shown in Figs. 7 and 8 
are examples of identifying production 
trends. Although there is uncertainty in 
the parameters, it appears clear that a 
high-relative-conductivity primary frac-
ture is not present in these two Barnett 
wells, and, therefore, opportunities may 
exist to improve well performance. 

Fig. 9 shows the effect of uncertain-
ties in matrix permeability. Cumulative 
production is shown for a matrix perme-
ability of 0.00001 md; previous simula-
tions assumed a matrix permeability of 
0.0001 md. The primary-fracture spac-
ing is 600 ft, and the network-fracture 
spacing ranges from 50 to 300 ft. A uni-
form network conductivity of 2 md-ft 
was modeled. As would be expected, gas 
recovery increases as network-fracture 
spacing becomes smaller. For compari-
son, the production for 50-ft (red dots) 
and 100-ft (blue dots) network-fracture 
spacing and 0.0001 md matrix perme-
ability is plotted on Fig. 9, illustrating 
that similar production profiles can be 
obtained for vastly different matrix per-
meability with different assumptions for 
network-fracture spacing. Even more 
interesting is that when network-frac-
ture spacing is 50 ft, the effect on gas 
recovery is less than 10% for a 10-fold 
change in matrix permeability. This 
result would indicate that very-tight-
matrix rock may be drained efficiently if 
very complex fracture networks can be 
created (i.e., small network blocks). The 
production data for the two reference 
Barnett horizontal wells are shown on 
Fig. 9 also, and the trend still indicates 
that a high-conductivity primary frac-
ture is not present. Although not shown 
on Fig. 9 for the 0.0001-md-matrix 
cases, a high-conductivity primary frac-
ture would result in significant accelera-
tion of gas recovery.

Summary
Recent advances in MS fracture-map-
ping technology provide previously 
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unavailable information to charac-
terize hydraulic-fracture growth and 
show surprising complexities in many 
geological environments. To date, the 
most complex fracture growth has 
been documented in unconvention-
al gas reservoirs, such as the Barnett 
shale. Understanding hydraulic-frac-
ture growth was key in commercial-
izing the vast unconventional gas 
resources in North America. The next 
step in understanding unconventional 
gas reservoirs was to develop reservoir-
modeling approaches to study produc-
tion mechanisms, improve stimulation 
designs, and maximize gas recovery 
and economic return.

The use of MS-mapping data to char-
acterize the size and complexity of the 
fracture network and special core mea-
surements of unpropped-fracture con-
ductivity and matrix permeability can 
provide critical parameters needed for 
reliable reservoir modeling of uncon-
ventional gas reservoirs. Integrating 
this information with reservoir simula-
tors for discrete modeling of the very 
tight rock matrix, complex unpropped-
fracture network, and primary fracture 
(if present) can identify opportunities 
to improve stimulation designs and 
completion strategies. 

Current completion trends in many 
unconventional gas reservoirs are aimed 
at maximizing the reservoir area con-
nected to the wellbore by use of hori-
zontal wells with multiple hydraulic-
fracture-treatment stages. However, 

there also is an optimization compo-
nent of this process in which reservoir 
modeling can aid in determining how 
much reservoir area can be drained 
effectively by each horizontal well. The 
conductivity and complexity of the net-
work fractures and the ability to create 
a high-conductivity primary fracture 
will significantly affect how much gas 
can be drained from each well effec-
tively, which will affect well-spacing and 
-placement decisions. 

The application of reservoir model-
ing has led to a better understand-
ing of the primary factors that affect 
well performance in unconventional 
gas reservoirs. Understanding these 
key production mechanisms has led 
to increases in the amount of fluid and 
proppant pumped, innovative comple-
tion strategies (such as simultaneous 
fracture treatments in offsetting wells), 
novel diversion techniques with prop-
pants, and/or more fracture-treatment 
stages—all in an attempt to increase the 
size and complexity of the fracture net-
work. Understanding the importance 
of network- and primary-fracture con-
ductivity has resulted in experimenta-
tion with lower-density, stronger, and/
or smaller proppants plus unique prop-
pant scheduling with multiple prop-
pant sizes to improve both network- 
and primary-fracture conductivity. 

As our understanding of unconven-
tional gas reservoirs advances, it is likely 
that significant improvements in stimu-
lation designs, completions strategies, 

and overall resource development will 
be possible. An important component 
of this effort will be the continued 
development of reservoir-modeling 
approaches that describe the complex 
production mechanisms in these reser-
voirs accurately.

Nomenclature
 h = thickness, ft 
 k = permeability, md
 pi = initial pressure, psi
 pwf =  flowing bottomhole pressure, 

psi
 Sw = water saturation, %
 wkf = fracture conductivity, md-ft
 Xf =  fracture half-length or net-

work half-length, ft
 Xn = fracture network width, ft
 ΔXs =  fracture-network block size 

(square blocks), ft
 φ = porosity, %
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Fig. 9—Effect of matrix permeability.
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